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Abstract

In this thesis, the behaviour of glued laminated timber combined with hard-
wood and softwood lamallae is investigated. The influence of hardwood in
the tension and compression zone, in terms of strength and stiffness is evalu-
ated. The basis of evaluation consists of determining the behaviour of beams
with various combinations of hardwood solely in the tension zone along with
beams with hardwood in the tension and compression zone. The influence of
different amount of hardwood for both cases is studied my means of experi-
mental and analytical methods.

Experimental data attained by performing bending tests are evaluated for dif-
ferent combinations made from spruce and oak.

By comparing the experimental and analytical data an increase in the strength
and stiffness in various combinations is observed and potrayed which varies
based on different wood species.

Keywords: Glued-laminated-timber, GLT, hardwood, oak, combined glulam,
timber, timber engineering, strength, stiffness
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1. Introduction

Structural glued laminated timber (also referred to as glulam or GLT) is fab-
ricated from layers of timber boards known as laminates, which are glued
together using durable structural adhesives. They are laid up such that the
grain of all laminates is essentially parallel to the longitudnal axis [1]. The
process of laminations proves to be advantageous as numerous shapes can be
created such as straight, rectangular or curved cross-sections. The applications
of glued laminated timber ranges from residential to non-residential buildings.
It can also be used for making complex structures with variable sections like
curved or tapered beams, columns, portals, domes, curved bridges, arches and
trusses.

The use of glued-laminated members for structural purposes offers advantages
of excellent strength and stiffness to weight ratio. Glulam can be designed to
have a substantial fire resistance and can also achieve a high standard of archi-
tectural finish. There are also advantages from the mechanical point of view
in using glulam instead of structural timber. The increased number of lami-
nations reduces the variability in mechanical properties by evenly distributing
the defects in the wood structure throughout the section, which consequently
increases the strength of the timber product [1].

Glulam has proven to be useful in increasing the capacities of heavily loaded
bridges by being used as stringers to withstand the loads of rail roads. Within
this mainstream attraction to timber, the use of load bearing components made
of hardwoods has gained considerable momentum as well. This fact is driven
by four major reasons:

i) hardwoods prevail in Southern and Eastern parts of the world,
ii) the mechanical properties of hardwoods are very often superior to soft-

woods,
iii) the visual appearance of hardwoods are very attractive, and finally,
iv) the price of softwoods is rising due to increased demand [2].

The use of hardwood in engineering applications and for the production of
timber and wood-based products is increasing as a result of increasing hard-
wood stocks in Europe. However, the knowledge about mechanical properties
of hardwood is lagging behind the technological development of hardwood
products for engineering applications [3]. One major issue is (bond) shear
strength in the glue lines between lamellae, which becomes the most important
structural material property, next to bending strength, in the design of glulam
beams in certain cases of load configurations and span to depth ratios [4].
This is even an issue in combining hardwood and softwood as strived for in
this work. The combination of hardwood and softwood in GLT is expected
to enhance the mechanical properties of GLT without considerably increasing
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the material costs.

1.1 Background

The use of softwood in glulam has been predominant over the years due
to its availability in the Northern hemisphere. Hardwood has been into the
glulam production for more than ten years, however with a small share of the
total GLT production. There has been a continuous shift in the reforestation
policies towards the hardwood to renew forest covers due to their better aptness
for soil and its impact on the climatic conditions, which increased the amount
of hardwood available for wood-based product production [2].

Hardwood represents the heterogeneous group of timber species which mostly
exhibits higher densities, with a range of about 550 to 950 kg/m3 for the
Northern hemisphere hardwood such as beech, oak, chestnut, ash and birch.
The higher densities imply considerably increased strength and stiffness prop-
erties, while the manufacture of durable bonds is a delicate task in comparison
to the gluing of softwood [5]. Another benefit of using hardwood is the
increased efficiency and load bearing capacity of dowel-type fasteners.

To the best knowledge of the authors, the first technical approval for hardwood
glulam in Europe has been issued on a national basis by the German Building
Authority, DIBt, for glulam made of the tropical hardwood species Dark Red
Meranti (shorea pauciflora) [5], in the year 2004.

Within the last few decades, at a considerably increasing rate, several national
and European technical approvals for glued laminated timber made of differ-
ent hardwood species, such as red Meranti, beech, oak and chestnut, have been
issued. The latest approved hardwood glulam is produced from beech LVL,
representing today’s strongest engineered wood-based material [2].

However, the combination of hardwood and softwood in GLT members has
hardly been investigated.

1.2 Aim and purpose

The aim of this thesis, by combining softwood and hardwood lamellae in GLT
beams, can be divided into the following sub-goals:

1. to develop stiffer members of glulam than those that are available at
present (by using only softwood lamellas),

2. to obtain slimmer members,
3. to characterize certain mechanical properties such as elasticity and bending

strength for various build-ups of varied combinations of hardwood and
softwood,
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4. with the aid of computational methods (using ABAQUS (FEM) and
MATLAB) to attain supporting experimental data for the four point
bending test.

The purpose of this thesis is to support the development of producing efficient
members with high mechanical properties by an optimization of the product
layout using the combination of hardwood and softwood lamellas.

1.3 Limitations

The thesis focuses on the mechanical behaviour of GLT under bending load,
investigating the effect of various shapes and positions of hardwood and soft-
wood on the load-deformation behaviour. Calculations have been prepared
with the following limitations and assumptions:

1. The material is assumed to be quasi-homogeneous.
2. Defects, knots, plasticity and finger-joints present in the material are not

taken into consideration.
3. Linear material behaviour is assumed.
4. Some mechanical properties of the hardwood and softwood lamella were

taken from literature for modelling purpose.

Experimental testing was limited to bending tests of GLT and dynamic mod-
ulus of elasticity measurements of single lamellas.

1.4 Reliability, validity and objectivity

The experiments were performed with beams made of hardwood (oak) and
softwood (spruce). The softwood lamellas were graded for use in structural
applications. The hardwood lamellas were not graded for structural purpose.
The bending tests were only performed for a limited number of replications
but trends are expected to become obvious.

A combination of experiments and modelling was performed in order to clar-
ify causalities in the effect of the changing set-ups.

Experiments have been performed with the support of optical measurement
techniques in order to identify the reason for structural failure.
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2. Literature Review

This section encompasses a summary of the historical developments in the
production of glulam along with previous research and developments related
to glulam as well as the basic material properties of wood.

2.1 Glulam history

The origin of commercial production of glulam can be traced back to 1906
to the German structural engineer Otto Hetzer, who manufactured glulam by
the name Hetzer Binder or Hetzer system. The limitation involved was that
the adhesives were not water-resistant, which restricted its use to dry-weather
conditions. In Figure 2.1, the Hetzer’s casein-bonded structures are shown.
They have been in service for more than one hundred years [6].

One of the first examples of glued-laminated timber arches designed and built
using engineering principles is a building erected in 1934 at the Forest Products
Laboratory, in Madison, Wisconsin [7]. The demand for glulam increased
during World War II due to the need for construction of the military buildings
and warehouses [6].

