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Abstract

The main focus point of this master thesis is to investigate the behaviour under axial compression
of composite columns made with a cylindrical hollow high strength steel profile wrapped around by
a beech veneer layer. The wrapping procedure is done by hands with cheap and basic laboratory
materials, nevertheless the achieved accuracy in the cross-section is satisfactory. The effect of the
column’s length is analysed by testing two batches of columns, 28 cm and 2 m high. Moreover, the
influence of the inclination’s angle of the veneer layer is analysed by building two types of composite
column: one with the veneer’s fibres orientated along the length of the column and the second with
an inclination of 15°. The later proved to be disadvantageous in terms of stability and resistance.
The main outcome of this research is that the outer timber veneer layer constrains both local and
global buckling of the columns, gaining in term of resistance with an increase in peak force up
to 27% compared to the pure steel profile. Additionally, the veneer timber is tested in bending,
tension and compression, to get the material properties needed as input into the numerical model
in ABAQUS 3D. The developed numerical model manages to predict with a maximum error of 6%
the behaviour of the long composite columns under compression.
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Introduction

The use of composite section is becoming everyday a more broader approach, this allows to take
advantage of the strengths of two different materials and at the same time compensate their weak-
nesses, building therefore an hybrid material with increased and improved structural properties.
Moreover, the increased attention on the topic of sustainable material due to climate change has
projected a spotlight on timber as building material due to its lower ecological footprint compared
to other conventional construction materials. Therefore, to improve the properties of timber and
overcome its weaknesses the combination with other structural materials as concrete and steel has
become a frequent practice. Numerous advantages are achieved such as higher load capacity and
stiffness, better fire behaviour as well as lower dead weight and smaller cross-section compared to
the pure timber section.
Various studies have been done in combining steel and timber, the detailed description is presented
in the Literature Review in Chapter 1. The main structural elements built in a composite manner
using steel and timber are beams and slabs, less attention has been put on composite columns. To
sum up the actual state of the art the main practice is to built columns with hollow steel profile
and fill them with timber material. This method is proven to be efficient in constraining local and
global buckling of the thin steel profile, resulting in an increase of the overall strength. Only few
studies analyse the effect of an outer layer of timber. The importance in further research on such
elements is of central importance to advance the composite technology and consequently improving
the way columns are built by making them more efficient and at the same time reducing the use
of polluting materials. This is the main reason why this thesis focuses on analysing steel-timber
composite columns with an outer layer of timber veneer.
The main aim of this master’s thesis is to prove that it is possible to hand-build with cheap
and basic resources composite columns with beech veneers wrapped around an high strength steel
cylindrical hollow profile, that are more efficient than the pure steel profile. This would prove that
with adequate funding and the development of a specialised machine, even better results could be
achieved than those found during this preliminary study. In parallel, a numerical study is also
carried out that can emphasise the simulation potential of the ABAQUS 3D software even with
gross simplifications on the behaviour of materials and the experimental test setup.
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Chapter 1

Literature Review

The main topic of this master thesis is the construction of composite timber and steel column and
its behaviour under axial compression. Various studies in the field of timber and concrete com-
posite system have been done. Already in the 1920s, floors began to be built with wooden planks
or boards as support for a concrete deck. This hybrid construction has been further developed
and is one of the most used nowadays. A further improvement in the composite floor technology
is the replacement of the concrete in the composite steel beams with a timber slabs. This topic
is analysed in detail by Hassanieh et al. [1] who studied experimentally the behaviour of a steel
I-Profile with an upper timber slab connected via bolts and screws and is proved to be an attractive
substitute to the concrete slab in hybrid structures.
In addition to slabs also steel-timber columns have been studied in more recent years, the majority
of these studies focus on timber-infilled steel profiles. Qiao et al. [2] experimentally studied the
behaviour of stub columns under axial compression, these columns are constructed with square
steel tube filled with timber reinforced with carbon fiber reinforced plastic (CFRP), the later pro-
vides confinement and the results show an increased strength and ductility compared to the pure
steel or timber columns. Moreover, the hybrid member shows a better weight-strength ratio. It
is also highlighted that the presence of knots and imperfections in the timber member have a
relevant effect on the stability. A similar study is proposed by Karampour et al. [3] who imple-
mented a new fabrication procedure for timber-filled steel tubular (TFST) columns, which does
not need glue or mechanical connectors. These columns are constructed with a SHS steel profile
and four pieces of radiata pine timber. From the experimental and analytical analysis results
that the TFST columns have increased compression strength in fibre direction, which puts this
product at the same level of concrete-filled steel tubular columns but with the advantage of the
lighter composition. Cylindrical steel cross section has analysed too by Ghazijahani et al. [4].
The steel profile is filled with solid timber and confined by CFRP. The composite columns show
improved capacity under axial compression and the benefit of a lighter structure compared to
concrete-filled columns. Ghazijahani et al. [5] went even further by combining three materials and
analysing the behaviour of innovative double-skin concrete-timber-filled steel columns under com-
pression. The specimens constructed with an hollow square steel profile filled with concrete and
with various layout of reinforcement steel bars and secondary hollow steel profile filled with timber.

Less attention has been put on the analysis of steel-timber columns with inner steel profile and
an exterior layer of timber. Only two recent researches investigated such topic, the first is an
experimental study done by Hu et al. [6] on a steel HEA profile wrapped by a glulam and the
second examines a composite column with the steel profile encased into the timber by Kia and
Valipour [7].
The schematic representation of the cross section analysed in the first research is shown in Figure
1.1. The exterior timber layer is applied with and adhesive and is proven to provide confinement to
the steel profile against buckling, being therefore beneficial in term of stability. In this study the be-
haviour of the column under axial compression is analysed. Three lengths are tested, namely 1100,
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1700 and 2300 mm as well as three combinations i.e. steel-timber composite (STC), only timber
and only steel. For the hybrid column the HEA profile with strength class Q235B is selected and
the glulam made of first grade Douglas-fir is bonded to the steel with a mixed structural-epoxy
adhesive. Lateral deflection and axial displacement are measured by linear variable differential
transformers (LDVTs).

Figure 1.1: Cross section and view of STC column by [6]

The results shown as load - displacement curves in Figure 1.2, 1.3 and 1.4, respectively for the
columns 1100, 1700 and 2300 mm long, highlight three main phases. The first is the elastic
phase with a poor activation of the interaction mechanism between steel and timber, while in the
following yield phase the outer timber layer provided confinement against the overall and local
buckling of the interior steel profile. Lastly during the residual load-carrying capacity phase the
length of the columns played a role in terms of ductility, in fact was determined by the steel for
the smaller specimen and by the timber for the longer one. The comparison between lengths shows
that the maximum ultimate lateral deflection increases with the length, while the initial stiffness
and the maximum load decrease. This can be explained by the size effect, with larger specimens
is more likely to have imperfection in the material, which can lead to lower structural properties.
Two main failure modes for the composite columns are found, a strength failure occurred for the
shorter columns while for the columns 1700 mm and 2300 mm long an overall instability along the
weak axis of the steel profile arose. The beneficial effect of the composite profile is clearly visible
in all figures, since the black lines, that show the behaviour of the STC, reach always higher values
compared to the dotted and the dashed lines, which respectively represent the bare timber and
steel profile.
To discuss the results in terms of superposition of single material and composite profile the Figure
1.5 shows a histogram which compares the maximum load, cross-section area and average strength
of STC, timber, steel and the superposition the latter. The maximal load of the STC is slightly
lower than the superposition of timber and steel contrary to the average strength which is higher
for the STC. This underline the possible benefit of this technology and in addition there is a
clear advantage in the reduction of the cross section with the composite profile compared to the
superposition. Further study in this sense should be done to prove that the superposition of single
material such as timber and steel are less efficient than the hybrid column.
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Figure 1.2: Load curve specimen 1100 mm long
by Hu et al. [6]

Figure 1.3: Load curve specimen 1700 mm long
by Hu et al. [6]

Figure 1.4: Load curve specimen 2300 mm long by Hu et al. [6]

Figure 1.5: Schematic comparison of maximum load, cross-section area and average strength by
Hu et al. [6]
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The second study of Kia and Valipour [7] focus on a timber-steel composite columns but the idea
is to reinforce the timber with a solid steel bar as core. All columns are tested in compression and
various parameters are investigated as column’s length, reinforcement’s geometry, type of timber,
steel and timber grade. In Figure 1.6 are shown some of the different layout investigated in the
study as a bare timber cross section, a composite column with a square reinforcement with yield
strength of 300 MPa and a second composite one with a round bar with an higher yield strength
of 420 MPa. The abbreviations used are the following:

