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1. Introduction

In the design of large-span structures, the truss girder system,
due to its small consumption of material and simplicity, is a logical
and economically more cost-effective system, when compared
to glulam girders. However, timber truss girders are very rarely
used in our conditions for crossing large spans, i.e. the alternative
solution involving the use of glulam girders is almost always
adopted. Main reasons for such situation include the problem of
truss node solving, wood industry lobby, and the negative attitude
of architects toward truss girders. The usual and most frequently
used solution for connecting timber truss girders is the connection
by steel node plates and mechanical fasteners, which requires
a large truss girder element area to adequately transfer force to
the node plates and to ensure sufficient ductility. This frequently
results in a bigger size of truss elements so that an appropriate
number of fasteners can be distributed along an appropriate
area, which leads to a greater consumption in wood and steel,
and the structure becomes economically inefficient. Some other
reasons why truss girders are avoided for crossing large spans
include: reduced fire resistance at joints, and difficulties with the
precamber, which is indispensable in structural systems which are
exceeding 300 m in span.

In response to the belief that it is easier to use more than 50%
of additional laminated timber for a glulam girder, rather than to
solve the truss girders joints and fire-resistance problems, various
possibilities have been investigated to see whether the situation
can be changed through introduction of new connection systems.
The objective of this paper is to find an appropriate solution for
joints of large span trusses in order to enable fast assembly,
proper definition of precamber during assembly, and a greater
fire resistance. In this respect, it should be noted that an another
solution based on a large diameter mechanical fastener, currently
at the research stage, has been developed by SP-Tratek, Boras,
Sweden[1]. The authors of this concept also consider that present-
day solutions are overly complicated and costly, and that a new
solution applicable to large-span trusses should be developed.

1.1. Concept of the joint

The concept of the joint studied in this paper is presented in Figure 1.
It has been conceived through the use of a large-diameter fastener.
The timber element into which the force is introduced (truss girder
cord) is 210.0 mm in width, cf. Figure 1, but its width is defined based
on the required truss girder cord resistance. The truss girder cord is
conceived in such a way that its width can easily be changed via the
number of lamellas depending on the required resistance, while the
height is defined based on the width of lamellas.

The main connection element is a large-diameter mechanical
fastener whose diameter is defined depending on the required
resistance of the joint. It is installed in the hole drilled in the zone
perpendicular to the element axis. Bolts are connection elements
that link the fasteners with the element that introduces the force
into the joint, and the diameter and number of bolts depends on the
size of the force to be transfer by the joint.

The second half of the joint consists of an element that
introduces the force into the joint. The introduction of the
force into the joint can be solved via a timber element with
a glued-in rod (as shown in Figure 1) [2], or directly by steel
rod. The end of the rod (regardless of whether it is glued-in or
independent) is inserted into the connection bush.
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of the truss girder Fae [ girder
] 1 ]
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Figure 1. View of the truss joint
1.2. Ductility, yield force and resistance of joint

Ductility is a material property which indicates the level of
material deformation in a plastic region prior to failure. It
may rightfully be stated that it is an indispensable property
of structures situated in seismically active areas. The ductility
(D) is expressed as the ratio of slip at yield force (5,) and max.
force (8,5 [31]:

o,

D = Zmax
- §)

y

When subjected to earthquake load, timber structures have to
exhibit a sufficient level of ductility, so that the deformation
in the plastic region would lead to the dissipation of energy in
the static system.

CEN (European Committee for Standardisation) defines
the test protocol for determining mechanical properties of
connections/joints in timber structures through the following
standards:

- for testing joints by static load EN 26891

- for testing joints by cyclic load EN 12512

However, these standards do not provide specific guidelines
for determining ductility of joints subjected to static load [4].
As the joint subjected to static load is being tested, guidelines
given in EN 12512 will be used for the determination of
ductility.

Each joint has the following significant properties: initial joint
slip modulus K, and joint slip modulus K_. The slip modulus
can be determined from the line defined with 10 % and 40 %
of the maximum load, and corresponding slips at the 10 % of
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the maximum load (3,,) and 40 % of the maximum load (3,,),
according to the following expression:

_0,4-F

max

[

04

-0,1-F, ..
[

0,1

Ky (2)
Theinitial joint slip modulus is determined from the inclination
of line defined with the initial slip and slip at the load of 40% of
themaximumload F__ (5,,). The difference between these two
slip modulus is determined by unrecoverable deformations
caused by beading of a fastener.

