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Abstract: In Eurocode 5, the stiffness equation for bolted steel-wood-steel is stated as a function of wood
density and fastener diameter only. In this research, an experimental study on various configurations of
tested bolted steel-wood-steel (SWS) connections has been undertaken to predict the initial stiffness of
each connection. In order to validate the Eurocode 5 stiffness equation, tests on 50 timber specimens (40
glued laminated timbers and 10 laminated veneer lumbers (LVL)) with steel plates were undertaken.
The number of bolts was kept similar and the connector diameter, timber thickness, and wood density
were varied. The results obtained in the experimental tests are compared with those obtained from the
Eurocode 5 stiffness equation. From the analysis, it is signified that the stiffness equation specified in
Eurocode 5 for bolted SWS connections does not adequately predict the initial stiffness. The results from
Eurocode 5 stiffness equation are very far from the experimental values. The ratio of stiffness equation
to experimental results ranges from 3.48 to 4.20, with the average at 3.77, where the equation over-
predicted the experimental stiffness value for the connection. There is a need to consider or incorporated
other parameters such as geometric configurations in Eurocode 5 stiffness equation to improve the ratio
with the experimental data.

Keywords: stiffness, bolt connection, timber, steel-wood-steel, Eurocode 5

1. Introduction

The mechanical performances of timber connections are particularly crucial for timber
engineers involved in the design of the wood structures. In general, connections are often
one of the critical concerns when designing timber structures. Timber connections are
complex to design or model since they are affected by several factors such as geometry,
type of fasteners, moisture content of timber elements, loading duration and the density of
the wood. The effect of the factors above should all be considered in the design of timber
connections. Most of the research in the past was done on the load-carrying capacity of
these connections. Johansen [1] did excellent research, attempting to establish formulas to
calculate the maximum load for one single bolt. With modifications and improvements, this
theory is the basis for the European Yield Model (EYM) [2], but this model has no rigorous
mechanical basis such as stiffness. This data is critical for designers who are interested in
designing for high wind and earthquakes, where stiffness and ductility, in addition to other
serviceability issues, become a major issue.
The stiffness of a fastener is defined as the ratio of its lateral load per shear plane

divided by its slip [3]. In Eurocode 5 (EC5) [4], the stiffness property is referred to as the
slip modulus. Load-slip curves are important to determine the stiffness. They describe how
much displacement will appear under a certain force. The technique to obtain the load-slip
curves is described in EC5. To simplify the calculation of a connection’s stiffness, EC5
provides formulas from which the slip modulus at yield load (𝐾ser) can be estimated. The
formulas for 𝐾ser are presented in Table 1 and represent values per shear plane per fastener,
connecting two timber parts. For the steel-to-timber connection, the instantaneous slip will
be half the value of the timber-to-timber connection and consequently, its stiffness will
theoretically be twice the slip modulus of the timber-to-timber connection, i.e. 2×𝐾ser [3].
FromTable 1, stiffness equations in EC5 are stated as a function of wood density (𝜌) and

fastener diameter (𝑑) only. However, the latest study by [5] shows that row spacing and end
distance affect the structural performance of dowelled cross-laminated timber connections.
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Furthermore, another study by [6] also indicates that end distance and moisture content
affect the behaviour of bolted connections. Thus, in this paper, an experimental study on
the connection stiffness has been done to show that the stiffness equation given in EC5:

(1.1) 𝐾ser = 𝜌
1.5 · 𝑑

23

for bolted connections does not adequately predict the initial stiffness of bolted timber
connections.

Table 1. Values for 𝐾ser for fasteners (in N/mm) in timber to timber
and wood-based panel-to-timber connections*

Type of fastener used 𝐾ser

Nails

– Without pre-drilling 𝜌1.5 · 𝑑
0.8

30

– With pre-drilling 𝜌1.5 · 𝑑
23

Staples 𝜌1.5 · 𝑑
0.8

80

Screws 𝜌1.5 · 𝑑
23

Bolts with or without clearance 𝜌1.5 · 𝑑
23

Dowels 𝜌1.5 · 𝑑
23

*Based on Table 7.1 in EC5 [4]

2. Experimental program
This section describes the experimental study of bolted connections that was initiated

to assess the stiffness of bolted timber connections. By conducting the bolted connection
tests, the effect on stiffness caused by varying parameters can be determined. Also, the
stiffness equations (as stated in EC5) in predicting the stiffness of bolted connections can
be validated.

