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ABSTRACT: The paper presents details of a numerical analysis and construction of glulam beam girder structures with
external pre-stressing. We have applied such structures on spans ranging from 24 to 32 m for the purpose of reduction
of overall costs of glulam materials. For the external pre-stressing, steel braces S355 and Besista standard connectors
were used. Vertical elements supporting the beam girder approximately at one-third span are also steel sections
transferring compression forces.
Calculations have been made by means of STAAD Pro and COSMOSM software. Details of calculations and modelling
of structures have been presented.
In all cases, the girder system with external pre-stressing is supported with steel columns. In the solution applied for an
overhang structure of 24 m span close to Zagreb, the static system was defined as two-hinged framework system,
capable of accepting bending moments in angular connections. In such rigid connections, dowels were applied as well
as steel sheet through the middle of the section of the timber girder. The solution of the connection will also be
presented in the paper.
KEYWORDS: glulam beam girder, outside prestressing, STAAD & COSMOSM calculations, connection details
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INTRODUCTION 123

In the last few years, we have applied glulam beam
girder structures with external pre-stressing as principal
bearing structure on sports hall or over a pool, as well as
in an overhang structure.
The paper presents details of calculations of two such
structures, the first being a beam system freely supported
by steel columns and the second example being a
framework static system with restrained connections in
the framework angles. All calculations have been done
by means of STAAD Pro 2007 and COSMOSM
software.
In addition to static analyses, COSMOSM buckling
analyses of structural stability have also been conducted
on maximum accounting load in exploitation.
Glulam elements were produced of laminated European
spruce timber (class GL28) as two-part, section width 2
x 16 cm, in height as required according to the static
calculation. Steel used was standard structural S235 for
compressive vertical elements and S355 for braces in
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tensile zone. Besista 2-540 standard connectors were
used in brace connections.
The secondary structure consists of roof timber panels
made of European spruce class S10. Inside panel lining
is made in three-layer cross-laminated boards in 27 mm
layer, and 13 cm wood chip boards are placed from the
top external side. Axial distance between the bearing
elements of the panel is 60 cm. Panel width is 120 cm,
and the span is equal to axial span of main girders,
ranging between 6.0 and 6.5 m.
In the overhang structure, secondary structure is different
and is described below.
Details are presented in the paper.

2

CALCULATION PARAMETERS

Here are presented the parameters for the analysis of the
framework overhang structure by means of STAAD Pro
2007 software. The same parameters are valid for
COSMOSM analyses conducted for the overhang
structure and for the beam system used as the main
bearing roof structure over a pool of a school in Zagreb.
Load analysis has been conducted according to EC 1
standards for dead load, wind and snow. Considering to
the small weight of the structure earthquake load has
been left out.
Self-weight of structural elements has been taken into
account as gravitation effect. Weight of the roofing and
installations together is 0.15 kN/m2.
The structures are located in the north-western Croatia
and the snow effect has been taken according to

Eurocode standards for the 1st snow zone. With
characteristic snow load of 1.55 kN/m2, temperature
index and exposure index have been taken as 1.0. Severe
wind effects that may influence the distribution of snow
on the roofing were not taken into account. Roof form
index was taken as 0.8 according to the rules for single
slope roofs and their descents up to 30°.
Wind load was taken from two directions, longitudinally
and transversally to the building. Reference wind speed
for the wind zone A is 20.0 m/s. Exposure index for the
ground class III (suburbs, cities, industrial zones) and for
average building height of 7.0 m was 1.65.
In an open framework overhang structure, the option was
taken that gable walls would be partially closed in future
and the wind pressure was taken (in building phase I) on
non-existing rocks.
Considering that the structure was framework, in
compliance with EC 3 provisions, an equivalent
substitute horizontal load was obtained.
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ς = 1,0 stabilisation in 10 fields
∑ N Edi = 1091,4 kN from analysis
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3.1