The early glues were all natural substances. Nowadays, synthetic resins and
polymers are used. The wood adhesives most commonly employed in structural
applications today are phenol resorcinol based adhesives (P), (melamine) urea
formaldehyde (MUF), poly urethanes (PUR) and epoxies (EPX) [8].

Further developments lead to the utilization of glulam for arched glasshouses,
post-war structures and also for the construction of the turtle-back like curved
membrane shell which was built with teak glulam, see Figure 2.2.

Figure 2.1: Left picture shows the tower roof made in 1911 which was Hygiene Institute of
Zurich which is now a part of a university. Right picture shows a railway platform made with
glulam at Interlaken-West and Erfurt (1913) [6]
.
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Figure 2.2: Membrane shell built with teak glulam at Rangoon University, 1956 [6]

In 1960, companies in Europe and Scandinavia began glulam production using
reliable synthetic resin adhesives. Since then until today glulam has been
extensively used for constructing many engineering structures such as bridges,
towers or industrial buildings.

2.2 Research and developments on glulam

Research on glulam produced from softwood has been a main topic for decades.
Recent studies have taken up interest in producing glulam with hardwood
concerning the different species of hardwood used and the different methods
of assembling the same.

In the last decade small dimension oak glulam has been used increasingly in
central Europe in so-called post and beam window facades, which nowadays
represents a widely used building technology for building envelopes. Oak
wood has been in use for structural purposes since the ancient pre-roman
times. The reasons were considerably higher strength in comparison to most
of the softwood (when graded and selected carefully) and higher durability
[2].

In a German technical approval for oak glulam (VIGAM) that consists of
laminations of white oak, the bending strength of oak glulam was found to be
fmk=33.5 MPa and E0,mean=14400 MPa [2], compared to the typical softwood
glulam of strength class GL28h [9] with fmk=28 MPa and E0,mean=12600 MPa.

Another interesting development has been an Olympic sports and leisure venue,
completed for the 2012 London Olympics named Eton Manor, that illus-
trates the new technical trend known as block-glued glulam, which is the
technique of joining completed glulam elements to one another using special
wide gap-filling MUF adhesives and applying special bonding and clamping
techniques[6]. This technique allows to produce much larger glulam members.
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2.3 Research on combined Glulam hybrid (GL hyb)

Blaß and Enders-Comberg [10] have studied the development of industrially
produced framework trusses. This extensive study also included combined
hardwood-softwood beams made from spruce and beech. In this project both
finite element analysis and experiments were done. For design situations with
the compression perpendicular to the fibre direction they have used hardwood.
Calculation and experiments proved a significant increase in the performance
of the connection. Further they investigated the pull-out resistance of screws,
reaching through "hybrid" glulam elements with top- and bottom-zone made
from hardwood (beech). Simultaneously the behaviour of screws in compres-
sion was tested for such beams.

In Blaß and Frese [11] the behaviour of glulam elements with hardwood
(beech) in the top- and bottom-zone was evaluated. 12 beams have been
tested according to EN 308. It has shown that combined elements only show
a slightly lower bending strength than beams made entirely from beech. Cor-
responding beams could be classified in classes GL28 up to GL48 according
to EN 14080 [9].

2.4 Clear wood properties of selected wood species

Mechanical properties of selected wood species, relevant for this thesis project,
are stated in Table 2.1. The corresponding properties are taken from Wagen-
führ [12] who collected experimental data for a broad range of wood species,
relevant for engineering applications.

Mean strength properties ( fc,0, fm, ft,0, ft,90, fv ) and mean stiffness parallel
to the grain ( E0 ) are given together with their variations (minimum to maxi-
mum), which is a consequence of the natural origin of the material and several
factors taking effect on the properties, such as the age, climate and location
within the log.
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Table 2.1: Mechanical values for some wood-species [12]

[N/mm2] Spruce Oak Birch Beech
fc,0,min 33 54 38 41
fc,0,mean 50 61 51 62
fc,0,max 79 67 100 99
fm,min 49 74 76 74
fm,mean 78 88 147 123
fm,max 136 105 155 210
ft,0,min 21 50 35 57
ft,0,mean 90 90 137 135
ft,0,max 245 180 270 180
ft,90,min 1.5 2.6 7.0
ft,90,mean 2.7 4.0 7.0
ft,90,max 4.0 9.6 10.7
fv,min 4.0 6.0 12.0 6.5
fv,mean 6.7 11.0 13.3 8.0
fv,max 12.0 13.0 14.5 19.0
E0,min 7300 10000 14500 10000
E0,meam 11000 11700 15500 16000
E0,max 21400 13200 16500 18000

In Table 2.1, fc,0 is the mean, max and min value of compressive strength
parallel to the grain, fm is the bending strength , ft,0 is the tensile strength
parallel to grain, ft,90 is the tensile strength perpendicular to grain, fv is the
shear strength and E0 is the modulus of elasticity parallel to grain.
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3. Theory

3.1 Wood

Wood is a natural material with an inhomogeneous structure [13] (see Fig-
ure 3.1). Wood is one of the oldest structural materials and has been used
in construction since mankind first learned the use of tools. It is a biological
material that is available nearly all over the world and can be said to be an
ecological material [14].

Figure 3.1: Hierarchical structure of wood [13]

The important general characteristics of wood are that

1. it is a heterogeneous material, i.e different parts of the wood exhibit
different properties,

2. it is anisotropic, i.e it exhibits different properties in different directions
and that
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3. it is hygroscopic, i.e the moisture content depends on the humidity of
the surrounding climate [14].

Wood is classified as softwood (conifers) and hardwood (deciduous) based on
its different micro-structure. The structure of wood along with defects like
knots and variations in physical properties such as density, affects the strength
and stiffness properties of wood in general. Some of the European hardwood
used in construction are oak, beech and birch. Softwood typically used are:
spruce, fir and pine.

Softwood has long, thin walled tubular cells named tracheids which are aligned
parallel to the stem direction. The role of tracheids is to conduct fluids in the
tree and to provide mechanical stability. Softwood is also known as non-pored
wood. Ray cells run radially perpendicular to the growth rings. Its function is
to store nutrients [1].

Hardwood has additionally large diameter and complex, thick-walled cells
called vessels, compared to softwood. They can be classified as ring-porous
or diffuse-porous hardwood depending on the distribution of vessels within
the annual rings. Pores help to carry sap in the tree. Hardwood is usually
slower in terms of growth and its structure is more complex than the structure
of softwood [1].

The basic differences between hardwood and softwood are that

1. hardwood is considered to have higher density due to its slower growth
rate in comparison to softwood,

2. the quick growth rate of softwood results in relatively lower strength,
3. softwood has generally poor durability which can be improved by treat-

ing with preservatives while hardwood has less dependence on preser-
vatives for durability qualities,

4. hardwood is more expensive than softwood; due to the speed of felling,
softwood are readily available and this also makes it cheaper than hard-
wood and

5. hardwood, for some species, is more fire resistant than softwood [1].