– Timber type: P = Pine or D = Douglas fir

– Length: 0.9 m or 1.2 m

– Reinforcement geometry: bare timber profile, S = square or R = round

– Size of reinforcement: 16 or 20 mm

– Yield strength: 300, 420 or 660 MPa

– Application interface of epoxy adhesive:

∗ CA = between two timber pieces

∗ CO = around steel profile

∗ CC = both

Figure 1.6: Cross section of encased steel-timber columns by [7]

The results of the axial compression are summarised in Figure 1.7 as mean load-displacement
curves over all specimens. The main failure mechanism results from the combination of buckling
of the steel profile induced by second order effects and timber crushing. As visible in the graphs
below the black solid curves, representing the bare timber profiles, have always a smaller ultimate
compression strength compared to the composite timber steel columns. It is also highlighted that
with bigger reinforcement’s cross-section and maintaining the same steel and timber grade there
is an increase in strength but a lost in term of ductility. Also by increasing the yield strength the
load carrying capacity is improved. Moreover the experimental stiffness of the columns is smaller
than the theoretical one, this is mainly due to knots and imperfections present in the timber which
highly reduce the actual elastic modulus. Their presence not only influence the stiffness but also
the ultimate load carrying capacity as well as the failure mechanism in particular when are situated
in the middle of the columns.
As conclusion there are multiple benefits in the use of encased steel reinforcements into timber
casing such as reduction of the cross section of the structural member compare to bare timber,
fire protection for the inner steel reinforcement, lighter structure with higher strength/weight ratio
and lower cost by using cheaper low-grade timber such as pine and douglas.
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Figure 1.7: Mean load-displacement curves of bare timber and composite columns by [7]
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Chapter 2

Materials and Methods

In this section the construction of the specimens, the setup as well as the procedure for the tests
are described in detail. Three category of specimens are built, one for each test performed, namely
the four point bending and tensile tests and the axial compression test. The furthers are performed
to find the material properties of the timber veneer layer and the later to investigate the behaviour
of the composite columns under axial compression. The materials used for the construction of the
specimens are summarised in Table 2.1.

Table 2.1: Material list

Component Type Dimensions

Steel columns Steel grade S355 see Appendix A De = 82.50 mm
Thickness = 3.60 mm

Glue LOCTITE HB S309 Purbond see Appendix B
LOCTITE HB S709 Purbond Thickness ∼= 0.10 mm

Timber veneer Beechwood Thickness = 0.60 mm

2.1 Material tests

The material tests done to define the material properties of the timber veneer layer around the
steel profile are the four point bending and the tensile test. The same material as for the columns
is used to built the specimens. In the following subsection the construction method and the test
procedure are described.

2.1.1 Timber specimen construction

Two batches of timber veneer are used for the construction of the columns, one for each type of
columns. From the timber veneer of the first batch (S - Stub) a plate is built with twelve layers
glued together, while for the second batch (L -Long) the plate is composed by fifteen layers; from
those plates the specimens for the two tests are cut. The procedure for the construction of the
plates is the following:

1. The long timber veneers are cut with a width of 50 cm and a length of 80 cm

2. Over each layer the glue is evenly spread as shown in Figure 2.1

3. The plate is compressed with two rigid planks as shown in Figure 2.2

4. The samples are stored in the clima-box at constant air temperature of ca. 18.8 °C and
relative humidity of ca. 54.2% for 12 hour for hardening

9
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Figure 2.1: Application of glue on the veneer Figure 2.2: Compression of timber veneer plate

2.1.2 Four-point bending test
The specimens for the four point bending test have a rectangular shape, the dimensions are defined
according to the requirement of Euro Norm EN408 [8]. The overall thickness is of ca. 9 mm, the
length between the two loading points is defined as six times the thickness and is therefore of ca.
54 mm, the distance between the supports is defined as L = 18 · t± 3 · t is then chosen to be 162
mm while the width is freely chosen as 20 mm. The overall length of the sample is of 240 mm
with additional length of 39 mm on both sides as shown in Figure 2.3. A total of ten specimens
per batch are tested, they are further divided into two subcategory which differ in the orientation
of the timber veneer fibres, one longitudinal and one perpendicular to the timber fibres as shown
in Figure 2.4. Five specimens for each orientation are tested. In Appendix C are summarised the
measured dimensions for each sample, the abbreviation used for simplicity define first the type of
test "B" for bending, then the batch "S" for stub columns or "L" for long and the number indicate
the inclination of the fibres "0" for the longitudinal and "90" for the perpendicular.

Figure 2.3: Specimen geometry for four point bending test

Figure 2.4: Four point bending specimens
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The ZWICK retro 10/200 kN machine is used for the four point bending test and the setup is
visible in Figure 2.5. The test is performed in displacement controlled mode, a pre-load of 10 N is
applied with a speed of 50 mm/min afterwards the speed is decreased to 1.2 mm/min and the test
is stopped when a drop of 25% in the maximum force is reached.

Figure 2.5: Setup four-point bending test

The variables measured during the test are the force and the displacement of the cross head, the
later is assumed to be equal to the deformation of the specimen since the components of the setup
are way stiffer compared to the sample. From the maximum force and the geometry of the specimen
is possible to extrapolate the bending strength of the timber veneer longitudinal and perpendicular
to the fibres with the Formula 2.1 from the Eurocode DIN EN 408 [8]. The parameter a is the
distance between the support and the loading point, b and h are respectively the width and the
thickness of the specimen.

fm,ϕ =
3 · Fmax · a

b · h2
(2.1)

Moreover the stiffness of the specimen is computed with the Formula 2.2 from the Table C4 [9] for
the same setup as the test, with the parameter α = a/l and l the distance between the two base
supports and with w as the deformation in the middle of the specimen.

Em,ϕI · w =
1

24
· Fmax · l3 · (3α− 4α3) (2.2)

2.1.3 Tensile test

The second material test performed is the tensile test. The specimens are cut off the same plate as
for the bending test. The samples have a bone shaped geometry, thereby the failure will occur in the
middle where the width of samples is smaller. The geometry is shown in Figure 2.6. The thickness
as before is of ca. 9 mm and according to the Euro Norm EN408 [8] the length should be ten times
the thickness. Therefore, the part between the two grips is set to 90 mm, the width inside the grips
is freely chose as 2.5 cm. Three orientations of the timber veneer fibres are analysed: longitudinal,
with 15° inclination and perpendicular. A total of fourteen samples pro batch are tested, five for
the first two category and four for the third one. In Figure 2.7 are shown all specimens tested.
In Appendix D are summarised the measurements of thickness, width and length for each sample,
the abbreviation used are the same as for the bending test but with "T" for tensile and in addition
there is the inclination in degrees of "15".
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Figure 2.6: Specimen geometry for tensile test

Figure 2.7: Tensile specimens

The ZWICK retro 10/200 kN machine is used, the setup for the test is shown in Figure 2.8. The
sample is placed in the middle of the two grips, an extensometer is then attached at the side of the
tighter part of the specimen to get the strain during the test. The test is performed in displacement
controlled mode, a pre-load of 50 N is applied afterwards the test speed is decreased to 0.2 mm/min.
The test for the perpendicular and diagonal specimens is stopped when the samples broke. For
the longitudinal one was not always possible to reach the breaking point, because sometimes the
sample slipped from the grips and by increasing the constraining force a premature rupture of the
specimens was induced. So when the slip occurred the test was ended, the strength computed from
the maximum force is therefore only a lower boundary value.

Figure 2.8: Setup tensile test
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The parameters analysed are the force applied, the displacement of the cross-head and the strains
from the extensometer. The tensile strength is computed with the Equation 2.3 according to the
Euro Norm EN 408 [8] where Fmax is the maximum tensile force reached and A is the cross section
area of the specimen. The tensile stiffness is computed with the strain measured and the stress
computed from the force with the Equation 2.4.

ft,ϕ =
Fmax

A
(2.3)

Et,ϕ =
∆F/A

∆ε
(2.4)

2.2 Column test
In this section the main features of the composite columns are highlighted with the focus on the
construction method and the setup of the axial compression test.