2.1. Material properties

In the laboratory tests of bolted connections, NewZealandRadiata Pine glued laminated
timber and laminated veneer lumber (LVL) have been used. The material properties of each
test specimen are presented in Sections 2.1.1, 2.1.2 and 2.2.
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2.1.1. Radiata pine glued laminated timber
The glued laminated timber that was used in this study is a commercial product, “Pro-

lam” provided by Prowood Limited. Prolams used in this study are made fromNewZealand
Radiata Pine. Using timber treatments fromBoric H1.2 to Copper ChromeArsenate (CCA)
H5 [7], Prolam meets the durability requirements of almost any situation. Manufactured in
New Zealand in three structural grades PL17, PL12 and PL8 [8]. PL8 has been used in this
test as shown in Fig. 1a. The data for PL8 is shown in Table 2.

(a) Glued laminated timber (PL8) (b) Laminated veneer lumber (LVL11)

Fig. 1. Specimens used in the test

Table 2. Characteristic stresses and elastic moduli for PL8 [9]

Property Magnitude (MPa)

Bending 19

Tension parallel to the grain 10

Shear in Beam 3.7

Compression parallel to the grain 24

Modulus of elasticity 8000

Short duration modulus of rigidity for beams 530

2.1.2. Laminated veneer lumber (LVL)
The laminated veneer lumber (LVL) used in this study is a commercial product “J-Form”

provided by New Zealand Wood Products Limited. J-Form is a structural LVL product
made from 100% renewable plantation wood resources – Radiata Pine. As an engineered
wood product, it has been specially designed and manufactured for use in construction.
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Independently certified and made in accordance with strict quality and environmental
standards, it is strong, durable, reliable and reusable. This LVL is manufactured under the
requirements of [10]. LVL11 has been used in this test as shown in Fig. 1b. The data for
LVL11 is shown in Table 3.

Table 3. Characteristic stresses and elastic moduli for LVL11 [11]

Property Magnitude (MPa)

Bending 38

Tension parallel to grain 26

Shear in Beam 5

Compression parallel to grain 38

Modulus of elasticity 11 000

Short duration modulus of rigidity for beams 550

2.2. Timber properties determination

This section describes the tests conducted (i.e., moisture content and density) to deter-
mine the properties of Radiata Pine glued laminated timber and LVL. The main purpose of
the tests is to provide the basic parameters that are required in the prediction of the bolted
connection stiffness values. The density and moisture content of timber were determined
as they will affect the stiffness and load-carrying capacities of the connections.

2.2.1. Moisture content and density
To determine the density of wood of Radiata Pine LVL and glued laminated timber,

the testing procedures outlined in [12] were followed. As recommended by the standards,
the test pieces were taken from the specimens that were prepared for the bolted connection
tests. Thus, density test pieces were prepared after conducting the main bolted connection
tests. An average dimension of 50 mm (length) × 40 mm (width) × 40 mm (thickness) tests
pieces were prepared and measured with an accuracy of 0.1 mm. The mass of each test
piece was recorded with an accuracy of 0.01 g. The density is calculated by dividing the
weight by volume. Table 4 shows the results of the density tests conducted. The average

Table 4. Density tests results

Specimen type Total
number

𝜌avg
(kg/m3)

Standard
deviation

Coefficient
of variation
(%)

Glued laminated timber, PL8 20 505 9.3 1.8

LVL11 5 570 9.8 1.7
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density of glued laminated timber and LVL is found to be 505 kg/m3 and 570 kg/m3,
respectively.
All glued laminated timber and LVL specimens were stored prior to testing in an

environmentally controlled chamber set at a relative humidity and temperature of approxi-
mately 65% and 20°C, respectively. This ensured that the tests specimens would maintain
an equilibrium moisture content of approximately 12%. Before each test, all specimens
were inspected for moisture content. An L601-3 hand-held moisture meter manufactured
by Wagner Electronics was used to measure the moisture content at three faces of the
specimens. The average measured moisture content for specimens is shown in Table 5.