As in this case we are dealing with the fastener characterized
by a large diameter, the relevant failure mode occurs after
compressive strength exceeds embedment strength of the
timber element. At that, the fastener remains undeformed.
The design resistance (R) for the embedment strength is
given by the expression [5]:

Ry=faqt-d (3)
where:

fieq - design embedment strength, for the load under the
angle o with respect to grain,

t  -is the thickness of the timber element for which the
design resistance is determined,
d  -isthe diameter of the fastener.

The typical fastener embedment strength resistance is
determined via experimental testing in accordance with
EN 383 [6]. According to this standard, the characteristic
embedment strength is obtained by driving the fastener of
a specified diameter into a timber element in which the hole
of an appropriate diameter is previously made. The fastener
is inserted at a specified angle with respect to the grain, and
the characteristic embedment force is obtained from the load
(F ) which corresponds to a 50 mm slip value.

max,5'

2. Preparations for experimental study

2.1. Geometry and truss girder materials used in
experimental study

In the scope of this experimental study, four truss girder
models were made using the new concept of the joint. They
measure 6.0 m in axial span, with 2.0 m of axial distance
between cords. Trusses are made with three cells, i.e. with
four vertical compression web elements and tension web
elements in the first and the last cell (Figure 2).

Truss girder elements were made of lamellas 42.0 mm in
thickness, and each element consisted of five lamellas which,
after planing, resulted in elements with the cross section
measuring 21.0 x 20.0 [cm]. The melamine glue "Casco
adhesives MUF system 1247/2526", manufactured in Casco
Adhesives AB, Stockholm, Sweden, was used to glue the
lamellas. According to mechanical properties of the timber

used in lamellas production, the produced laminated elements
can be classified as GL24h according to the EC5 standard.

To gain insight into the entire concept of this joint, glued-in
rods, with the gluing-in depth of 35.0 cm, were installed in to
vertical compression web elements of the truss girder. A hole
with the diameter exceeding by 2.0 mm the nominal diameter
of the threaded rod was drilled in the centre of the timber
element, as shown in paper [7]. Threaded rods quality grade
8.8 were selected, and the epoxy universal glue manufactured
by KGK d.o.0., Karlovac, was used for the gluing. The glue is
marketed under the commercial name "Epocon 88".

The quality of the materials used for steel elements was
selected based on stresses obtained by preliminary finite
element models (FEM). The steel quality 42CrMo4 f =1600
N/mm? according to EN-10027-1 was selected for the
fabrication of washers, connection pipe, and fasteners. The
steel quality S235JRCu according to EN 10027-1 was used for
connection elements that are less exposed to stresses (rings).
Allen bolts DIN 912, steel quality 12.9, were used for bolts in
connections, while two bolts type M20, quality 12.9, were used
for introducing force into the connection from steel diagonals.
One bolt type M12, quality 12.9, was used to ensure structural
connection between the vertical and the truss girder cord.
Steel rods 22.0 mm in diameter were used for tensile diagonals
instead of timber elements with glued-in rods, as shown in
Figure 1. The reason why timber diagonals were replaced with
steel ones lies in greater simplicity of measurement, easier
control of stress in steel diagonals, and smaller manufacturing
price of rods for experimental testing. Tensile diagonals were
made of steel quality 42CrMo4 f =1600 N/mm?,

2.2. Experimental testing procedure

The girder supportes were provided by steel plates 210 x 200
[mm], positioned on 600 cm axially spaced distance. These
steel plates were laid on steel sections rounded on top and, in
this way, hinged supports were simulated. During the testing,
the top cored of the truss girder was laterally supported by a
structure composed of steel pipes (Figure 2), to prevent loss of
global stability of the girder.

The testing procedure consisted of applying concentrated load in
each third of the span, with a controlled constant load rate. The
load was applied by two hydraulic jacks connected to one another,
so that the pressure in both jacks was always the same. Truss
girders were tested with the relaxation at total load of 600 kN,
after the force was brought down to 200 kN, load was continuously
increased until truss girder failure.