2.2.1 Composite columns construction
The composite steel timber veneer columns constructed differentiate from each other for the layout
of the outer timber layer as well as the length. In Figure 2.9 is shown a schematic representation
of the different type of columns. The first distinction is the length the ones ca. 28 cm long are
called "Stub columns" (S) while the ones 2 m long are labelled as "Long columns" (L). Then there
is the division in terms of material composition, first there are the composite columns (ST-Steel
Timber) then the pure steel profile (S) and for the stub columns there is an additional category
namely the pure timber one (T). The final subdivision is defined by the layout of the timber veneer
fibre inclinations. The first has the fibres oriented along the axis of the column (0) whereas the
second has an inclination of 15° respect to the main axis (15). For the later the veneer orientation
is changed four times during the rolling procedure in order to have the same properties in both
directions. For the shorter columns five samples are built while for the long columns only three.
In Table 2.2 are summarised all the mentioned samples produced with the description of the
composition and their abbreviations, which will be used for simplicity.

Figure 2.9: Overview columns

Table 2.2: Column sample abbreviations

Stub columns
name

Long columns
name Composition

S-S-0 L-S-0 Steel profile
S-ST-0 L-ST-0 Steel-Timber composite with fibres inclination 0°
S-ST-15 L-ST-15 Steel-Timber composite with fibres inclination 15°
S-T-0 - Timber profile with fibres inclination 0°
S-T-15 - Timber profile with fibres inclination 15°
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The construction procedure for both stub and long columns is composed by five main steps:

1. The cylindrical steel profile is cut to the desired length (only for the stub columns) and the
edges are polished as well as the surface as shown in Figure 2.10.

2. The long timber veneers are also cut to fit the steel profile as shown in Figure 2.11, these
smaller pieces are then connected to each other to build a longer roll with a special tape for
timber visible in Figure 2.12. To build the columns with the timber fibres inclined by an
angle of ca. 15° the veneer pieces are cut with the same angle and inclined connected to each
other as visible in Figure 2.13.

3. The glue is evenly spread over the timber veneer roll with a thickness of more or less 0.1
mm, at this point the steel profile is rolled over the veneers and connected until the desired
thickness of the timber is achieved, namely 11 - 12 mm which corresponds to ca. twelve layers
of veneer. Two types of glue are used, for the stub columns the LOCTITE HB S309, which
has a work-time of 30 minutes, while the LOCTITE HB S709 is used for the long columns
with a work-time of 70 minutes.

4. Subsequently an aluminium sheet (for the long columns two one meter long sheets are used),
previously bent to fit as precisely as possible the column, is placed around the sample and
then put under pressure thanks to hose clamps fixed and tighted around the aluminium
cylinder as shown in Figure 2.14 and 2.15.

5. The sample is put in the clima-box in an ambient with ca. 18.8°C air temperature and 54.2%
relative humidity for minimum two respectively twelve hours for stub and long columns to
let the glue harden.

Due to inaccuracy during the rolling of the veneer timber and the in-homogeneity of the timber
surface, the aluminium cylinder can not fit perfectly the sample as visible in Figure 2.16. This gap
causes an inevitable imperfection along the samples as shown in the cross section in Figure 2.17
along the entire column.

Figure 2.10: Cut steel profile Figure 2.11: Cut timber veneer
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Figure 2.12: Connection timber veneer Figure 2.13: Connection of inclined veneer

Figure 2.14: Stub column un-
der pressure

Figure 2.15: Long column un-
der pressure

Figure 2.16: Detail end alu-
minium cylinder

In Table 2.3 are summarised all relevant dimensions for stub and long columns, namely the inner
diameter Di, the thickness of the steel and timber layers tsteel and tveneer, the outer diameter Do

and the cross-section area ACS . For the values related to the timber layer the mean values are
reported with the standard deviations. As visible from the values of the standard deviation the
longer columns present an higher variability, this is due to the imperfection in the veneer itself and
in the construction procedure which was challenging due to the length of the columns. In Appendix
E are summarised the measurements of the thickness, diameter and length for each column. From
Figure 2.23 to Figure 2.20 are shown the views and cross sections of all stub columns and from
Figure 2.27 to Figure 2.26 the one for the long columns.

Table 2.3: Column’s dimensions

Sample Di tsteel tveneer Do ACS

[mm] [mm] [mm] [mm] [mm2]
S-S-0 75.3 3.60 - 82.50 892.3
S-ST-0 75.3 3.60 10.71± 0.27 103.92 4029.3
S-ST-15 75.3 3.60 12.30± 0.76 107.10 4555.6
S-T-0 83.70± 0.25 - 10.18± 0.44 102.86 2802.5
S-T-15 84.10± 0.35 - 10.28± 0.55 103.06 2785.4
L-S-0 75.3 3.60 - 82.50 892.3
L-ST-0 75.3 3.60 10.63± 1.74 103.76 3919.9
L-ST-15 75.3 3.60 11.20± 1.65 104.90 4105.9
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Figure 2.17: Cross sec-
tion S-ST-0

Figure 2.18: Cross sec-
tion S-ST-15

Figure 2.19: Cross sec-
tion S-T-0

Figure 2.20: Cross sec-
tion S-T-15

Figure 2.21: View S-
ST-0

Figure 2.22: View S-
ST-15

Figure 2.23: View S-T-
0

Figure 2.24: View S-T-
15

Figure 2.25: Cross sec-
tion L-ST-0

Figure 2.26: Cross sec-
tion L-ST-15

Figure 2.27: View L-
ST-0

Figure 2.28: View L-
ST-15
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An additional treatment is done for the long columns, during the axial compression test are used
two DIC cameras, which take a picture of the central part of the specimens each second and by
post-processing the data a deformation field can be obtained. According to the guideline of this
device enough contrast should be ensured to be able to have accurate results. Therefore, the central
part of the long columns is painted in white and then black dots are spread over it to get the needed
contrast. The size of this dots is defined in the DIC guideline and the formula is reported bellow,
where AOI stands for Area of Interest. The painted surface is shown in Figure 2.29.

speckle size [mm] =
AOI size [mm]

resolution [px]
· 5 [px] =

500

4096
· 5 = 0.61 mm

Figure 2.29: DIC surface L-S-0

2.2.2 Axial compression test
The stubs and long columns are tested under axial compression with the Schenck Hydropuls 1600
kN testing machine. For the top and bottom hinge the same set up is used, in Figure 2.30 is shown
the bottom convex part which is coated with Teflon and grease to allow a smoother rotation of
the top spherical part showed in Figure 2.31. In Figure 2.32 is shown the assembled hinge. This
should allows rotation in all directions and constrains all displacements except for the vertical one.

Figure 2.30: Bottom part of
hinge

Figure 2.31: Top spherical part
of hinge

Figure 2.32: Assembled hinge
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In Figure 2.33 is shown the complete setup for the stub columns. The two hinges are fixed above
and below the specimen, to make sure that the sample is placed in the middle a special whaser
is inserted on the top and bottom plate, this piece fits almost perfectly the inner diameter of the
steel profile. In Figure 2.33 are also visible the devices used to measure the displacements and
the strains in the specimen. Three vertical LVDTs are used and placed around the sample with a
spacing of ca. 120° between each other to measure the vertical displacements. They are directly
attached to the last steel plates right above and below the specimen to get a more precise measure
without taking into account the deformations of all hinge’s components. Moreover, three strain
gauges (DMS), shown in Figure 2.34, are glued to the inner surface of the steel specimens at an
height of ca. 10 cm from the bottom edge with the same spacing as the LVDTs. The setup is the
same for all stub columns except for the timber columns which do not have any DMSs.
The test is carried out as displacement controlled, at first the cross head is lowered until the force
reaches ca. 1 kN, this is done to ensure that all the pieces of the hinges are in contact before starting
the actual test. Initially the speed of the compression is set to 0.1 mm/min and then increased to
0.2 mm/min, once the plastic phase is reached the speed is further increased to 1 mm/min. After
reaching the maximum and experience a drop in the force of ca. 25% of the maximum force the
machine is stopped and then the unloading procedure is performed with a speed of 0.5 mm/min.

Figure 2.33: Setup of S-S-0 Figure 2.34: DMS-placement in S-ST-0

From the measurement devices the parameters recorded during the test are the force applied,
the strains and displacement. From each force-displacement curve is possible to get two main
parameters, the maximum force and the stiffness. The later is computed with Equation 2.5, where
the strains are either computed with the displacement’s measurement of the LVDTs or with the
strain’s measurement of the DMSs.