Further characteristics of hardwood are that

1. hardwood are composed of many long cells known as longitudinal fibers
which comprises about 90-95 percentage of the volume of softwoods,

2. hardwood has additionally vessel elements,
3. the ray widths of hardwood varies within and between the species. They

are mostly found to be wider than those present in the softwood. The ray
cells comprises about 5-7 percentage of total softwood volume. Hard-
wood rays constitute more than 30 percentage of the volume of hard-
wood xylem,

4. hardwood rays are seldom aligned in straight radial rows when com-
pared to softwood cells that are aligned in straight radial rows in parallel
form and

13



5. hardwood fibers are considerably softer than softwood tracheids [15].

3.2 Mechanical properties of wood

Wood is an anisotropic material which can be considered as a cylindrically
orthotropic material due the structure of the log which is elongated along the
vertical growth direction [14].

The physical values depend on the fibre directions. The fibre directions are
described as longitudinal (L), radial (R) and tangential (T) (see Figure 3.2). In
the case of building applications the orientation of the directions tangential or
radial are usually unknown. Therefore, the longitudinal direction is described
by the subscript 0 and the Radial and the tangential directions are considered
to be equal to a subscript 90, perpendicular to the fibre direction.

The Material model for elasticity in an orthotropic framework reads as
εLL
εRR
εTT
2εRT
2εLT
2εLR

 =



1
EL

−υRL

ER
−υTL

ET
0 0 0

−υLR

EL

1
ER

−υTR

ET
0 0 0

−υLT

EL
−υRT

ER

1
ET

0 0 0

0 0 0 1
GRT

0 0

0 0 0 0 1
GLT

0

0 0 0 0 0 1
GLR


·


σLL
σRR
σTT
τRT
τLT
τLR


(3.1)

The corresponding elastic material properties are Young’s moduli EL, ER,
ET , the Poissons ratios υRL, υLT , υLR, υTL, υTR, υRT and the shear moduli
GRT , GLT , GLR. They are summarized in the Eq.(3.1) in terms of the compli-
ance matrix linking strain εij with stresses σij .

Strength and stiffness
Strength and stiffness are much greater along the grain than perpendicular to
the grain [14]. At lower strength levels wood exhibits elastic properties. Fig-

Figure 3.2: Different directions in wood related to growth-ring-structure [16]
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ure 3.3 shows the linear range in both, tension and compression parallel to the
grain. This behaviour is typical for all wood species. Moisture content influ-
ences the compressive strength while in case of tensile strength no much effect
can be noticed. From the stress-strain diagram in Figure 3.3 it can be noticed
that the failure due to compression will be ductile and that failure due to ten-
sion will be brittle. In the diagram, εt,u describes the ultimate tensile strain,
εc,u the ultimate compression strain and εc,y the compressive yield strain.

Figure 3.3: Stress-strain diagramm for compression and tension assuming linear elastic be-
haviour [17]

Further calculation and values proceed in the linear range since for structural
propose only recoverable deformations are acceptable under serviceability
limit states, while plastic material behaviours might be exploited in the ul-
timate limit state design.

In de Borst et. al. [18] the microstructure-stiffness relationship of ten Euro-
pean and tropical hardwood species were evaluated.

For both, softwood and hardwood there are defined stiffness classes in EN 338
[19]. For softwood so called C-classes and for hardwood so called D-classes
are defined. They are classified into strength classes based on their character-
istic bending strengths where the values are given in MPa. The numbers range
from C14 to C50 for softwood, where C stands for coniferous wood and from
D18 to D70 for hardwood, where D stands for deciduous wood respectively.
Hardwood is classified with higher numbers due to its higher strength.

The highest numbers for the strength classes are hardly reached by Euro-
pean species. The most commonly used grading is C24 - which refers to
the softwood with a characteristic bending capacity of fm,k = 24N/mm2
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Table 3.1: Comparison between C-classes and T-classes [22]

17 

 
Table 3. Comparison between C classes and T classes with equal tensile strength (given values in gray) 

 C16 T10 C18 T11 C24 T14 C30 T18 C35 T21 C40 T24 
fm,k 16 13 18 14 24 18 30 23 35 26 40 30 
ft,0,k 10 10 11 11 14 14 18 18 21 21 24 24 
fc,0,k 17 17 18 18 21 21 23 23 25 25 27 27 
fv,k 3.2 3.2 3.4 3.4 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 

Em/t,0,mean 8000 9000 11000 12000 13000 14000 
ρk 310 320 350 380 400 390 420 400 

 
MODULUS OF ELASTICITY IN BENDING AND TENSION  

prEN 338:2013 and prEN 384:2013 distinguish for the modulus of elasticity parallel to 
grain between bending and tension: 
• prEN 338:2013 Table 1: Em,0,mean, Em,0,k and Em90,mean (defined by bending) 
• prEN 338:2013 Table 2: Et,0,mean, Et,0,k and Et90,mean (defined by tension) 
• prEN 384:2013 Table 2: Em,0,k, Em90,mean, Gmean are derived from Em,0,mean (bending) 

and Et,0,k, Et90,mean, Gmean are derived from Et,0,mean (tension) 
Even if the same values are given for a class in both strength class systems, it may not be 
possible to consider them as physically equal. Bacher and Krzosek (2013) confirmed the 
results of Burger and Glos (1995) that the MOE in bending is higher than MOE in tension. 
According to EN 14080:2013 Table 1 Footnote a) C classes according to EN 338 meet the 
requirements of the respective T classes (Et,0,mean = Em,0,mean). When applying the ratio of 1.09 
between (local) bending MOE and tension MOE, it is shown in Table 4 that the difference 
will be in the same order as between neighboring strength classes. C24 with an average 
bending MOE of 11000 N/mm2 will only have an average tension MOE of 10090 N/mm2, 
which does not fulfill the requirements of T14, but only of T13. As modulus of elasticity 
typically is not related to the structural safety, but to the performance of a building (fitness for 
purpose), equality between them is perhaps assumed for reasons of simplicity. 
 
Table 4. Comparison between C classes and T classes with equal tensile strength (given values are shown in 
gray) 

C class Em,0,mean  Em,0,mean/1.09 Et,0,mean T class 
C22 10000 9170 10000 T13 
C24 11000 10090 11000 T14 
C30 13000 11930 13000 T18 
C35 14000 12840 14000 T21 

 

and hardwood of strength class D40 has a characteristic bending capacity of
fm,k = 40N/mm2. These classes are further connected to local grading stan-
dards.

Swelling and Shrinking
Due to the difference in cell-structure, different species have different swelling
and shrinking behaviour. Further the properties are different in radial, tangen-
tial an longitudinal direction. In case of gluing different species together this
may lead to tension in the beam which may eventually lead to bending or
cracking.

3.3 Glulam

Glulam is a well defined engineered wood-based product in terms of pro-
duction according to EN 14080 [9] and usage in construction according to
EN 1995 [20]. In most cases glulam is made from softwood. The latest ver-
sion of EN 14080:2013-09 is for special cases also valid for hardwood.