Table 5. Moisture content results

Specimen type Total
number

Average
moisture content

(%)

Standard
deviation

Coefficient
of variation
(%)

Glued laminated timber, PL8 40 12.1 0.9 7.6

LVL11 10 12.0 0.5 4.2

3. Test setup and instrumentation details

3.1. Materials

In the laboratory tests of bolted connections, the cross-section of each wood speci-
men used was 90 mm (thickness) × 190 mm (width) and 135 mm (thickness) × 190 mm
(width) for glued laminated timber and 90 mm (thickness) × 190 mm (width) for LVL. The
diameters of bolts (𝑑) that were used were 20 mm, 16 mm and 14 mm with a shank length
of 180 mm and 160 mm to avoid the bolt thread in contact with the wood specimens. All
bolts used were 4.8 grade and in accordance with [13]. The fastener tensile strength ( 𝑓up)
and yield strength ( 𝑓yf) were 400 MPa. A total of four steel side plates as shown in Fig. 2,
grade 300 W with ultimate tensile strength, 𝑓up of 400 MPa were used in these connection
tests, where the thickness of the plates is 10 mm.

Fig. 2. Steel side plates
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3.2. Specimen configurations

All test specimens consisted of three-member connections with two steel side plates
at each end sandwiching a wood centrepiece, as shown in Fig. 3. Five groups of different
configurations of specimens were tested, where each group comprised of at least ten
replicates. Each specimen consisted of an identical configuration of bolted connections
at both ends. To ensure two independent connections were achieved in all specimens,
a minimum distance of 400 mm between connections was used. The minimum distance
chosen is in compliance with [14]. Group V2 was tested with LVL and the other groups
were tested with glued laminated timber. All groups had two rows (𝑛𝑟 = 2), four bolts, same
size of end distance (𝑎3𝑡 ), row spacing (𝑎2) and bolt spacing (𝑎1) but the bolt diameter,
thickness of the timber member and density of the wood was varied. Refer to Fig. 4 for a
definition of the variables used and to Table 6 for the specimen configuration details.

Wood member 

Steel plates 

Fig. 3. Double shear joints with steel side plates

N a1 = spacing of bolt in row 

a3t= end distance 

nr

a2 = spacing of row 

d = boltdiameter 

number of row 

number of bolt 

Fig. 4. Definitions of the variables used
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Table 6. Specimen configuration details

Group Type 𝑑

(mm) 𝑎3𝑡 𝑎1 𝑎2 𝑛𝑟 𝑁

Cross-
section
(mm2)

Timber
length
(mm)

V1 Glued laminated
timber PL8 20 10𝑑 10𝑑 5𝑑 2 2 90 × 190 1200

V2 LVL 11 20 10𝑑 10𝑑 5𝑑 2 2 90 × 190 1200

V3 Glued laminated
timber PL8 20 10𝑑 10𝑑 5𝑑 2 2 135 ×

190 1200

V4 Glued laminated
timber PL8 16 10𝑑 10𝑑 5𝑑 2 2 90 × 190 1200

V5 Glued laminated
timber PL8 12 10𝑑 10𝑑 5𝑑 2 2 90 × 190 1200

3.3. Instrumentation and test procedures

All specimens were loaded in tension parallel to the timber grain using a 500 kN MTS
loading system. Finger tight force was applied to all fasteners to permit self-alignment of
the test specimens, and a monotonic tension load was applied through the steel side plates.
Each specimen was tested at a displacement-controlled rate of 1 mm per minute until it
reached the plastic region. The load was applied by following the loading protocol specified
in [15], where the load was firstly increased from zero to 0.4 times of estimated failure load,
𝐹EST. Then it was decreased to 0.1 𝐹EST. After finishing this process, the specimen was
reloaded until it reached the plastic region (see Fig. 5). Fig. 6a shows a typical specimen in
the testing frame.