E =
∆F

ACS ·∆ε
(2.5)

The axial compression strength along the timber veneer fibres and with and inclination of 15° is
computed with the maximum force from the test of the timber samples (S-T-0 and S-T-15) with
the Equation 2.6. The cross section area (ACS) is reported in Table 2.3.

fc,ϕ =
Fmax

ACS
(2.6)

The set-up for the long columns is similar to the one for the stub columns, the hinges used are the
same and the complete setup is shown in Figure 2.35. The vertical LVDTs are attached as before
to the plates directly below and above the specimen as shown in Figure 2.36, in addition three
horizontal LVDTs, visible in Figure 2.37, are placed in the middle of the column with a spacing of
ca. 120°. Moreover, two DIC cameras are used to catch the deformations and the strains of the
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painted middle part of the columns. A picture for each second is taken, from which a deformation
field can be extrapolated. The same procedure and speed are used as for the stub columns. The
test is performed in displacement controlled mode, at first an initial load of 1 kN is applied to make
sure that all components are in contact. At the beginning of the actual test the loading velocity
is set to 0.1 mm/min and further increased to 0.2 mm/min once all measurement devices started
recording. The test is stopped once the force drop to 75% of the maximum load reached.
The same main parameters are computed as for the stub columns, namely the maximum force and
the elastic modulus. The later is computed as before with the Equation 2.5.

Figure 2.35: Setup L-ST-15 Figure 2.36: Position vertical
LVDT

Figure 2.37: Position horizon-
tal LVDT

2.3 ABAQUS model
In parallel to the physical axial compression tests of the STIMBER columns a finite element model
is built to reproduce the structural behaviour of the specimens. This numerical analysis is done with
the software ABAQUS 3D, in the following subsections the model is described in detail focusing
on the assumptions made and the solving procedure.

2.3.1 Modelling assumption
A representative numerical model of each column is built using the actual dimensions of the spec-
imens, for the thickness of the timber layer the mean values summarised in Table 2.3 are used.
Each 3D non-linear finite element numerical model is composed by two main parts:

1. The steel profile is modelled with a 4-node shell elements with reduced integration (S4R),
shown in blue in Figure 2.38. This type of element is proven to be adequate for modelling
hollow cylindrical steel profile according to the research of Meng and Gardner [10].

2. The timber veneer layer is modelled with three dimensional 8-node solid elements with re-
duced integration (C3D8R), shown in orange in Figure 2.38.

The timber veneer layer is partitioned into four to model the change in the direction of the veneer
fibres done during the construction of the specimens. At first a local cylindrical coordinate system
is defined, then for each partition the orientation of the material properties is defined referring to
the later. Afterwards the longitudinal direction is inclined by an angle of ϕ = 15° alternating the
sign for each partition, meaning that the first and third layer have the same inclination and the
second and fourth one as well but with opposite sign. In Figure 2.39 is shown the inclination of
the outer layer with the following main directions:
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1. Radial out-of-plane of timber layer (R)

2. Perpendicular to the fibre (T)

3. Longitudinal to the fibre (L)

The mesh size is defined thanks to the formula 0.5 ·
√
D · t defined in previous study on cylindrical

hollow section columns done by Meng and Gardner [10]. With the column’s diameter of D = 82.5
mm and the thickness of t = 3.6 mm the mesh edge size is of 8.6 mm.

Figure 2.38: Mesh ABAQUS Model S-ST-15 Figure 2.39: Material orientation S-ST-15

In Table 2.4 are summarised the main geometrical parameters for the steel shell for each speci-
men, namely length L, diameter DS and thickness tS . The summary of the dimensions for the
timber veneer layer is in Table 2.5 with the mean value of inner (DT,inner) and outer diameter
(DT,outer), partition thickness tT,tot and tT,part. A detailed summary of the measurements is visible
in Appendix E.

Table 2.4: Dimensions steel shell element

Sample L DS tS
[mm] [mm] [mm]

S-S-0 288 78.9 3.6
S-ST-0 280 78.9 3.6
S-ST-15 280 78.9 3.6
L-S-0 2000 78.9 3.6
L-ST-0 2000 78.9 3.6
L-ST-15 2000 78.9 3.6

Table 2.5: Dimensions solid timber element

Sample L DT,inner DT,outer tT,tot tT,part

[mm] [mm] [mm] [mm] [mm]
S-ST-0 280 82.5 103.1 13.6 3.4
S-ST-15 280 82.5 107.1 15.9 3.975
S-T-0 280 83.7 104.2 10.2 2.55
S-T-15 280 84.1 104.6 10.3 2.575
L-ST-0 2000 82.5 104.6 14.7 3.675
L-ST-15 2000 82.5 105.6 15.1 3.775
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The ployurethene glue between the outer steel’s surface and the inner timber veneer’s layer is
modelled with a tie constraint. It is possible to do such assumption because no failure is expected
to append in the adhesive layer between the two materials. Two reference points are created in the
middle of the cylinder at both ends of the column. They are coupled to the cross section area of
the steel and the timber veneer through kinematic coupling as shown in Figure 2.40. At those two
reference points are then applied the boundary conditions. At first two hinges are modelled, so
the BC constrains all displacement at the bottom and on top lets free the vertical one and allows
rotation in all directions. Furthermore, two other layouts are analysed, first the case of a joint at
the bottom, meaning that rotation and displacement are fixed in all directions, while the top BC
simulate an hinge free to rotate. The second case constraints all directions meaning that there are
two joints and the only freedom is the vertical displacement at the top.

Figure 2.40: View reference point S-ST-15

2.3.2 Material parameters

An important component of the numerical modelling is the i implement the right parameters to
simulate the material behaviour. The steel’s elastic properties are the Young’s Modulus E =
210GPa and the Poisson’s ratio ν = 0.3. The plastic behaviour is modelled with a quadri-linear
stress-strain relation proposed by Yun and Gardner [11] this engineering stress-strain relation
(grey dashed line in Figure 2.41) is then transformed into the true stress-strain relation (black
line). Thereby the decrease in the area of the steel profile during the tension test is accounted,
which results in the increase of the actual stress in the specimen. The quadri-linear stress-strain
relation used is formulated in Equation 2.7. The needed parameters are the Young’s Modulus, yield
and ultimate strength (defined in the Abnahmeprüfzeugnis of the columns visible in the Appendix
A), out of which all other values are derived with the formulas taken from the study of Yun et al.
[11] and summarised bellow. The conversion to the true stress-strain relation is done via Equation
2.8. The values of true stress-strain curve, shown in Figure 2.41, are summarised in Appendix F.

Figure 2.41: Steel Stress-Strain relation
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f(ε) =


E · ε for ε ≤ εy

fy for εy ≤ εsh

fy + Esh · (ε− εsh) for εsh ≤ C1εu

fC1εu +
fu − fC1εu

εu − C1εu
for C1εu ≤ εu

(2.7)

with

εu = 0.6(1− fy
fu

) εsh = 0.1
fy
fu

− 0.055

C1 =
εsh + 0.25 · (εu − εsh)

εu
Esh =

fu − fy
0.4 · (εu − εsh)

{
εtrue = − log(1 + εtot)

σtrue = σ · (1 + εtot)
(2.8)

Contrary to structural steel, the material properties of timber are orthotropic and come with larger
uncertainties. The definition of the elastic properties for each direction (R, T, L) is implemented
in ABAQUS by means of the feature "Engineering constants". Instead to simulate the plastic
behaviour of the veneer the Hill’s yield criterion is used. According to recent numerical study done
by Akter et al. [12] this criterion has proven to be suitable especially for timber mainly subjected
to compression. The shortcoming of this assumption is that the model do not differentiate the
response of the material in tension and compression, but since the specimens are loaded in axial
compression the tension stresses are assumed to be negligible. The Hill’s criterion is defined in
ABAQUS by means of the sub-option "Potential", where the input values are the normalised axial
and shear strength in the different direction with respect to the axial longitudinal strength.
The calibration of the timber veneer properties is done with the laboratory tests, namely the four
point bending test and the tensile test as well as the two compression test on the pure timber sample
(S-T-0 and S-T-15). The elastic modules and the axial strength are found from the tests, while the
Poisson’s ratios, the shear modules as well as the shear strengths are taken from previous studies
on similar materials. Moreover the results from the experimental tests are validated by comparing
them with indicative values from the literature. The reference elastic values are summarised in
Table 2.6. The elastic modules for the radial out-of-plane (ER) and perpendicular (ET ) direction
are assumed to be the same, while the longitudinal modulus (EL) is higher. The values summarised
in Table 2.6 are the tensile stiffnesses taken from the study of Buchelt and Wagenführ [13] who
analysed the bending and tensile behaviour of veneer of beech. The values for the shear modules
(GRT and GRL=GTL) are taken from the Master thesis of R. Staudacher [14], who tested the
bending and shear behaviour of samples made of a dozen of beech veneer glued together. The
values for the Poisson’s ratio are assumed to be similar to the one for laminated veneer lumbed
(LVL), for the two direction radial-perpendicular and perpendicular-longitudinal the reciprocal
value are chosen in order to meet the stability condition of ABAQUS and are calculated with
Equation 2.9.