Glulam members can function as beams or columns or members subjected to
combined bending and axial loading.

Glulam is produced of single graded lamellae. The laminated layup helps to
match the lamination quality to the level of design stress [1]. The technology
of finger-jointing gives further possibility to reduce stiffness variations over
the length.

The strength classes are classified into homogeneous and combined glulam.
Combined glulam means that different strength classes of lamellae are used
within a cross-section of glulam. The lamellae are graded by T-grades which
can be linked to C-classes for softwood and to D-classes for hardwood re-
spectively. The actual grading is done by national standards, e.g. in Germany
according to DIN 4074-5 [21] for hardwood [4].

A comparison of the corresponding strength classes based on tensile loading
and bending grading is shown in Table 3.1, and Table 3.2, summarises calcu-
lations and relationships for the two different ways of classifications.
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Table 3.2: Equations for C-classes and T-classes [22]
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Shear strength in the current standard EN 338:2009 is given in the tables below and based on 
testing results on Spruce by Denzler and Glos (2006). Contrary to the basic principle of a 
strength class system, shear strength is not derived from one of the grade determining 
properties. According to the current standard EN 384:2010 for other strength classes, shear 
strength is taken from EN 338:2009 for the “most appropriate” bending strength. For higher 
strength classes the shear strength is a constant 4 N/mm2, as test results justified higher 
characteristic values in higher strength classes. In the current revision process a straight line 
was fitted to the data for bending strength below 24 N/mm2 ( ) and 
tension strength below 14 N/mm2 ( ). 
 
Table 2. Formulas to derive properties from grade determining properties (according prEN 384:2013) 
Equation valid for  C classes T classes 
Based on  edgewise bending tension 

Strength properties in N/mm2 
Bending fm,k given 1.25 ft,0,k 
Tension parallel ft,0,k 0.6 fm,k given 
Tension perpendicular ft,90,k 0.4 0.4 
Compression parallel fc,0,k 4.2 (fm,k)0.5 5.5 (ft,0,k)0.5 
Compression perp. fc,90,k 0.007 ρk 0.007 ρk 

Shear fv,k 
fm,k ≤ 24: 1.6 + 0.1 fm,k 
fm,k > 24: 4.0 

ft,0,k ≤ 14: 1.2 + 0.2 ft,0,k 
ft,0,k > 14: 4.0 

Stiffness properties in kN/mm2 
Mean MOE parallel Em/t,0,mean given given 
Char. MOE parallel Em/t,0,k 0.67 Em,0,mean 0.67 Et,0,mean 
Mean MOE perp. Em/t,90,k Em,0,mean/30 Et,0,mean/30 
Mean shear values Gmean Em,0,mean/16 Et,0,mean/16 

Density in kg/m3 
Char. density ρk given given 
Mean density ρmean 1.2 ρk 1.2 ρk 

 
BENDING AND TENSION STRENGTH 
 If only bending or tension strength is tested, the other property is a conservative 
estimate. Therefore it is not possible to calculate bending strength from tensile strength by 
using the reciprocal value of 0.6: fm,k = 1/0.6 ft,0,k = 1.67 ft,0,k. In the current revision process, 
the proposal is to use the reciprocal value of 0.8 to get a safe estimate: fm,k = 1/0.8 ft,0,k = 
1.25 ft,0,k. As a consequence the strength profiles are different if they are defined either by 
bending or tension strength. In Table 3 a comparison is shown between C classes and 
T classes with identical tensile strength. All calculated values are equal (when rounding to the 
same accuracy as in the draft standard) except density for high strength classes (by definition) 
and bending strength. Bending strength in T classes is about 25% lower than in C classes. 
 

3.3.1 Softwood glulam

Today, in terms of quantity, majority of the glue-laminated timber is produced
from softwood. Therefore, the current standards are mostly set for softwood.
All species of softwood have a rather similar structure. Most commonly used
class are of strength GL24h. The number 24 describes the bending strength of
the glulam in MPa, followed by suffix ’h’ which stands for homogeneous.

Homogeneous glulam are those that consists of lamellae of the same grade
and species over the entire cross section. Combined glulam are those in which
higher graded lamellae are provided in the top and bottom zone of the beam
which must comprise at least one-sixth of the entire depth of the member.
These are described by the letter ’c’ which stands for combined softwood.

3.3.2 Hardwood glulam

The term hardwood does not necessarily describe it as the wood which is
harder than softwood. However, hardwood usually has higher strength and
stiffness properties than softwood.

The internal structure of hardwood is more complex than the one of softwood.

Glulam made from hardwood is relatively new in Europe and hence there is
no standard set for it. However in the newest version of EN 14080 hard-
wood is mentioned. There are several technical approvals for glulam made of
European hardwood species other than beech and oak. The current standard
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for glulam made from softwood, EN 14080:2013 specifies the characteristic
bending strength.

fm,g,k =− 2.2 + 2.5.ff,0,1,k + 1.5 · (fm,j,k/1.4− ft,0,1,k + 6); (3.2)

with

1, 4 · ff,0,1,k ≤ fm,j,k ≤ 1, 4 · ff,0,1,k + 12, (3.3)

where fm,j,k is the bending strength in [N/mm2] of the finger-joints and ff,0,1,k
is the characteristic bending strength of the lamination. The bending strength
of glulam made from hardwood can be calculated the same way as for soft-
wood according to Eq. (3.2), as long the restriction in Eq. (3.3) is fulfilled by
the finger-joints [2].

Gluing of Hardwood
Most of the gluing systems at present are developed for softwood. Hardwood
shows different behaviour in case of gluing due to its different cell structure.
Due to the higher strength of hardwood, the glue-line is forced to bear higher
forces. It has been shown that even similar glue-systems from different man-
ufactures may show different behaviour under similar conditions. Gluing of
beech has proved to be less complicated. In general, it is intended to have
higher strength in the glue-line than in the surrounding wood. In that case, the
gluing can be assessed to be sufficient by simple tests. For higher strength-
classes there is a higher percentage of glue-line failure allowed [23].

3.3.3 Glulam made from different species

Research on combined glulam of hard- and softwood led to the following
results.

Blaß and Frese [11] determined the bending stiffness of glued-laminated tim-
ber beams with lamellae from beech in the top and bottom zones. The middle-
part has been made of spruce. The paper proposed different strength classes
for combined glulam, based on the known strength classes for softwood glu-
lam.
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4. Method

4.1 Experiments

Glulam beams made of oak and spruce were experimentally tested. The ex-
perimental part is divided in two different parts. First the properties of the
single boards, namely the modulus of elasticity and the density were deter-
mined. Secondly, beams with different layups were tested in terms of bending
strength and stiffness.

4.1.1 Modulus of elasticity of single boards

Modulus of elasticity is considered to be an important mechanical property,
which is used to measure the deformation capacity of the wood. It can be
measured by means of static or dynamic methods. For this particular experiment,
modulus of elasticity in the fibre direction was determined as the dynamic
modulus of elasticity. The test was performed on additional boards from
the batch the beams have been produced from. Eleven boards of spruce and
thirty-six boards of oak were tested.