Fig. 5. Loading procedure followed in a bending test [15]

Both ends of each specimen were monitored for displacement. Four portal gauges were
used to measure the displacement of the internal wood member with reference to the side
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(a) Specimen configuration (b) Portal gauges set-up

Fig. 6. Bolted connection test

steel plate at each extremity. Two portal gauges were used per connection, one attached to
each steel plate, so an average displacement could be measured. The location of the portal
gauges on the timber was kept consistent throughout the project. An example of the set-up
for the portal gauges is shown in Fig. 6b. Each load and displacement data were recorded
by a data acquisition system.

4. Bolted connection test results

4.1. General

This section provides the bolted connection test results of New Zealand Radiata Pine
glued laminated timber and LVL loaded parallel to the grain. Load displacement curves
have been processed for all 50 specimens based on the experimental data recorded. Each
curve has been analysed to determine the initial stiffness 𝐾ser(test) of the bolted timber
connection. The values of 𝐾ser(test) measured from tests for each group are presented in
Section 4.2. The value of bolted connection stiffness, 𝐾ser using Eq. (1.1) against the test
results obtained are also described in detail.
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4.2. Load-displacement and stiffness results

Figure 7 shows the typical load versus displacement curves for all groups. Referring to
Figure 7a, the initial stiffness, 𝐾ser(test) for each curve has been calculated from 10% to 40%

(a) Group V1 (b) Group V2

(c) Group V3 (d) Group V4

(e) Group V5

Fig. 7. Load-displacement curves for all groups
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of 𝑃max. All values of 𝐾ser(test) for group V1–V5 have been calculated and presented in
Table 7. Figure 8 shows an example of a tested specimen, 2I of the permanent deformation
in the wood underneath the bolt that was exhibiting ductile behaviour.

Table 7. Moisture content results

Group 𝑑

(mm) 𝑎3𝑡 𝑎1 𝑎2 𝑛𝑟 𝑁

Cross-
section
(mm2)

Type Density
(kg/m3)

𝐾ser(test)
(kN/mm)

𝐾ser(test)
(per bolt)
(kN/mm)

V1 20 10𝑑 10𝑑 5𝑑 2 2 90 × 190 PL8 505 75.3 9.4

V2 20 10𝑑 10𝑑 5𝑑 2 2 90 × 190 LVL11 570 92.0 11.5

V3 20 10𝑑 10𝑑 5𝑑 2 2 135 × 190 PL8 505 103.5 12.9

V4 16 10𝑑 10𝑑 5𝑑 2 2 90 × 190 PL8 505 63.4 7.9

V5 12 10𝑑 10𝑑 5𝑑 2 2 90 × 190 PL8 505 54.2 6.8

Fig. 8. Deformation of the wood for specimen 2I

For each specimen, the stiffness 𝐾ser(test) was determined. Apart from an expected
variation due to the natural scatter of wood, the determination of stiffness values is also
heavily influenced by the test execution, mainly by two issues:
I. Estimated load-carrying capacity 𝐹est:
Only after a first test, the chosen value for 𝐹est can be verified. Therefore, 𝐹est may
change during a test series or may not correspond to the actual reached load-carrying
capacity. Furthermore, in order not to damage the specimens, a lower value for
𝐹est may be chosen. This is certainly necessary for big specimens that reach a high
load-carrying capacity as then, 40% of 𝐹est may damage the joint locally.
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II. Measuring locations:
In the standards that define testing protocols such as EN 26891, no provisions are
given as to where the testing data should be measured. For instance, whether the
measuring instruments should be fastened in the barycentre lines of the joints or
whether they should cover the whole joint by measuring outside the joint.