ACCOUNTING NUMERIC MODELS
STAAD PRO. 2007 MODEL, OVERHANG
STRUCTURE

ΔH d 1 = φ ⋅ Vd = 1 / 200 ⋅ 113,06 = 0,565 kN
φ = kc ⋅ k s ⋅ φo = 1,0 ⋅ 1,0 ⋅ 1 / 200 = 1 / 200
φo = 1 / 200 ; nc = 2 ; ns = 1
kc = 0,5 + 1 / nc = 1,0
k s = 0,2 + 1 / ns = 1,0

Figure 1: Axonometric presentation of accounting model
of overhang structure

Vd = L ⋅ (1,35 ⋅ g + 1,5 ⋅ q )

Vd = 25,8 ⋅ (1,35 ⋅ 0,65 + 1,5 ⋅ 2,33)
Vd = 113,06 kN
Where:

φ - Framework rotation angle
φ0 = 1/200
nc – number of columns
ns – number of floors
Vd – accounting longitudinal force in columns
The resulting load, depending on the framework
imperfection, is used for classification of movable –
immovable framework and for determination of the type
of analysis that would be used. As these systems are of
relatively low rigidity, and secondary deformations have
large influence on stresses in elements, second order
analysis was used.
Vertical longitudinal stabilisation was additionally
loaded with substitute horizontal force of its
imperfection.

ΔH d 2 = φ ⋅ Vd =

1
⋅ 452,24 = 1,786 kN
253

Equivalent load of imperfection of horizontal transversal
connection is:

Stability outside
the plane frame

Figure 2: Structural calculating wind load

Overhang structure ground plan is made of fan-shaped
frameworks, with spans ranging between 23.35 and 25.4
m. Column distances are 1.25 m on one side and 2.75 m
on the opposite side.
The framework structure is modelled in such a way that
the angular connection is modelled as restrained, while
connections with the foundations are modelled as pinned
connection. Top of the framework (hybrid system)
consists of the brace in the tensile zone and two glulam
beams, and two vertical steel compressive elements,
positioned approximately at each one third of the span.
Purpose of this accounting model was to determine and
to dimension all steel elements according to EC 3
standards. Also, the timber beam element was
dimensioned according to EC 5 standards.

Frameworks are mutually connected in the roof plane by
secondary timber beams, at mutual distance of
approximately 2.33 m. Secondary beam elements in
connection to the main beams are modelled with a
pinned connection. Framework columns are mutually
connected by steel pipe sections 60/60/4.0, at each one
third of height, which reduced the possibility of bending
out of the framework plane. Connection between the
horizontal elements and columns is also modelled as
pinned connection.
Structural stabilisation, including horizontal and vertical
stabilisation, has been done based on experience for
timber structures in the second field from the external
frames.
Stabilisation of bottom free points of compressive
elements has been made out of the roof plane by
placement of tensile stabilisation in fields of previously
mentioned bracings. Other free ends of compressive rods
are connected by compressive-tensile steel elements.
Calculation provided the following required dimensions
of elements:
Glulam beam element section 16/60 cm, steel column
IPE 240, vertical supports at each one third of steel pipe
ø 101/3.6 mm, braces and Besista M36 connectors.
Minimum pre-stressing force of 20 kN was introduced
into the braces.
3.2

COSMOSM MODEL OF POOL ROOF
STRUCTURE

COSMOSM model was formed of 20550 planar or linear
finite elements, a roof structure segment consisting of 3
main girders, with a secondary wooden panel fill
between the girders. Axial distances of main girders are
6500 mm, and structural span is 32 m.
For the modelling of timber beam girders and for the
panel modelling, SHELL4L elements were used, as they
make possible the definition of orthotropic
characteristics of materials.
Material characteristic values, used in numerical
analysis, for glulam timber lowered by 10 %, because
structure is over swimming pool (Label 1) and for
standard steel (Label 2) are presented below.
Label
Name
1
EX
1
EY
1
EZ
1
NUXY
1
NUYZ
1
NUXZ
1
GXY
1
GYZ
1
GXZ
1
DENS
1
MPERM_R
2
EX
2
NUXY
2
ALPX
2
DENS
2
MPERM_R