νij =
νji
Ej

· Ei (2.9)

ER ET EL νRT νRL νTL GRT GRL GTL

[MPa] [MPa] [MPa] [-] [-] [-] [MPa] [MPa] [MPa]
630 630 12’000 0.20 0.0288 0.0288 100 720 720

Table 2.6: Elastic properties of timber veneer
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For the plastic parameters the strength in all direction are needed: in radial and perpendicular
direction are assumed to be the same while the one in longitudinal direction is greater, the reference
values are taken from the study of Buchlet and Wagenführ [13]. The values reported in Table 2.7
are the tensile strength from the aforementioned research. For the shear strengths as reference are
taken the results from the Master Thesis of Staudacher [14]. All values are summarised in Table
2.7 as well as in Appendix G.

ft,R ft,T ft,L fv,RT fv,RL fv,TL

[MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
7.9 7.9 71.0 11.0 11.0 11.0

Table 2.7: Axial and shear strength of timber veneer

2.3.3 Solving procedure

The ABAQUS model as already said is subjected to a displacement controlled axial compression,
meaning that a monolithic increasing displacement is applied to the upper reference point. For
the stub columns only a Geometric Material Non-linear Analysis is performed, since global im-
perfections in sample with low slenderness do not play an important role. The procedure for the
long column starts with a Linear-elastic Buckling Analysis (LBA) to find the buckling shapes. The
deformation shape of the first mode is then implemented into a Geometric and Material Non-linear
Analysis with Imperfection (GMNIA) and amplified with an initial imperfection e0 according to
the draft document prEN 1993-1-14 [15]:

e0[mm] = max
{α · L

150
,

L

1000

}
(2.10)

The imperfection is a function of the buckling length in turn depends on the boundary conditions,
therefore three cases are investigated. First both hinges are free to rotate in all directions, the
second analysis is done with a top hinge and at the bottom a joint and the third is with two joints,
both fixed in all directions. The imperfections are computed with Equation 2.10 with the following
values:

– Imperfection factor: α = 0.21 according to Tab. 8.2 EN 1993-1-1 [16]

– Buckling length: LFree = L = 2000mm, LFree−fix = 0.7 ·L = 1400mm and LFix = 0.5 ·L =
1000mm

The value of the imperfection are 2.8 mm for the free case, 1.96 mm for the free-fix case and 1.4
mm for the fix case.

Analytical calculation

Moreover, a plausibility check is performed by calculating the plastic resistance of the steel and
composite columns according to the Euro Norm 1993-1-1 [16] and comparing it with the maximum
peak force from the numerical model. For the composite column the effect of the outer timber
veneer layer is accounted by adding the axial strength of the timber to the steel and by using a
composite stiffness, which considers the timber Young’s Modulus and the increased cross section.
The slenderness is therefore changed and computed in the following way:

λ =

√
fyAS + fc,ϕAT

Ncr · EIcomp
(2.11)

with:

EIcomp = ESIS + ET,ϕIT (2.12)
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The final calculation of the plastic resistance take into account the increased area due to the outer
veneer layer:

Npl = χ · (fSAS + fc,ϕAT ) (2.13)

The values used for the cross section area for timber and steel are summarised in Table 2.3. The
steel parameters are the following: ES = 210 GPa and fS = fy = 449 MPa according to Appendix
A. The timber values are taken from the compression tests on the timber columns, and both
stiffness and strength depends on the angle of inclination of the fibres ϕ.



Chapter 3

Results

In this chapter the results of the three laboratory tests as well as the numerical analysis described
in Chapter 2 are presented.

3.1 Four-point bending test
Twenty specimens have been tested with four point bending test, ten for each batch of timber veneer
and five for each direction (longitudinal and perpendicular to the fibres). For the longitudinal
samples a complete rupture did not occurred as shown in Figure 3.1, instead for the perpendicular
one a sudden and brittle failure append for all specimens as visible in Figure 3.2.

Figure 3.1: Sample BS-0-4 after the test Figure 3.2: Sample BS-90-1 after the test

The parameters measured during the four point bending test are the displacement of the cross head
and the force applied. From those values the bending strength of the timber veneer specimens in
the two main direction as well as the bending stiffness can be computed respectively with the
Equation 2.1 and 2.2. In Figure 3.3 are shown the force-displacement curves for each specimen
divided per batch and fibres inclination, for all category the curves are consistent with each other.
The longitudinal samples have overall an higher strength compared to the perpendicular ones,
while the ductility is similar. In Figure 3.4 is shown the variability of the bending strength over
all specimens for each category. Both for the longitudinal and the perpendicular, the strength of
the first batch is higher compared to the second. The values are more spread for the longitudinal
specimens and reaches higher values. The results of the bending stiffness are summarised in Figure
3.5, as for the strength the specimens with perpendicular fibres are less stiff compared to the
longitudinal. Contrary to the bending strength the stiffness reaches higher values for the second
batch. In Table 3.1 are summarised the mean value for each batch and each orientation.
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Figure 3.3: Force-Displacement diagram bending test

Figure 3.4: Bending strength

Figure 3.5: Bending stiffness

Sample Bending strength Bending Stiffness
[MPa] [GPa]

Stub-0 140.5 12.4
Stub-90 14.5 1.6
Long-0 118.2 17.8
Long-90 12.8 1.9

Table 3.1: Summary bending parameters
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3.2 Tensile test
Fourteen specimens for each batch are tested in tension, five of them have the fibres along the
loading direction (0), other five have the veneer fibres inclined by 15° and only four are tested with
the orientation perpendicular to the main axis. In Figure 3.6 and 3.7 are shown the two failure
mode respectively for the diagonal and perpendicular specimens. The longitudinal samples did
not reach the failure, because during the loading procedure the grips could not hold the specimen
fix and by increasing the tightening force a rupture in the area of the grips occurred. The values
of the tensile strength in longitudinal direction are therefore only the lower boundary and not the
ultimate strength.

Figure 3.6: Failure of diagonal sample Figure 3.7: Failure of perpendicular sample

The main parameters which define the behaviour in tension are the tensile strength and stiffness,
both of them are extrapolated from the stress-strain curves shown in Figure 2.41 using the Equation
2.3 and 2.4. From the following figure can be seen that some specimen had an uncommon behaviour
compared to the other one, for this reason sample Nr. 1 for the TS-0 batch, Nr. 2 for the TL-0
and TL-15 as well as Nr. 4 from the TL-90 are not taken into account for the calculation of the
strength and stiffness. With the exception of these four cases all other curves are consistent with
each other. The tensile strengths are summarised in Figure 3.9, it is visible that the strength
decrease with increasing inclination of the veneer fibres. The same can be said for the stiffness as
shown in Figure 3.10. The difference between the two batches is way less highlighted compared
to the bending behaviour. In Table 3.2 are summarised the mean value of tensile strength and
stiffness for the six category. By comparing these values with the one of the literature presented
in the previous Chapter there is a minor difference. Those are then used to calibrate the material
properties of the timber veneer in ABAQUS.

Figure 3.8: Stress-strain tensile test
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Figure 3.9: Tensile strength

Figure 3.10: Tensile stiffness

Sample Tensile strength Tensile Stiffness
[MPa] [GPa]

Stub-0 128.3 29.3
Stub-15 69.5 16.2
Stub-90 11.9 2.6
Long-0 115.5 33.1
Long-15 64.7 18.5
Long-90 10.6 1.9

Table 3.2: Summary tensile parameters
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3.3 Axial compression test
The results of the axial compression test on the columns are presented and subdivided per specimen
in the form of force-displacement curve, the displacement plotted is the mean values over the
measurements of the deformations of the three vertical LVDTs. The main parameters analysed
and compared are the stiffness and the maximum force.

Sample S-S-0

The first specimen tested is the pure steel profile, without any timber veneer around also called S-S-
0. In Figure 3.11 is shown the force-mean displacement curve superimposed with the measurements
of the strain from the DMSs. After an initial elastic phase with a stiffness in the first linear part
of 211.9 MPa, when reaching a compression force of around 410 kN and a displacement of 0.5 mm,
the plastic phase begins. Right after reaching the yield point, where all DMSs measured a strain of
0.2%, begins the plateau and the loading velocity is increased, this is the cause of the jump visible
in the graph. Afterwards is clearly recognisable an hardening phase until reaching the maximum
force of 459.9 kN, thereafter a decrease in the force happens and the test is stopped. The ductility
of this samples is pretty high since the steel column reached a displacement of almost 9 mm without
breaking. Figure 3.12 shows the S-S-0 column after the compression test, it is clearly visible an
elephant’s foot buckling deformation at the top of the sample. This is a typical instability for
cylindrical shell under compression.