The test was performed by exciting the board by a hammer and measuring the
returning sound with a microphone. The boards lie on a support that allows
free oscillation. From the returning sound the first eigenfrequency can be
extracted. The dynamic modulus of elasticity, Edyn, can be calculated by the
following formula, regarding as

Edyn = 4 · ρ · (l · f)2, (4.1)

with f as the first eigenfrequency, ρ as the density of the board and l as the
length of the board. The density of the boards was calculated by determining
the volume and the weight of the boards, which were measured. To calculate
the volume, the width and height of each board was measured together with
the length of the board at three locations. Using mean values of the dimen-
sions, the density was calculated as

ρ =
m

l · b · h, (4.2)

with ρ as the density, m as the mass, l as the length, b as the width and h as
the height of the board.

4.1.2 4-point bending test

To verify the calculations, different beams are tested in a 4-point bending test
setup. The beams were produced with a length of 2.9 m, a width of 120 mm
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and different heights, which appear due to the different thickness of spruce
and oak lamellae, which amounted to 40 and 27 mm respectively. The test
frame was set to a length of 2.7 m between the bearings. The forces were set
at 1/3, respectively 2/3 of the length between the outer bearing. This led to a
length of 0.9 m between the forces, as the area subjected to pure moment (see
Figure 4.1)

Figure 4.1: Bending test setup according to EN 408 [24]

The static tests were performed on a hydraulic system. The apparatus is
adjusted according to the size of the beams, see Figure 4.2. The distance
between the supports were fixed at 2.7 m and the loading cylinders at 90 cm.
A potentiometer was used in order to measure the displacement in the center of
the loaded beams. The pressure of the load was increased at an approximately
uniform force rate, which was manually controlled until failure of the beams
was observed.

The beams for testing were produced from lamellae of Norway spruce and
oak. The oak-lamellae were produced without any finger-joints whereas cer-
tain spruce-lamellae were found to have finger-joints. The build-up of the
different beams is shown in Figure 4.3. Each beam consisted of five lamellae.
Beams were produced in the following build-ups, with three beams for each
series

(a) (b)

Figure 4.2: Setup for bending-test: (a) total setup, (b) measuring of local and global deflec-
tion
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• Test series 1: only oak lamellae.
• Test series 2: one lamella of oak in both the tension- and compression-

zone.
• Test series 3: one lamella of oak in the tension-zone.
• Test series 4: only spruce lamellae.
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Figure 4.3: Different buildups for glulam: (a) only softwood (b) hardwood in tension-zone (c)
hardwood in compression and tension-zone (d) only hardwood

The glulam beams were produced by Moelven Töreboda. The oak boards
were provided by Södra. Before testing the beams, the dimensions and the
moisture-content were measured.

During the test, according to EN 408, the following data was recorded:

• load 1 and 2 [kN],
• global deflection at midspan [mm] and
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• local deflection on a length of 400 mm [mm].

The bending moment, My, between the load-points was calculated as

My = Fsingle · 0.9, [kNm] (4.3)

with Fsingle as the load at a loading point.

The maximum bending stress that is the bending strength, fm, is then calcu-
lated as

fm =
Mymax

b·h2
6

, (4.4)

with Mymax as the maximum bending moment and b and h as the cross-
sectional dimensions.

In addition, the strain in the section subjected to a uniform bending moment
was measured by the optical measurement system Aramis, described next.

4.1.3 Optical deformation measurement system (Aramis)

The system ARAMIS (from GOM mbh, Braunschweig, Germany) was used
to examine and determine the surface strain and deformation of the glulam
beams. It has the unique feature to store series of sequential images through-
out the experimental process to facilitate the tracking of the displacements of
the object. The set up consists of two cameras, right and left camera, with
lighting. For the recognition of points on the homogeneous surface of the
beams it is first sprayed with white spray paint and then sprinkled with black
spray paint forming a speckle pattern. This unique pattern allows the system
to follow each point in the area. Therefore deformation and strains on the
beam surface can be calculated and visualised.

The ARAMIS system uses a random speckle pattern applied to the surface of
the target object to create the unique features identifiable to the system. To
identify these features each image is divided into an overlapping grid of facets
and each facet must be unique from its neighbouring facets [25]. Consistency
of the speckle pattern is an imperative part as inconsistency could lead to loss
of information. Before the experiment was begun, the speckle pattern on the
beam was analysed using ARAMIS and in case inconsistency was recognized,
necessary measures were taken to maintain an even speckle pattern by increas-
ing or reducing the speckles of prescribed region.

Facets are formed from the pixels recorded by the cameras. As each facet
distorts, the amount of distortion is measured relative to the previous image,
determining the displacement and strain of the material. The facet size is
determined from the number of pixels. Facets are proportional to the data
resolution as every data point correlates to each corresponding facet. The
point distance was set equal to 16 pixel. The images were displayed with a
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(a) (b)

Figure 4.4: (a) cameras from Aramis system; (b) sprayed pattern on beam

facet size of 19 x 19 pixel.

Calibration is one of the most significant part done prior to testing. The cal-
ibration system used for performing this experiment was done using a cali-
bration cross. As per the instructions of the system the calibration cross was
maintained at a distance and centred based on the laser coincidence. Based on
the ARAMIS instructions the cross hair was adjusted to prescribed angles.

Distance between the cameras, their orientation and their location based on
the calibration provide the basis for the digital image correlation technique
applied for deformation analysis.

The default coordinate system can be adjusted to describe deformations and
strains with respect to the principal material orientation of wood, namely par-
allel and perpendicular to the grain of the glulam beams.

4.1.4 Local Modulus of Elasticity

The local modulus of elasticity can be determined according to the European
Standard EN 408, "Structural timber and glued laminated timber - Determina-
tion of some physical and mechanical properties", using the following equa-
tion

Em,l =
a · l21(F1 − F2)

16 · I(wload2 − wload1)
, (4.5)

where, F1−F2 is the increment of load in kN, wload2−wload1 is the increment
of displacement in mm, a is the distance between loading position and near-
est support in mm, l1 is the gauge length in mm and I the second moment of
inertia of the cross section in mm4.
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4.1.5 Global Modulus of Elasticity

The global modulus of Elasticity can be calculated according to EN 408 [24]
by the following equation

Em,g =
l3(F2 − F1)

bh3(w2 − w1)
·
[(

3a

4l

)
−
(a
l

)3]
, (4.6)

where, F1−F2 is the increment of load in kN, wload2−wload1 is the increment
of displacement in mm, a is the distance between loading position and nearest
support in mm and l is the length of the beam in mm.

4.2 Analytical calculation

In the annex of Eurocode 5 (EN 1995-1-1) the theory of composite beams (γ-
method) is shown for the calculation of combined cross sections. It is based
on linear elasticity and allows to calculate stiffness and strenght properties of
beams with an inhomogeneous cross-section.