The applied load was measured via measuring devices placed
between hydraulic cylinders and the top cord of the truss girder,
as shown in Figure 2. During the testing, stresses in the steel
diagonals were measured via tensometers marked T1 to Té.
Measuring of truss girder deformation was conducted in the
thirds of the span using measuring devices marked L500/03 and
L500/04. Local deformation was measured for joints situated at
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the bottom cord of the truss girder, i.e. the displacement of the
bolts end which are entering into the diagonals was measured
with respect to the point situated in the bolt axis 100 mm away
from the centre of the fastener. The total of four measuring devices
marked L100/02 to L100/05 were placed on two measured joints
at the bottom cord of the truss girder, i.e. one measuring device
per bolt by which the force from the tensile diagonal is introduced
into the joint. Deformation and displacement were monitored and
records at one second intervals via personal computer.

Figure 2. Experimental testing of trusses

It should be noted that, during truss girder assembly in
the laboratory, all bolts at joints were mounted using the
controlled force of 4.5 kN, i.e. the fastening moment of 17.0
Nm. This bolt tightening resulted in a 12.0 mm precamber at
the centre of the span.
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Figure 3. Presentation of FEM with boundary conditions and applied load

During the testing, the moisture of truss girder elements
varied from 11.8to 13.7 percent. The temperature in the room
during the testing of the second truss girder was 30°C, and
during other tests was 28°C.

2.3. Analysis by finite element method

2.3.1. Geometry and materials for numerical modelling
of the truss

The FEM of the truss girder was made using the program package
Abaqus/CAE ver. 6.10. The nonlinear analysis was conducted. The
FEM geometry fully coincided with the truss girder geometry used
in laboratory testing. Volume finite elements C3D3, defined with
six nodes [8], were used for modelling of timber elements. All steel
elements of the connection, as well as tensile ties, were modelled
with the volume finite elements C3D8 defined with eight nodes.
The FEM of the truss girder was fully defined with 168454 finite
elements and, considering the great number of finite elements,
only one half of the truss girder was modelled with boundary
conditions which simulate symmetry, as shown in Figure 3.

The load was modelled in two steps; in the first one the bolt and
tie prestressing load were applied, which corresponded to the
methodology used in the experimental testing and in the second
step external load was applied on upper cord of truss girder. As
this was a nonlinear analysis with geometrical and material
nonlinearity, the load values were set related to time. The bolt
prestressing load was defined as "bolt load",and increasing of load
was related to time - amplitude curve as is presented in Figure 3.
A linear increase of prestressing load was modelled in each bolt
in the time period varying from O t to 10 t. After full prestressing
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load was applied the load continued with the second step in which
the external load was applied onto the truss girder set as the
pressure on the steel plate above the compression web elements,
as shown in Figure 3. The load increasing rate was set by a time
-dependent amplitude. The graphical presentation of time-related
load amplitudes is given for both loading steps in Figure 3.
Modelling of mechanical properties of steel parts was
conducted elasto - plastic according to diagrams presented
in Figure 4. The plastic region was modelled across 15 points
which were obtained as an average value from actual stress -
strain diagram, while elastic modulus and yield strength were
set according to values given in Table 1. Bolts were modelled
bi-linearly with the yield strength and elastic modulus as
given in Table 1, while the tangential elastic modulus was
defined as being equal to 10 percent of the elastic modulus.

B0 |

4000 f

[

|
L300

¥

‘5 el .3 el T 0K vy
g [ i ¥ [y

Stress [N/ mm?]

Qg 0 Gps oDk ODS 0 06  OOF oge os
Strain(-]

Figure 4. Actual stress - strain steel diagrams used for connection elements

Mechanical properties of timber were modelled elasto - plastic
and orthotropic. As, due to its orthotropic nature, modelling

Table 1. Mechanical properties of materials

procedures is much more complex than steel modelling and
hence impracticable with the basic program package Abaqus/
CAE, the UMAT subroutine had to be used to define the timber.
Two timber yield criteria were defined via this subroutine: the
Tsai-Wu criterion for the connection zone, and a yield criterion
derivative from the Hill's yield criterion for other parts of
the timber. The coordinate system by which mechanical
properties of timber were described is marked with R, T and
L axes (which stands for radial, transverse and longitudinal
directions, respectivelly). Elastic modulus and shear modulus
for each direction were obtained as average values of timber
having the bulk density (p = 443, 47 kg/m?3) similar to the
timber used in truss girger manufacture, as found in available
literature [9-4]. The values from these sources are presented
in Table 1.