Figure 3.11: S-S-0 Force-Displacement curve Figure 3.12: S-S-0 after compression

Sample S-ST-0

The first composite stub column tested is the one with the timber veneer fibres orientated along
the main axis of the column, also called S-ST-0. Figure 3.13 shows the force-mean displacement
curve for the test and the strain measurements. After a initial stiffer behaviour a decrease in the
inclination of the curve is visible. The elastic modulus of the composite column, accounting for the
increased cross-section area, is of 55.8 MPa. After the initial linear elastic phase, the steel reaches
the yielding point where the vertical black dotted line cross the loading curve, this means that after
this point the outer timber veneer layer is activated. The yield point of the composite column is
reached at a force of almost 555 kN and a displacement of ca. 0.8 mm. The plateau is reached and
after short time the maximum force of 575.3 kN is hit which is shortly followed by the decrease
in strength and the subsequently drop in structural stability. As for the previous one during the
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plastic phase the loading velocity is increased which caused a sudden increase in the force visible
in the figure. The column shows some ductility but way lower compared to the pure steel profile,
in fact the maximum displacement reached is of ca. 4 mm. Such smaller ductility could be caused
by imperfections in the surface where the load is applied. In fact even with small unevenness an
eccentricity can cause concentrating overload which results in early failure. In Figure 3.14 is shown
the sample S-ST-0 after the test. The upper timber layer is broken and some splits are visible,
the inner steel profile buckled in a similar way as the S-S-0 sample. The cracks clearly follow the
direction of the fibres, are therefore orientated along the height of the column.

Figure 3.13: S-ST-0 Force-Displacement curve Figure 3.14: S-ST-0 after compression

Sample S-ST-15

The second composite stub column is built with the timber veneer fibres inclined by 15° with
respect to the longitudinal axis, shortened with the name S-ST-15. In Figure 3.15 is shown the
force-mean displacement curve of the compression test with the strain measurements from the
DMSs. The initial elastic behaviour shows a small decrease in composite stiffness compared to
the previous one, the modulus of elasticity reaches a value of 54.0 MPA. When the yield point
of the steel profile is surpassed, meaning that all strain gauges have reached the yield strain of
steel of 0.2%, the timber is activated at a force of ca. 450 kN. The plastic phase begins after
reaching a force of ca. 500 kN and a displacement of 1.2 mm. The plateau shows some jump due
to the increase of the loading speed. A maximum force of 521.3 kN is reached and after hitting
a displacement of almost 7 mm a decrease in strength arises. The maximum displacement of this
composite columns is almost comparable to the one of the bare steel columns, indeed it reached a
value of 7 mm. A ductility similar to the steel profile was expected, the small discrepancy could
be due to imperfection in the wrapping of the timber veneer or by unevenness at the cross section
area. Figure 3.16 shows the S-ST-15 specimen after the compression test. On the bottom part is
visible that the timber veneer layers opened up and various cracks following the fibres and spread
along the height of the column. This is due to the inner steel profile, which added radial pressure
to the timber layer when it starts to buckle. The steel profile inside shows, as before, a typical
elephant’s foot buckling shape.
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Figure 3.15: S-ST-15 Force-Displacement curve Figure 3.16: S-ST-15 after compression

Sample S-T-0

After the composite columns the pure timber one are tested. The first has the veneer oriented
along the longitudinal direction of the stub column (S-T-0). The Figure 3.17 shows the force-mean
displacement curve. A much softer and brittle behaviour compared to the composite and pure steel
columns is observed. The elastic phase has an elastic modulus of 12.6 MPa and after reaching the
"yield point" at ca. 140 kN is followed by a short plastic phase. The a maximum force of 159.9
kN is shortly reached and then a sudden drop in the strength happens. With the Equation 2.6 is
possible to get the axial strength along the longitudinal axis, and results in fc,0 = 57.1 MPa. The
ductility of this sample is way smaller, the maximum displacement reached is of only 2.7 mm. In
Figure 3.18 is visible the sample S-T-0 after the test, contrary to the previous specimens almost
zero cracks are visible on the outside, but smaller cracks are present inside and mainly situated on
the upper part.

Figure 3.17: S-T-0 Force-Displacement curve Figure 3.18: S-T-0 after compression
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Sample S-T-15

The last stub column tested is the one built with inclined timber veneer fibres and without steel
profile inside, also called S-T-15. In Figure 3.19 is shown the force-mean displacement curve. An
even brittler behaviour is visible, the plastic phase does not even occur and a sudden loss in strength
after an initial phase with inclination of 10.2 MPa is noted after reaching a force of 93.0 kN. From
this peak force is possible to compute the compression strength with inclined fibres thanks to the
Equation 2.6: fc,15 = 33.4 MPa. The ductility is even smaller than the previous sample, in fact the
maximum displacement which the column could withstand is only of 1.1 mm. The sample S-T-15
after the compression test is shown in Figure 3.20, as the previous timber sample less splits are
visible situated this time in the bottom part.

Figure 3.19: S-T-15 Force-Displacement curve Figure 3.20: S-T-15 after compression

L-S-0

The long steel profile is tested as first, the force-mean displacement curve is visible in Figure
3.21. At the beginning the behaviour seams to be stiffer probably due to the fact that the LVDTs
needed some time to settle and start measuring the displacement. Afterwards the elastic linear
phase begins with a Young’s Modulus of 201.0 MPa, suddenly followed by a instability failure after
which the test is stopped. A maximum force of 375 kN is reached at a displacement of ca. 4.4 mm.
In Figure 3.22 is shown the deformed column, it is clearly visible that the maximum deformation
is situated at an height of ca. 0.7 of the length of the column. This could mean that the hinges
did not provided the wanted rotational freedom. The boundary condition are more similar to a fix
support.
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Figure 3.21: L-S-0 Force-Displacement curve Figure 3.22: L-S-0 after compression

L-ST-0

The first long composite column tested is the one with the veneer aligned to the longitudinal axis
of the element. As for the previous one in Figure 3.23 the force-displacement curve shows an initial
stiffer behaviour and then the linear elastic phase begins. This time the composite elastic modulus,
which account for the increased cross-section area due to the outer veneer layer, is of 54.7 MPa.
The maximum resistance is reached at a compression load of 477.8 kN. After reaching the peak
an instability failure occurred (global buckling), the force drop and the test is ended. The column
after the test is shown deformed in Figure 3.24, the deformed shape is less visible due to the outer
timber veneer layer, but as the previous one the boundary conditions seam to be more similar to
a fix joint rather than a rotational free one.

Figure 3.23: L-ST-0 Force-Displacement curve Figure 3.24: L-ST-0 after compression
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L-ST-15

The last column tested is the L-ST-15, with the veneer inclined by 15° with respect to the main
axis. In Figure 3.25 is visible the force-mean displacement curve, the same stiffer behaviour can be
noted. Moreover, due to technical issues with the vertical LVDTs interfering with the horizontal
one, the test was stopped an then continued, this is the cause of the horizontal jump visible in
the curve. Thereafter the linear elastic phase with a composite stiffness of 58.0 MPa is followed
by the same instability failure after reaching a maximum force of 446.2 kN. The deformed column
is visible in Figure 3.26, as before the curve is not highlighted due to the outer timber layer. The
bottom part is almost vertical, meaning that the hinge behaves more like a fix joint and blocks the
rotation.

Figure 3.25: L-ST-15 Force-Displacement curve Figure 3.26: L-ST-15 after compression

3.4 Numerical analysis

As explained in Section 2.3 a numerical model of each column is built. In the following section are
presented first the results from the calibration of the veneer material, then the results for stub and
long columns.