Figure 4.5 shows the cross section and the according normal-stresses in the
beam. Here also elasticity in the joint between the different beam-sections is
considered. This does not pertain in the case of glued beams.

According to EC 5, effective bending stiffness can be calculated as:

(EI)ef =
3∑
i=1

(Ei Ii + γi Ei a
2
i ), (4.7)

with,

Ai =bi hi, (4.8)

Ii =
bi · h3i
12

, (4.9)

γ2 =1, (4.10)

γi =
[
1 + π2 Ei Ai si/(Ki l

2)
]−1

, for i = 1 and i = 3
(4.11)

a2 =
γ1 E1 A1(h1 + h2)− γ3 E3 A3(h2 + h3)

2
∑3

i=1 γi Ei Ai
. (4.12)
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Figure 4.5: Cross-section and bending stress according to Eurocode 5 for composite beams
[20]

4.3 Finite-Element calculation

Finite element method (FEM) is a powerful numerical technique that is used
to analyse and improve structures in various fields of engineering and in indus-
trial applications. It is performed by generating meshes for a complex struc-
ture into small elements. Surface meshes are used in industry in such diverse
applications as animation, cinematography, medical simulations, manufactur-
ing, and FE analysis. Each area of application has a specialized requirement
for element quality, sizing, approximation accuracy, and computational time
of the surface mesh [26].

For two dimensional problems, triangles and rectangles are commonly used
while in three dimensions tetrahedral and hexahedral elements are very pop-
ular. As compared to finite difference methods, the finite element mesh may
be entirely unstructured, which makes the modeling of complicated and irreg-
ular geometries more convenient [27]. The aspects that define a good mesh is
the variable that deals with the representation domain and good quality of the
mesh.

Most finite element codes in the modeling market are capable of producing
automatic meshes. The art of designing a suitable finite element mesh still
needs constant human intervention, especially to problems associated with
discontinuities such as cracks and holes. Generation of poor mesh would lead
to the formation of incorrect output with elegant graphic display. So the effect
of mesh quality plays a significant role in finite element analysis [28]. For
reasons of better accuracy and efficiency, quadrilateral elements are preferred
for two-dimensional meshes and hexahedral elements for three-dimensional
meshes. This preference is clear in structural analysis and seems to also hold
for other engineering disciplines [29].

There is a numerous amount of software available which can be used for
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meshing, such as ADINA, Ansys, CAE Software Solutions: SPIDER, EDS:
COSMOS/ AccuStress, ABAQUS. Some of them are customized for mesh-
ing in specific shapes with regard to the structure whereas some are used for
all meshing purposes. In the following ABAQUS was used. To evaluate the
results in terms of accuracy a mesh-study for different mesh-sizes has been
made.

The computer-aided program that was used for the analysing the beams were
ABAQUS. Each build-up was modelled to check the stress distribution with
the aid of contour diagrams that was attained from ABAQUS.

The beams were modelled as two dimensional beams with rectangular cross-
sections with five lamellae each. The mechanical property chosen was elastic
type along with engineering constants as the sub options. The boundary con-
ditions present in ABAQUS in order to constrain the motion of the nodes in
the beams are based on the three degrees of freedom. The constraints avail-
able are normal force, shear force and bending moment each corresponding
to the horizontal, vertical and rotational degrees of freedom. The boundary
conditions were opted such that at one end of the beam the movements in the
X and Y directions were constrained and at the other end of the beam, the
movement in the Y direction was constrained (see Figure 4.6)

Figure 4.6: ABAQUS model

The load distribution considered was concentrated forces in the Y-direction
which were introduced to attain stresses in the beams. The next step was to
mesh the entire beam with respect to preferred shape (quadrilateral or trian-
gular) and size of the mesh. The mesh type chosen was quadratic and global
size of the mesh was opted to be 50 mm.

The submission of the input values and conditions lead to the attainment of the
contour diagrams. The graphs and the contour diagrams for each cross-section
of the different combinations, in terms of S11 (stress), S12 (shear stress) and
U (deformation) were compared with the analytical solutions.
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5. Results

5.1 Dynamic modulus of elasticity (Edyn) of single boards

The dynamic modulus of elasticity, Edyn, was tested on individual additional
boards of oak and spruce. Figure 5.1 depicts the dynamic modulus of elasticity
in relation to the density. It was perceived that the density of oak was higher in
comparison to the density of spruce. During the process of dynamic modulus
of elasticity experiment it was found that the mean value of density of spruce
was 453.7 kg/m3 and for the oak the mean value of density was found to be
710.7 kg/m3. Further, for oak no relation between the density and the modulus
of elasticity became obvious.
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Figure 5.1: Density - Edyn for spruce and oak

Figure 5.2 shows the Edyn distribution as a box-plot for spruce and oak. For
oak the median is slightly higher than for spruce. The distribution for spruce
was found to be relatively homogeneous, while the distribution for oak showed
a highly scattered variation. This might be explained by the fact that the spruce
boards were graded for the production of glulam GL30 but mostly because of
the different structure of the two species and also because there was no high
correlation found between the densities of oak and spruce. The calculated
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mean value of the Edyn for oak was found to be 13490 N/mm2 and for spruce
the mean value amounted to was 12790 N/mm2. The theoretical mean value
according to EN 14080 for GL30 is given as 13600 N/mm2.
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Figure 5.2: Boxplot of the Edyn for spruce and oak lamellae

5.2 4-point-bending tests

In the 4-point bending test the different beam build-ups were loaded until fail-
ure was observed. The result is shown in Figure 5.3. The average deformation
rate for each beam was between 6 and 30 mm/min. For each beam the dis-
placement rate was relatively constant.

In a 4-point bending test, 4 different series of beams were tested, with 3 beams
each. The different build-ups are as shown in Figure 5.4. During the test
the load in both load-points Fload [kN] and the deformation uglobal [mm] at
midspan and for the mid-section ulocal [mm] at a length of 40 cm was mea-
sured. In addition the strain was recorded by a optical measurement system,
see section 5.2.4.
Due the different thickness of the lamellae in spruce and oak, the beams of
each series vary in terms of height. This was later considered in the calcula-
tion of stresses and stiffness.
The load-deformation curve for the different beams with different cross sec-
tions is as shown in Figures 5.5 to 5.8. It was attempted to run the tests with a
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Figure 5.3: Displacement rate as displacement-time relationship

uniform displacement rate.