Main wood strength values for each direction were adopted
from literature [15, 16]. The testing conducted in the selected
literature was made on the same timber quality, the bulk
density of wood was almost identical, and the wood type and
weather conditions in which the tree has grown are quite
similar.

2.3.2. UMAT subroutine and wood yield criteria

The UMAT subroutine was used for the definition of yield
criteria and mechanical properties of wood. Prior to its
incorporation in the program package ABAQUS as the "user-
defined material", the UMAT subroutine had to be written
in the programming language FORTRAN [17]. One of main
problems encountered during FEM of timber, resulting from
the orthotropic nature and in homogeneity of this material,
lies in the definition of yield criteria. In this respect, a derivative
of the Hill's criterion for homogeneous materials was used in
the UMAT subroutine as the basic yield criterion.

The Hill's vyield criterion for orthotropic homogeneous
materials [18] is expressed as:

Mech. properties . . . .
Modulus of elasticity Shear modulus Poisson Compressive strength Tensile strength
. [N/mm?] [N/mm?] ratio [N/mm?] [N/mm?]
Material
E,=11.3140 G,,=6770 V5= 041 fe, =-2816 ft, =2982
_ E,=469,0 Ggp=500 Ve=0517 fe .=-330N ft =038
Glulam timber ' '
GL 24h ) .
E.=7460 G,,=6580 v,=052 fe,g=-330 f,r=038
- - - fu5= 33 fU‘S= 33
Steel 42CrMo4 E =200.054,0 G=76.944,0 v=03 f,=1.4250 f,=1.6350
Steel S 235JRCu E=219.1690 G=84.296,0 v=03 fv: 535,0 f,=5958
Bolt quality 12.9. E =210.0000 G = 84,0000 v=03 f =1.0800 -
(modelled bi-linearly) v
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where o is the normal stress, 7 is the shear stress, and f, is the
stress in the corresponding direction. As the above expression
does not take into account the brittle failure of wood in tension, i.e.
if the above condition is not satisfied, mechanical properties for all
directions are calculated in a plastic area. For this reason, the above
condition does not give a sufficiently accurate description of the
wood behaviour in compression, and its brittle failure. The behaviour
would be much more accurate if the expression is separated, and if a
separate criterion is set for each direction [1S, 20

2 2
o, 2'TRT:1. Or +2'TLR:1. o7 2'TTL=1 (5)
Ll s fir" fosn fir’ fosn

where f!is the tensile strength and 7, is the shear strength
equal for each directions. This criterion for tension takes into
account interaction between the normal stress and shear stress
for a given plane, and their separation ensures independence
of three mutually orthogonal planes. The criterion of yield in
compression is defined via a simple maximum stress criterion. If
maximum stresses exceed the yield limit for one direction, then a
plastic region is assumed for all three directions.

Si_q Zrog Trog (6)
for for for

where ffis the compressive strength. It should be noted
that there is a considerable similarity between the above
yield criterion and the Hasin (1980) vield criterion [21], which
is destined for materials with the pronounced difference
in mechanical properties in the direction of fibres and
perpendicular to these fibres.

o [Mfmmd]

ES=E - 100%

Figure 6. Stress - strain diagram for timber, Hill's yield criterion

The second timber yield criterion in the connection zone is the
Tsai-Wu criterion, which is defined with:

2 2 2
Fo, +F,0r +For +2F,0,0, +2F,0,0r + 2F,,070, + Fyo) + Fy0r + Fgor + (7)

2 2 2 _
Fastin + Fostir + FogTr =1

Ifthevalues £,,, F.5, F»; are neglected because of the small influence,
the expression (7) can be adopted in an abbreviated form:

2 2 2 2 2 2 _
Fop +Fop +F3or +Fiiol +Fag0R +FaaoT +Fagti R * FsstLT + Fes™RT =

1 . 1 1 1 1

F, = = F= A P = ; (8)
1 t < 2 t _cc 3 f: _fuc 1 fux ‘fuc 22 f: -f:f
fu,L fu,L fu,R fu,R 7 "l L lu R Tur
1 1
Fas - fu’I 'fuc,r ;FM - Fss B FSG B fuz,sn

In order to obtain regions in the working diagram, the yield
criterion presented in expression (8) is adopted in such a
way that the first yield strength is defined if the expression
reaches the value 0.0, the second when the value of 0.7 is
reached, and the third when the value of 1.0 is reached. This is
presented graphically in Figure 5.