3.4.1 Timber calibration

The first step before performing the numerical analysis is to calibrate the timber’s parameters.
The needed value are the longitudinal and perpendicular axial strengths and elastic modules. As
presented before in Section 2.3.2 the Poisson’s ratios, the shear modules and strengths are taken
from previous works. From the material tests the elastic modules as well as axial strengths are
computed. All these parameters are highly dependent on the loading direction, from the four-point
bending test the values along and perpendicular the fibres are found. The same for the tensile test,
which in addition has a third inclination of 15°. Moreover, the axial tests performed on the pure
timber columns (sample S-T-0 and S-T-15) serve as additional material test in compression. The
dependency of the parameters on the inclination angle is analysed. In Figure 3.27 are shown two
subplots, on the left is visible the stiffness normalised with respect to the longitudinal stiffness
(Eϕ/E0) and on the right the same but for the axial strength (fϕ/f0). In green are shown the
results from the tensile test, in red the bending and blue the compression tests. It is highlighted
the fact that both stiffness and strength decrease with increasing loading angle.
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The perpendicular bending stiffness is 13% the longitudinal one, while for the tensile stiffness the
ratio between the two directions is slightly smaller and corresponds to 9%. Since for the compression
test only values for inclination 0°and 15°are known, an assumption for the perpendicular value has
to be made. The ratio between compression elastic modules Ec,90/Ec,0 is therefore assumed to be
equal to the mean value between the ratio for the bending and tensile stiffness, which corresponds
to 11%.
The axial strength has a similar trend, for the bending results the ratio between perpendicular and
longitudinal value is of 10% and for the tensile of 9%. Also for the axial compression strength only
values for an inclination of 0° and 15° are available from the tests. From the analytical formula
(13) from SIA 265 [17] the perpendicular axial compression strength is found with the Equation 3.1
reported below with the value for the axial compression strength fc,0 = 57.1 MPa and fc,15 = 33.4
MPa found from the timber column tests, the value for the perpendicular direction fc,90 = 1.45
MPa is extrapolated with α = 15°.

fc,α =
fc,90 · fc,0

fc,0 · sin(α)2 + fc,90 · cos(α)2
(3.1)

From this a first analysis on the behaviour of the compression strength depending on the inclination
is done and shown in light blue in Figure 3.27. The loss in compression strength from longitudinal to
perpendicular is way higher compared to the bending and tensile one. The ratio fc,90/fc,0 = 2.5%
is way smaller compared to the other two tests (ca. 10%). Therefore a second analysis is done by
assuming that the ratio between the two main directions is equal to the mean value of bending
and tensile results, which corresponds to 10%. In Table 3.3 are summarised the values of elastic
modules and axial strengths with 0° and 90° inclinations for the three different tests.

Figure 3.27: Timber parameters analysis

Tension Bending Compression
EL [GPa] 29.3 12.4 11.3
ET = ER [GPa] 2.6 1.6 1.23
f0 = fL [MPa] 128.3 140.5 57.1
f90 = fT = fR [MPa] 11.9 14.5 1.45 (from 3.1)

5.71

Table 3.3: Elastic modules and strength pro test
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To make sure that the parameters are right four simulations are done, one for each test. In
Appendix G are summarised the input value for the four simulations. In Figure 3.28 are shown
the results, the black curve stands for the compression test which is very similar to the numerical
simulation done with the compression stiffness and strength with the assumed ratio of 11% and
10% (blue curve). The second light blue dashed line is the simulation done with fc,90 = 1.45
MPa from Equation 3.1, the stiffness and maximum strength is identical to the previous one but
the behaviour is way more brittle than the experimental test. The red line is the results of the
simulation done with the bending strength and stiffness, it is visible that the initial linear elastic
behaviour is captured pretty well, the inclination is almost the same as the test but then the
ultimate strength is over-predicted. Instead the green curve with the tensile values does not fit at
all with the experimental results, this was already clear by looking at the values of tensile strength
and stiffness which are both way bigger compared to the compression tests. As conclusion the most
suitable parameters to model the behaviour of timber are the one of the dark blue curve, in Table
3.4 and 3.5 are summarised respectively the elastic and plastic input values used in ABAQUS to
perform all further simulations.

Figure 3.28: Comparison between timber model

ER ET EL νRT νRL νTL GRT GRL GTL

[MPa] [MPa] [MPa] [-] [-] [-] [MPa] [MPa] [MPa]
1’234.6 1’234.6 11’270 0.20 0.0603 0.0603 100 720 720

Table 3.4: Elastic input values

fy=fc,0 εp R11 R22 R33 R12 R13 R23

[MPa] [-] [-] [-] [-] [-] [-] [-]
57.1 0 0.10 0.10 1 0.1927 0.1927 0.1927

Table 3.5: Plastic input values
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3.4.2 Stub columns

The results form the numerical simulation of the axial compression test on the stub columns are
summarised as force-displacement curves in Figure 3.29. The black line corresponds to the pure
steel sample S-S-0, the initial elastic phase as a stiffness of 185.3 MPa, after reaching the yield
point an hardening effect can be seen. The maximum force reached is of 487.8 kN at a displacement
of ca. 16 mm. The ductility is therefore pretty high. The two red lines are the results for the
two composite columns S-ST-0 and S-ST-15. The darker one, with fibres inclination 0° reaches
the yield point after the steel profile, at a displacement of ca. 2 mm, the plastic plateau is then
reached up to maximum force of 663.5 kN. The computed composite stiffness is of 47.7 MPa. For
the composite column with 15° inclination (lighter red curve) the behaviour is very similar. The
stiffness is a little smaller and reaches a value of 43.1 MPa and on the other hand the maximum
force is higher with a value of 673.3 kN. The two smaller curves (yellow and orange) corresponds
to the two pure timber specimens, namely S-T-0 and S-T-15. For the former the maximum force
is of 170.6 kN and the later only of 136.9 kN. The stiffnesses in the initial linear part are similar
and reach respectively the value of 12.2 MPa and 10.4 MPa.

Figure 3.29: Numerical force-displacement curve for stub columns

3.4.3 Long columns

The modelling of the long columns is analogous to the stub one, with the only exception of the
boundary conditions. From a first simulation with the same boundary condition as the stub,
namely both hinges free to rotate in all directions the results do not match with the experimental
results. This is clearly visible in Figure 3.30 where the blue lines for all samples, pure steel L-S-0
as well as for the composite L-ST-0 and L-ST-15, are much lower compared to the test results
(black curve). From this first remark a second simulation is performed with a different type of
boundary conditions: the bottom hinge constrains the displacement in all direction as well as all
rotations. The results (red lines) are more in line with the test but still not exact. Therefore a
third analysis is done with both hinges fixed, the outcome are more satisfactory and best represent
the experimental results. Hence for all further simulations this layout of boundary conditions is
used.
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Figure 3.30: Comparison between boundary conditions

In Figure 3.31 are summarised the three final numerical simulation for the long columns. The
black curve is the result for the steel profile L-S-0, the first linear elastic phase have a stiffness of
210.2 MPa. After reaching the maximum force of 383.9 kN there is a lost in resistance. For the
composite columns both of them reaches higher maximum force 488.8 kN for the L-ST-0 and 472,3
kN for L-ST-15. The inclination in the graph is higher but the actual composite elastic stiffness,
accounting the increased CS-area is respectively of 53.7 MPa and 51.0 MPa. The two composite
columns show an increased ductility, in fact the peak force is reached at a displacement of ca. 6
mm. After reaching the peak all composite columns seams to still have some resistance, there is
not a sudden drop in the force. This is due to the boundary conditions, which are defined as two
joints and allow to have a smoother decrease in resistance.
An interesting parameter, which have an important effect on the behaviour of the composite
column, is the inclination of the veneer fibres. In Figure 3.31 is shown a fourth force-displacement
curve, which is for a column with the veneer inclined by 30°. A trend is clearly visible, by increasing
the fibres inclination the benefit in terms of force get progressively smaller.

Figure 3.31: Numerical force-displacement curve for long columns
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Imperfection influence

The second parameter which influences the behaviour of the columns under compression is the
external imperfection. According to the norm [15] as already explained in Section 2.3.3 the im-
perfection e0 has a magnitude of 1.4 mm, this is further increased to 2, 4 and 8 mm to see how
the resistance changes. In Figure 3.32 are shown four subplots, one for each column layout pre-
sented in the previous section, namely pure steel profile (L-S-0) and three composite columns with
different fibres inclination (L-ST-0, L-ST-15 and L-ST-30). In each subplot are shown four force-
displacement curves for the different imperfection magnitude. It is highlighted that with increasing
external imperfection magnitude the maximum force gets smaller and the curve flattens, the initial
elastic phase remains unchanged as well as the displacement at which the peak force is reached.

Figure 3.32: Imperfection influence on force-displacement curves
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Chapter 4

Discussion

In this chapter the results described in the previous one 3 are discussed. First the comparison
between the experimental results of composite and pure steel column is analysed for both stub
and long column. Then the relation between experimental, numerical and analytical results is
investigated, followed by the detailed analysis of some of the most important parameters, namely
the maximum force and the stiffness. Furthermore the influence of the imperfection on the overall
behaviour of the columns under axial compression is studied.