Value
9.800000e+003
5.100000e+002
5.600000e+002
2.700000e-002
6.000000e-001
3.300000e-002
5.100000e+002
6.000000e+001
5.600000e+002
6.000000e-006
1.000000e+000
2.100000e+005
3.000000e-001
1.200000e-005
7.850000e-005
1.000000e+000

Values are in MPa (N/mm2)

Steel pipe supports at each one third of the span were
modelled in real dimensions with SHELL4 elements, as
well as the detail in the tensile braces connection.
Braces supporting the timber beam girder across the steel
pipe element and forming a hybrid system with it are
modelled with TRUSS3D finite elements, as well as all
stabilisation elements.

Figure 3: COSMOSM numerical model of the roof over a
pool (view from below)

Fig. 3. shows cross model elements of stabilisation of
vertical steel supports out of the girder plane in the
neighbouring fields to girders that were not modelled in
this calculation.
Laying of the main girders to steel columns was
modelled by prevention of vertical and side shifts. Steel
pile shoe on such spots was also modelled with real
dimensions.
3.3

COSMOSM MODEL OF OVERHANG
STRUCTURE

Detailed analysed numerical model has 92 907 planar
and linear elements.
For the modelling of timber beam girders, SHELL4L
elements were used with orthotropic characteristics of
materials. Steel columns selected in STAAD as IPE 240
are here modelled in the same size, but of planar
SHELL4 elements. Columns were modelled completely
with planar elements, including connection, column,
foundation and angular connection with the timber beam.

Figure 4: Numerical model and total load for buckling
analysis

Fig. 6 shows the stresses parallel to the grain in timber
beam elements. At maximum load, ratio between
stresses and allowable stresses was approximately 40%.
Notwithstanding this relatively small design ratio, we did
not want to reduce elements to obtain a satisfactory
factor of global buckling safety.
Fig. 7 shows the stresses in timber and steel elements of
the structure, in the angular connection zone. Stress
values are in N/cm2.

Figure 5: FE model of restrained angular connection of a
glulam beam element and a steel column IPE 240

4
4.1

ANALYSIS OF RESULTS
OVERHANG STRUCTURE

Analysis has shown that the main stresses in the
structure are within the permitted limits and that the
structural stability is sufficient as the safety factor 9.8
was reached. First buckling mode as presented in Fig. 8
is caused by bending moments of supported beam
elements of the structure.

Stresses in X direction [N/cm2]
CosmosM 2008

Figure 6: Stress parallel to the grain in a timber beam
element

Stresses in Y direction [N/cm2]
CosmosM 2008

Secondary beam elements were modelled with
BEAM3D elements. Same elements were used to model
steel horizontal pipes in the longitudinal walls as well as
compressive verticals, supports at each one third of span
of beam elements.
Modelling of the braces supporting the timber beam
girder and forming a hybrid system with it was
conducted with finite elements TRUSS3D, as well as all
stabilisation.
Angular connection (Fig. 5) between the column and the
beam was modelled in such a way that various grids of
finite elements of the two materials were obtained. For
acceptance of restraining moment, sixteen nodes were
subsequently connected as a simulation of installed
dowels or screws.
Modelling of the foundation slabs was conducted with
SHELL4 elements as a continuation of the column.
Anchoring screws and supports were secured in such a
way that shifts were prevented symmetrically in 6 nodes
of the foundation slab.
This model is used for linear analysis to obtain
appropriate distribution of tension inside the structure
and for buckling analysis. For linear analysis, individual
load cases were provided which were used in load
combinations.
In
COSMOSM
analysis,
load
combinations are without partial security factors as the
objective was to check the bearing capacity of actual
stress conditions and comparison by the theory of
allowable stresses. Load for the stability analysis was
taken as a sum of loads which proved most unfavourable
in the combinations (Fig. 4).