The mean values obtained in the tests, 𝐾ser(test) for the connection stiffness for five
groups are presented in Table 7. The value of 𝐾ser(test) per bolt have been calculated by
dividing it by the number of bolts and shear plane. As expected, one can see that the stiffness
of the connection is clearly affected by the density of wood, bolt diameter and thickness
of the member. The smaller the diameter of bolt, density and thickness of wood gives
the smaller value of the initial stiffness of the connection. In terms of material properties,
the results obtained generally show a significant variation of the joints stiffness with the
variation of the timber properties. By comparing Groups V1 and V2, the values obtained
for the stiffness of the joints made with LVL are around 22% higher than those for glued
laminated timber.
On the other hand, a variation of the joint stiffness was observed when the bolt diameter

varied. The results of the test series with 20 mm diameter bolts show the highest stiffness,
followed by the test series with 16 mm diameter, and the lowest one corresponds to the
14 mm diameter. The analysis of the experimental load–displacement curves showed that
the deformations increase slightly with the decrease of the bolt diameter.
As expected, the thickness of the wood member affected the stiffness of the connection.

A decrease of around 37% was found (between Groups V1 and V3) when wood with
90 mm thickness was used. This result can be supported by [16], where the stiffness of
bolted timber connection is strongly dependent on the wood density, fastener diameter,
bolt spacing, end distance and thickness of timber member where the greater the density,
diameter, bolt spacing, end distance and thickness of timbermember, the higher the stiffness
value of bolted timber connection.

4.3. Comparison to Eurocode 5 stiffness equation

By using Eq. (1.1), the initial stiffness values for each bolt were determined. In deter-
mining those values, an average density of Radiata Pine glued laminated timber and LVL
was applied. The stiffness values per bolt for each group of connections are calculated and
tabulated in Table 8 and Fig. 9 for comparison. The results from Eq. (1.1), 𝐾ser are very
far from the experimental values, 𝐾ser(test) . As can be seen in Table 8, the ratio of EC5
stiffness equation to experimental results ranges from 3.48 to 4.20, with the average at 3.77
where 𝐾ser over predicted the stiffness value for the connection. From the result, it shows
that other parameters such as geometric configuration need to be incorporated in Eq. (1.1)
for initial stiffness estimation to improve the ratio with the experimental data.
From the comparisonsmade above, the use of Eq. (1.1) to estimate the initial stiffness on

timber bolted connection was verified. However, the number of comparisons to validate the
stiffness equation is limited. So, a more comprehensive analysis needs to be accomplished
by comparing experimental data and EC5 stiffness equation.
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Table 8. Moisture content results

Group 𝐾ser(test) (kN/mm)
(per bolt)

𝐾ser (kN/mm)
(per bolt) 𝐾ser/𝐾𝑎 (test)

V1 9.4 39.47 4.20

V2 11.5 47.33 4.12

V3 12.9 39.47 3.06

V4 7.9 31.58 4.00

V5 6.8 23.69 3.48

Fig. 9. Comparison between 𝐾ser(test) and 𝐾ser

5. Conclusions
Based on the experimental study conducted, the following conclusions can be drawn:
1. Basic properties such as density of Radiata Pine glued laminated timber and LVLwas
determined. This parameter is important for predicting the initial stiffness of bolted
connections using Eq. (1.1). The moisture content of timbers was also determined to
ensure that international test procedures were followed.

2. In order to consider the factors that affect the stiffness of bolted connections, speci-
mens consisting of steel–wood–steel connections with different configurations were
tested in tension.

3. The load-displacement curves and stiffness of bolted connections for glued laminated
timber and LVL were successfully assessed.

4. Eq. (1.1) to predict the initial stiffness of bolted connections were assessed for all
five groups of connections.

5. The results from Eq. (1.1), 𝐾ser are very far from the experimental values, 𝐾ser(test) .
The ratio of stiffness equation to experimental results ranges from 3.48 to 4.20, with
the average at 3.77. 𝐾ser over predicted the stiffness value for the connection. There is
a need to consider or incorporated other parameters such as geometric configuration
in Eq. (1.1) to improve the ratio with the experimental data.
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