Figure 5. Tsai-Wu yield criterion
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Figure 7. Stress - strain diagram for timber, Tsai-Wu yield criterion
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These vyield criteria and their conditions are defined so as to
obtain regions in the stress - strain diagram for timber, as
shown in Figures 6 and 7.

2.3.3. Finite element method in the UMAT subroutine

After the yield criterion was defined, the subroutine for the
elastic, orthotropic material was formulated by means of the
finite element method. Due to complexity of the subroutine
that would describe the elasto - plastic behaviour of
materials, the formulation of finite elements was adopted for
the elastic behaviour of materials. The modification made to
the subroutine so that it can provide highly accurate results
same as elasto- plastic analysis, is that the second (plastic)
elastic modulus is adopted for the stresses if one of criteria is
not met. Such a simplification is possible in this case because
the load increasing rate is constant, and residual plastic
deformations are not observed.

Elastic stresses according to the finite element method [22]
are calculated according to the expression (9):

{o}! = {o} + [MKe}* (9)

where:

{c}*! - stress vector in time t+1

{c}t - stressvectorintimet

[M] - orthotropic matrix of elastic constants
{e}** - deformation vector in time t+1

DLLLL DLLRR DLL'I_I' o o 0
DRRRR DRRTT 0 0 0
(- Dby O 0 O
DLRLR O 0
Sim' DL TLT 0
D

{e}={e, & & Yar Yir Vial'
{c}={o, op o7 Ter Ty TR

where¢is the normal deformation,andyis the sheardeformation.

Component matrices for elastic constants are calculated according to:

Dy = E1~(Varvrlly

Diarr= EA1-(vizvdly

D= E{1-(vigvrdly

Dy1pr= Dgau= El(VacHvverly
Dyrr= D= EfveHVe vl
Darr= D= EdvigHvigvr)ly
Dirr=Gp

Dinr= Gy

Dprer= Gy

1

1=VirVR —VriVir =ViVir = 2VRVirVir

14

3. Analysis of results

Stress - strain diagrams of connections were obtained from
the data collected by stresses measurements in all four
diagonals, and by measuring displacement of bolts that form
an integral part of the connection. The applied load and the
displacement of connection device was obtained for each
connection through analysis of results, as shown in graph
presented in Figure 8.

The vield force, slip modulus, and ductility of joints can be
determined according to method 1/6 from load - slip diagrams
obtained from truss girder joints. In addition, as in these
joints the failure principally occurs because the compressive
embedment strength is exceeded. Embedment strength can
be determined in accordance with EN 383 [6].

Load [kM]

Results of truss girder exparimental testing

110 50 i Si] 150 200 50

Displacement [mm]

-1

Figure 8. Average values of experimental results for truss girders

In order to avoid wrong definition of caracteristic values, the
average value of all truss joint results was defined as shown
in Figure 8 (black line). The maximum force according to EN
12512 was adopted as the smaller value of three conditions:
maximum load at the moment of total joint failure, maximum
load until the moment the 80 % of load drop was registered,
and maximum load at 30,0 mm slip value. In the analysis of
results, the assumption of joint behaviour in plastic region
until 30,0 mm slip value was added to the average value.
In fact, the analysis of experimental tests revealed that it
can be assumed with a great amount of certainty that the
connection will attain 30,0 mm slip value before failure of
any of its elements, or before load drop in the load - slip
diagram.

It should be noted that the load for all joints, and for the
average load value, was increased for 9,0 kN in the graph given
in Figure 8, which is the prestressing load aplied before the
start of experimental testing.