Figure 7: Stresses in rigid angle of the frame in local X
direction (upper) and stresses in Y direction
perpendicular to the grain (down)

All accounting shifts of the structure were within the
permitted limits. Maximum accounting displacement at
one half of the span of the beam element was 3.8 cm,
which was L/670.

Fig. 10: Stresses parallel to the grain at the timber part of
the structure, main girders and roof panels (top view)

Figure 8: First buckling mode of analysis, factor -9.79

4.2

POOL ROOF STRUCTURE

Accounting analysis has shown the utilisation rate of
timber elements up to 48 % at main stresses, and up to
55 % at sheer stresses. Timber beam elements are
selected in size 2 x 16/68 cm, on a 32 m span. Axial
distance between the beams is 6.5 m.
Fig. 9 shows the deformations for maximum load
combination. Accounting deflection of the structure at
half-span is 53 mm, which is approximately L/600.
Calculation results are in MPa and mm.
Fig. 10 shows the stresses parallel to the grain in timber
elements, for maximum load formed by permanent +
snow combination.
Fig. 11 shows sheer stresses in timber elements for
maximum load combination

Fig. 9: Displacements of the analysed part of the
structure (top view)

Fig. 11: Shear stresses in XY direction in timber
elements (view from below)

Fig. 12. Shows first buckling mode from COSMOSM
analysis. Safety factor for analysed part of the structure
is 2.2. Possible torsion instability of steel columns in the
third part of span give us relatively low safety factor, but
still sufficient.

Figure 12: First buckling mode of analysis, factor 2.20
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PRESENTATION OF THE
COMPLETED STRUCTURES

Here we present a roof structure of a sports hall in Sv.
Martin na Muri (Photo. 1, 2, 3 and 4). The other two
structures are in the process of construction and will be
presented at the congress. These structures have the
same static system as roof structure shown below.

Photo 4: Sport hall in St. Martin, connection of the beam
girder on the steel column.

In addition presented are some photos of finished
overhang pergola structure in Lučko near Zagreb (Photo.
5, 6 and 7)

Photo 1: Roof timber structure over a sports hall in St.
Martin, Croatia, main span 24.0 m

Photo 5: Overhang timber-steel frame overhang pergola
structure in Lučko near Zagreb

Photo 2: Connection detail of outside prestressing bars
with Besista connecting elements

Photo 6: Rigid joint connections of the frame angle

Photo 3: Lateral view of main beam girder with outside
prestressing

On the roof structure over a sports hall in Sv. Martin,
total timber expenditure for girders and roof panels was
0.105 m3/m2, and steel expenditure was 13 kg/m2. The
structure is a very cost-effective solution.
Timber expenditure in all presented structures ranges
within the experience-based limits of cost-effective use
of timber, between 0.05 and 0.12 m3/m2.
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CONCLUSION
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[1] K.H. Gotz, D. Hoor, K. Mohler, J. Natterer; Timber
Design and Construction Sourcebook; McGrawHill, Inc., 1989. Printed in USA
[2] Z. Žagar; Timber structures I and II, PRETEI d.o.o.,
Zagreb, 2004.
[3] H. Neuhaus; Lehrbuch des Ingenieurholzbaus, B.G.
Teubner, Stuttgart 1994.
[4] European Committee for Standardization (CEN):
Eurocode 1: Basis of design and action on structures
[5] European Committee for Standardization (CEN):
Eurocode 3: Design of Steel Structures
[6] European Committee for Standardization (CEN):
Eurocode 5: Design of Timber Structures
[7] BESISTA, catalogue (2009), http://www.besista.eu/
[8] STAAD. Pro (2007), Manual
[9] COSMOSM (2008), Manual GeoStar V2.95
[10] M. Haiman; Cost-effective Timber Structures, RIM
2009, Egypt, Cairo, 7th International Scientific
Conference, 26th September – 3rd October 2009