The effective bending length of the beams was perceived to be 2.7 m which
gave a distance of 0.9 m between the load points.
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Figure 5.4: Different build-ups for experiments: (a) only softwood (b) hardwood in tension-
zone (c) hardwood in compression and tension-zone (d) only hardwood

Figures 5.5 to 5.8 show the raw data i.e. global deformation uglobal and force
Fload for each tested beam. Further the point of failure, i.e. the first decrease
of the load, is marked by a circle. The load on the y-axis starts at 0.15 kN to
disregard the noise due to the first loading, i.e. full contact of the beam with
the bearing is assumed at this load level.
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Table 5.1: Experimental results for different beams

Builtup Beam width height Fload uglobal oak spruce
[mm] [mm] [kN] [mm] MC [%] MC [%]

oak B1-1 117.1 135.1 21.6 55.2 9.7
oak B1-2 118.3 135.5 27.3 66.8
oak B1-3 118.2 135.4 23.5 52.9
oak B2-1 126.6 175.0 44.6 62.4

spruce B2-2 118.2 175.5 39.5 45.0 9.5 11.1
oak B2-3 118.2 175.2 34.6 45.2

spruce B3-1 118.2 186.2 31.9 35.2 9.1 12.3
spruce B3-2 118.2 186.5 43.1 50.1 9.6 11.7

oak B3-3 118.2 186.3 37.8 39.6
spruce B4-1 118.2 200.0 36.0 32.9 11.5
spruce B4-2 118.3 200.0 22.6 18.6 11.5
spruce B4-3 118.8 200.3 35.9 30.2
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Figure 5.5: Load-displacement curves for beams B1
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Figure 5.8: Load-displacement curves for beams B4

5.2.1 Bending strength

In terms of bending strength, fm, (Figure 5.10) an increase with a higher con-
tent of hardwood, i.e. oak, became obvious.

For one beam in spruce (Beam 4-2) only a bending capacity of fm =25.8 N/mm2

was reached. For this beam the failure was in the first lamella in the tension
zone, shown in Figure 5.9.

(a) (b)

Figure 5.9: Failure in beam 4-2, 4-point bending
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Figure 5.10: Bending strength fm from test results

5.2.2 Local Modulus of Elasticity

Figure 5.11 shows the modulus of elasticity, calculated according to Eq. (4.5).
The local MoE is about 30 % lower than the global MoE. Typically the global
MoE is expected to be higher than the local MoE, since the local MoE is
governed by bending deformations, while the global MoE is also influenced
by shear deformations.

5.2.3 Global Modulus of Elasticity

Figure 5.11 shows the calculated, global MoE for the different beams. For oak
only in the tension zone (B3) the modulus of elasticity was found to be even
smaller compared to the softwood glulam (B4). The same can be observed for
beams with oak in the tension and compression zone (B2). Due to the builtup
with only one lamellae of oak on each side, there is a high dependence on the
properties of that one board.
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Figure 5.11: Global and local Modulus of Elasticity

5.2.4 Optical deformation measurement

The local deformations on the surface of the beam were measured by using the
optical deformation measurement system ARAMIS. It helped in determining
the variations of strain with respect to the constantly varying load. Figure 5.12
shows the strain in x-direction for beam B2-1 (hardwood in tension and com-
pression zone) at the maximum load. Contour plot diagrams were generated
using ARAMIS to analyze the strain distribution for each load increment. In
the graph, the strain from the section over the height of the beam is shown. In
the dark-blue areas a high compression was observed, which indicated com-
pression failure. Besides the strain observed due to the loading on other re-
gions of the beam, a concentrated and distinct longitudinal strain was observed
in the areas where knots were present in certain contour diagrams. Figure 5.13
shows the strain in x-direction for the maximum load of beam B3-1.
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Figure 5.12: Strain in x-direction for beam 2-1 at maximum load

Figure 5.13: Strain in x-direction for beam 3-1 at maximum load
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5.3 Analytical results

In the following chapter, material values were chosen from EN 338 - depen-
dent from further experiments - as C24 for softwood and D40 for hardwood.
For comparison all calculations are done for a cross-sectional beam-size of
120 x 200 mm2.

5.3.1 Section forces

Figure 5.14 shows the section-forces for a beam, loaded with a moment of
10 kNm and a shear force of 10 kN. Further the maximum strength for each
part of the beam is shown. The beam has a dimension of 120 x 200 mm2,
containing 5 lamellae, each having a height of 40 mm. The first and the last
lamellae , i.e. in the tension and compression zone are defined as hardwood,
of strength class D40. Thus the volume percentage of hardwood present in the
beam is 40 %.
In the zone between hardwood and softwood, the stress shifts by the ratio
between the two different MoEs. It was observed that hardwood takes a higher
stress than the softwood. The same effect became obvious in case of the shear
force.
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Figure 5.14: Left: beam builtup with lamellae in the tension and compression zone made
from hardwood. Middle: normal stress σxx for a pure moment of M = 10kNm. Right:
shear stress τ for V = 10kN

Figure 5.15 shows the same results as Figure 5.14 for a beam with hard-
wood only in the tension zone. Here the center of bending moves towards
the side, defined as hardwood, hence also the neutral axis moves in this di-
rection. This effect occurs due to the higher MoE of the hardwood and due
to the unsymmetrical construction of the beam. The volume percentage of
hardwood present is 20%.

For the unsymmetrical built-up the first failure will occur in the tension zone.
This can be seen in Figure 5.16. Due to this the neutral axis shifts upwards
and a ductile behaviour can be observed in the compression zone. This leads
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Figure 5.15: Left: beam builtup with lamellae in the tension zone made from hardwood.
Middle: normal stress σxx for a pure moment of M = 10kNm. Right: shear stress τ for
V = 10kN

to a higher global deformation but not to instant failure. In Figure 5.16 the
moment was increased till the maximum strength of hardwood in the tension
zone.
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Figure 5.16: Moment increased to maximum capacity of the oak in tension, including failure
in compression zone

5.3.2 Modulus of elasticity

In order to perceive the most acceptable ratio between hardwood and softwood
in terms of bending, a graph was plotted between the amount of hardwood
and the MoE as shown in Figure 5.17. The corresponding MOEs of softwood
and hardwood lamellae are assumed to be 11,000 N/mm2 and 13,000 N/mm2

respectively. Again, a beam with dimension of 120x200 mm2 and different
amount of hardwood was considered.
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It was observed that among the two different combinations of hardwood and
softwood that were considered, the combination with hardwood in both ten-
sion and compression zones experienced an extensive increase in the bending
stiffness compared to the combination that had only hardwood in the tension-
zone. It was observed that there was a high increase in terms of bending
stiffness in both cases.

In the case of hardwood on both sides, the increase subsides at a value of
around 40% per volume of hardwood.
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Figure 5.17: Modulus of elasticity (MOE) for combined beams with hardwood in tension and
compression (HW-SW-HW) and in compression (HW-SW) only. Different amount of hard-
wood (HW) in percent

5.3.3 Bending capacity

For a different amount of hardwood and a bending moment of 10 kNm, the
maximum bending stresses were determined.

In order to determine the bending capacity, the loading was increased until the
characteristic tension strength of the hardwood (or softwood) lamellae was
reached. The stresses in the beam were calculated with the gamma-method
and the load was increased until the maximum stress in tension was reached.
This yielded a bending capacity in terms of bending moment in kNm. From
that the bending capacity fm in N/mm2 was calculated by assuming a ho-
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mogeneous material and linear stress distribution, see Figure 5.18. Again a
cross-section of size 120x200 mm2 was considered.