Caracteristic load values were defined according to the graph
given in Figure 8, and based on the maximum load defined
according to the above described procedure. The failure load £
=181,22 kN and maximum load F__ =234,24 kN were obtained

max

through analysis of results. In addition, the maximum force at
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5.0 mm displacement is £

max,5

= 185,63 kN, the slip modulus is

K= 54,89 kN/mm, while the ductility is D = 8,08.

Figure 9. Deformation of central joint in the second truss

Figure 10. Deformation of edge joint in the second truss

Values recorded in each third of the locally reinforced truss
girders, monitored by devices L500/4 and L500/3, are
presented below.

Deformations obtained by FEM of the truss are presented
in Figure 12 for the time when full bolt prestressing load is
applied. Displacements obtained by FEM show maximum
displacement of 1250 mm at truss cord near boundary
conditions. The displacements obtained by FEM show good
correlation with the precamber obtained during preparation
of truss girder for experimental testing.

FEM analysis of the truss girder model was conducted to
the load of 410,0 kN. As these are very large deformations,
especially in the connection zone, the convergence of analysis
was interrupted due to excessive deformation of finite
elements before the specified load of 450,0 kN was reached.
Displacements at the load of 410,0 kN was presented in Figure
13. The entire load - slip diagram is presented, together with
diagrams of experimental testing, in Figure 11 (red line).

Stress values obtained at the 410,0 kN load are presented
for the direction parallel to grain S11 in Figure 14, and
perpendicular to grain S33 (tangential direction if related to
truss girder model for experimental testing) in Figure 15.
Stress values are presented in such a way that the legend is
limited to the tensile strength and compression strength, so
that the zones in which stress values exceed strength of the
timber class GL 24h can easier be identified.

Load [ki]

Wp 50 a0 MO BIA 00 1000
Displacement [mm]

an 100 il 300

Figure 11. Displacements in each third of the truss girder as obtained
by experimental testing and FEM

For stress values parallel to grain, it can be concluded that
they do not exceed the timber strength in large areas, which
is why they are not of big significance for the truss girder
resistance and stiffness.

Significant stress values for the resistance of joints and truss
girders were obtained in the S33 direction. As shown in Figure
13, great zones in which stress exceed the strength in the
direction perpendicular to grain appear in zones around the
fasteners. This stress causes great slip of the joint, i.e. the
steel pipe penetrates into the timber. A similar occurrence
(pipe penetration) was noted during experimental testing.
The greatest concentration of the stress that exceeds the
strength was obtained in the connection (joint) above the
hinged support. During experimental testing, a big penetration
of steel support into the timber occurred at this very joint,
and the laminas separated due to excessive compression
perpendicular to the grain.

The characteristic embedment strength in the direction
parallel to grain was derived based on experimental results.
This strength value is presented in the graph (Figure 16)
together with some other characteristic embedment strength
proposed by other authors depending on the diameter of the
fastener. It can be seen from the graph that the expression
in EC5 has an excessive stress reduction with respect to the
increase of the fastener diameter. Better design equations
are presented by S. Franke and P. Quenneville [23], and K.
Sawata and M. Yasumura [24].
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Figure 12. Truss girder displacements after prestressing
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Figure 14. Stress in the S11 direction parallel to the fibres
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Figure 16. Comparison of characteristic embedment strength parallel
to grain
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Figure 13. Truss girder displacements at the load of 410,0 kN
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Figure 15. Stress in the S33 direction perpendicular to the fibres
4, Conclusion

The characteristic embedment strength in the direction
parallel to grain as shown in graph form (Figure 16), was
derived based on experimental tests results. It can be
concluded that the expression given in regulations EC5 should
be modified and extended to enable dimensioning of joints
with fasteners that exceed 30 mm in diameter.

In addition, FEM based on the program package Abaqus/CAE
and UMAT subroutine with the mentioned Hill and Tsai-Wu
yield criterion, show a very good correspondence overlapping
with experimental results. Such complex FEM analyses
enable to conduct joint parametric analyses in the scope of
which the behaviour of fasteners with other diameters could
be monitored.
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Finally, it can be concluded from first results presented in
this paper that, in addition to further research regarding
large-diameter fasteners, this type of joint can also be
used to design truss girders from 30.0 to 50.0 m in span.
This joint has been registered and protected with the State
International Property Office of the Republic of Croatia,
under No. P20120249A.
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