For the beam with hardwood at both sides, until a amount of around 24 %
hardwood, the first failure occurs in the softwood. For higher amounts of
hardwood the failure occurs in the hardwood.
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Figure 5.18: Bending capacity
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5.4 FEM-Results

To verify the results, the different beams were also modelled in ABAQUS. To
verify the results, different mesh sizes were modelled. Figure 5.19 shows the
alignment of the results at around 140 elements in the total beam.
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Figure 5.19: Max S11 (stress parallel to the grain) for different mesh-sizes

The obtained results correspond with the results from the analytical calcula-
tions.
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6. Analysis

6.1 Stiffness

Figure 6.1 shows the comparison made between measured modulus of elas-
ticity that varies with different volume percentage of hardwood and the cal-
culated modulus of elasticity for various combinations. The softwood consid-
ered was of class C30 and the hardwood of D40. It can be seen, that the MoE
from the test in general is lower than that compared to the calculation. This
occurs from the lower MoE of the tested specimen. Further there is a slight
decrease between only softwood and the combinations between softwood and
hardwood. Further all combinations show a high variation. This likely occurs
due to the small height of the beam and hence a high effect that occurs from
outer lamellae and their properties.
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Figure 6.1: Comparison between analysed and measured MoEglobal

6.2 Bending capacity

Plotting the test results of the combined beams together with the calculated
maximal bending capacity fm for different amounts of hardwood, a high cor-
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relation can be achieved. The bending capacity was taken as the bending stress
calculated based on uniform material properties

The bending capacity shows a high increase up to 20 v% of hardwood. Beyond
that no high increase is reached. However, this point depends on the wood
properties.
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Figure 6.2: Max. strength, calculated and measured

fm in Figure 6.2 is calculated from test results as

fm =
My,max

Wy

, (6.1)

with My,max as the maximum moment according to Eq. (4.3) and Wy as the
section modulus, see also Eq- (4.4).

6.3 Type of failure

The bending test of Beam B3-2 (HW-SW combination) showed a typical
example of a linear behaviour initially followed by ductile behaviour in bend-
ing (see Figure 5.7).

In Figure 6.4 ductile behaviour can be observed in the load range from 38 kN
up to the global failure of the beam. This is the expected behaviour for beams
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with hardwood only in the tension-zone. The other two build-ups of this series
failed in tension before they exhibited a similar behaviour.

Figure 6.3: Strains εx at maximum load capacity of beam B3-2.

In Figure 6.3 the local strains in x-direction are shown at the point just before
final failure. The area in the middle, where the compression failure had
occurred can be clearly seen. Figure 6.5a shows the local failure after the
test. This deformation occurs first, leading to the ductile behaviour. Once the
strain limit in tension was reached, it exhibits the global failure seen in Figure
6.5b. The oak lamella in this beam showed no defects in the middle of the
beam, i.e. the zone with the moment. It could handle the load high enough to
show compression failure. The red zone on the top of the beam in Figure 6.3
marks the area of tension failure.
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7. Discussion

This thesis evaluates the mechanical properties of combined glulam manufac-
tured of hardwood and softwood lamellas. It has been shown, that the perfor-
mance of such beams mainly depends on the mechanical values of the hard-
wood chosen. There was a significant difference between the single species in
terms of strength and stiffness.

For the experiments oak has been used as hardwood and spruce as softwood.
It was shown, that the bending strength can be increased by this combination
compared to softwood. In terms of stiffness there was no big improvement
observed. The dynamic modulus of elasticity of oak lamella was found to be
just slightly higher than that of spruce and also shows a much higher variation.

In the case of hardwood only in the tension-zone, the strength and stiffness
were increased less compared to that with hardwood on both sides. However
in case of initial failure in the compression-zone in unsymmetric beam layups,
a more ductile behaviour could be observed. This effect could be observed in
both, the calculation and the optical-strain-measurement with Aramis.

The tested combinations had only one lamella of hardwood on each side,
hence each defect in these has a high influence on the performance of the
whole beam. It seems more reasonable to build beams with two superior
lamellae of hardwood on each side to minimize the influence of single de-
fects.

For exploiting the potential of this combination, further research is required.
Research on the properties and grading of hardwood lamellae of different
species would be necessary. To establish a commercial production, also the
availability of hardwood lamellae in constant quality needs to be proven.

In terms of future application it seems to be reasonable for further use in build-
ing projects. Timber construction in the last years has attained new heights,
which also places new demands in the areas of strength and stiffness. This
seems as a good opportunity to establish hardwood in timber construction to
increase its performance even more.

45



8. Conclusion

The calculations and experiments required to attain the outcome of the perfor-
mance of the combined glulam involved the computer-aided program Abaqus,
analytical calculations, dynamic modulus of elasticity and 4-point bending test
experiments. Four different build-ups were used to evaluate the performance
of the layups, which consisted of only softwood, hardwood in tension-zone,
hardwood in the tension and compression-zone and only hardwood for ob-
taining the desired results. By analytical solution it could been shown that the
performance of glued laminated timber can be increased by using combina-
tion of hardwood (oak) and softwood (spruce) lamellas in the production of
glulam beams. In that way the stiffness and the load capacity of the beams
could be increased. Further the high influence of the mechanical properties
of the hardwood in comparison to the softwood on the basis of the overall
performance was shown.

The results from the experiments correspond in general with the analytical so-
lution. If more tests would have been carried out, higher assurance could have
been ensured for each test series. The increase of the bending capacity could
possibly be seen clearer. To increase the stiffness of the beams, a higher differ-
ence in the modulus of elasticity of the single boards should be required. This
could be shown only theoretically. For oak a high variation of stiffness was
measured. This shows that grading in terms of stiffness for this application is
essential.

Further scope in this research topic involves using better graded oak for the
experiments and record the changes in place of the ungraded oak used in the
experiments. A better performance could be noted if two lamellae are placed
on either sides. It would also be interesting to observe the changes in the be-
havioural patterns when better wood species which exhibit higher strength and
stiffness are used as a substitute to spruce. Further for practical applications
the performance of connectors, e.g. dowels and screws in combined beams
needs to be investigated. The performance of the glueline was supposed to
be superior than the flanking wood. This was approved in the bending test.
However more research on the glue performance between different species is
required.
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Appendix 1

Figure 8.1: Strain εx for Beam B2-1 at 29 kN
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Figure 8.2: Strain εx for Beam B2-1 at maximum load

Figure 8.3: Strain εx for Beam B2-1 at 0 kN
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Figure 8.4: Strain εxy for Beam B2-1 at 29 kN

Figure 8.5: Strain εxy for Beam B2-1 at maximum load
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Appendix 2

Figure 8.6: Strain εx for Beam B3-1 at 15 kN
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Figure 8.7: Strain εx for Beam B3-1 at maximum load

Figure 8.8: Strain εx for Beam B3-1 at 29 kN
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Figure 8.9: Strain εxy for Beam B3-1 at 15 kN

Figure 8.10: Strain εxy for Beam B3-1 at maximum load
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