4.1 Composite action

In Figure 4.1 are shown two subplots, on the left are reported the experimental results for the stub
columns and on the right for the long specimens. On the left graph of Figure 4.1 it is clearly visible
that the pure timber specimens (orange and yellow curves) have the lowest strength and ductility,
which is a known characteristic of the material timber. Comparing the inclined sample S-T-15 with
S-T-0 is evident that the additional rotation of the veneer is disadvantageous in terms of strength
and ductility. The perpendicular direction of the veneer is loaded more and since the strength
in that direction is way lower compared to the longitudinal (fc,90/fc,0 ∼= 10%) the ultimate point
has a lower value. The pure steel column has an high ductility and strength as expected. With
the addition of the outer veneer timber layer around the steel profile there is indeed an increase
in the maximum carried force. Both composite stub columns exceed the strength of the S-S-0
sample by 20% and 13% respectively for the S-ST-0 and S-ST-15. This difference in resistance’s
increase is due, as for the timber columns, to the orientation of the veneer. The ductility on the
other hands is decreased by the addition of the outer layer, a similar value is reached for sample
S-ST-15 and S-S-0 while S-ST-0 has a decrease of ca. 44%. The cause of such poor results in
terms of deformation is the inevitable presence of imperfections due to the manual construction
of the composite columns. Unevennesses on the timber surface, where the load is applied, cause
eccentricities which lead to concentrated load in some part inducing this early failure.
For the long columns is evident that an instability failure occurred, since either the plateau or
hardening effect are present in the force-displacement curves. The only difference between the
steel profile and the composite columns is the strength reached, with the specimen L-ST-0 an
increase of 27% is achieved while for the L-ST-15 only of 19%. The ductility of the long columns
is slightly increased by the addition of the timber veneer with 0° inclination. The maximum
displacement for the steel profile is of ca. 4.2 mm, instead for L-ST-0 goes up to 5.2 mm. The
sample L-ST-15 reaches similar values as the L-S-0. Overall can be said that the outer timber
veneer layer constrains the global buckling of the long columns and delay the instability failure.
By comparing the stub column results with the long ones it is visible that there is a decrease in
the strength, this is due to the higher slenderness of the long columns which are more prone to
global instability failure.
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Figure 4.1: Stub/Long- experimental results

4.2 Numerical vs experimental behaviour

In Figure 4.2 and 4.4 are shown three subplots, one for each type of column: pure steel, composite
with veneer along the axis and composite with the veneer inclined by 15°. The blue curves represent
the experimental test results, whereas the orange dashed lines are the results of the numerical
simulations.
For the stub columns the fit between experimental and numerical is not perfect. The short steel
profile shows a smaller ductility compared to the ABAQUS results, this could be explained by
some imperfections in the profile or by unevenness in the cut surface which are not simulated in the
program. The same can be said for the S-ST-0 results, the actual column behaves way more brittle
compared to the model. The stiffness and the yielding point is caught pretty well but the specimen
suffered of an early failure. The later could result from imperfections in the wrapping procedure
or from unevenness in the surface where the load is applied. The last composite stub column
(S-ST-15) behaves very differently compared to the numerical results. Yield point, resistance and
ductility are over-predicted by the simulation. This is the only case in which the specimen with
inclined veneer fibres shows better numerical results compare to the longitudinal one. A possible
reason is that the timber material modelling is not that accurate due to the various assumption
made to for the inclined veneer. Probably in such small scale (28 cm) the effect of the interpolation
between direction has a greater impact on the results compared to the longer specimens.

Figure 4.2: Stub column’s force-displacement curves
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In Figure 4.3 are shown the comparison for the timber columns. On the left for the results for
the column without inclination in the veneer. The numerical an experimental results match pretty
well, initial stiffness in almost identical, and the maximum force reached is slightly over-predicted
by the simulation, while the ductility is slightly smaller. Those good results have to be critically
analysed since the results from the test are used to calibrate the properties of the timber material.
For the second timber column (S-T-15) on the left the results are not the same, the strength
according to the numerical simulation is way higher, as for the previous composite columns, this
could be caused by imperfection during the manufacturing process.

Figure 4.3: Timber column’s force-displacement curves

The comparison between numerical an experimental results for the long columns is shown in Figure
4.4. The test outputs are very similar to the ABAQUS one, in all three cases the inclinations of
the initial linear elastic phase are well caught as well as the maximum force reached. The only
difference is that the numerical simulation have a different behaviour after reaching the maximum
force, this is due to the type of constrains implemented in ABAQUS. In the experiment an hinge
free to rotate was used as support, at the beginning it behaves as a joint due to the high force
applied which increased the frictional resistance at the interface of the spherical part, but once
some eccentricity or tilt in the columns happens the hinges start to allow rotation. Therefore, in
the test results after reaching the peak force there is a sudden decrease in the resistance due to the
instability failure. This is not the case in the numerical model, since both boundary conditions are
fixed as joints for the entire test and have a post peak behaviour which still allow to carry some
force.

Figure 4.4: Long column’s force-displacement curves
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4.3 Experimental-Numerical and Analytical parametric in-
vestigation

As presented in Section 2.3.3 an analytical plausibility check is performed, this is compared with
the experimental and numerical results. The maximum force reached during the axial compression
tests is shown in blue in Figure 4.5, the numerical value in orange and in yellow the results from
the analytical computations. In Table 4.1 are summarised the vales and the errors with respect to
the experimental results.
For the stub columns there is a big difference between test and numerical simulation, as already
highlighted in the previous section. The magnitude of the error reaches 29% for the inclined
composite column and even 47% for the inclined pure timber specimen. It is not a surprise that
the worst results are for the specimens with inclined veneer. The simplistic modelling of the veneer’s
orientation is a huge assumption, is not clear how the software interpolates the properties of the
timber for directions different from the longitudinal, perpendicular and radial one. The result for
the timber column with zero inclination has to be critically analysed, because the experimental
results were used to calibrate the model, therefore the error is very small. On the other hand the
analytical values for the composite columns are more accurate, even better than for the pure steel
one. It can be said that the analytical computation for small specimens is reliable and give a good
first approximation for the maximum resistance.
The situation is rather different for the long columns, where the numerical results fit better with
the experimental than the analytical. The maximum error for the numerical values is of 6% and
it is no surprise that it is precisely the one for the inclined sample. Based on this findings, the
ABAQUS model is more suitable for longer structure than for shorter one, probably the local
effects in modelling the timber material with Hill’s criterion and with the inclination defined with
a local cylindrical coordinate have a bigger impact in small samples than for longer one.

Figure 4.5: Comparison between maximum force

Experimental Numerical Analytical
S-S-0 459.9 487.8 +6% 400.7 -12%

S-ST-0 575.3 663.5 +15% 579.7 +1%
S-ST-15 521.3 673.3 +29% 523.0 +0.3%
S-T-0 159.9 170.7 +7% -
S-T-15 93.1 136.9 +47% -
L-S-0 375.1 383.9 +2% 366.9 +2%

L-ST-0 477.8 488.8 +2% 530.1 +10%
L-ST-15 446.2 472.3 +6% 470.7 +5%

Table 4.1: Maximum force comparison [kN]
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The second parameter compared between numerical and experimental is the stiffness of the column.
As shown in Figure 4.6 the overall stiffness of the composite columns, by considering the entire
cross section, is smaller compared to the pure steel profile, but bigger than the one for the pure
timber column. Between stub and long columns the difference in the stiffness is small, meaning
that there is almost zero influence due to the length on the elastic behaviour of the columns.
Moreover, can be said that the veneer fibre’s inclination do not affect the stiffness. In fact the
value for S-ST-0 and S-ST-15 are almost identical, the same can be said for the timber and long
columns. In Table 4.2 are summarised the values with the respective errors, the same trend can
be seen as for the maximum force, for the stub columns the error is higher compared to the long
columns and the prediction of the stiffness for the inclined samples is less precise compared to the
longitudinal one.

Figure 4.6: Comparison between stiffness

Experimental Numerical
S-S-0 211.9 185.3 -12%

S-ST-0 55.8 48.7 -13%
S-ST-15 54.0 43.1 -20%
S-T-0 12.6 12.2 +3%
S-T-15 10.2 10.4 +2%
L-S-0 201.0 210.2 +5%

L-ST-0 54.7 53.7 -2%
L-ST-15 58.0 51.0 -12%

Table 4.2: Stiffness comparison [GPa]

4.4 Imperfection analysis

The results from the simulation with different magnitude of imperfection presented in section 3.4.3
clearly show that there is a decrease in performance by increasing imperfection. This change is
further analysed in Figure 4.7 where are shown the percentage force loss for each column with
respect to the imperfection defined by the norm. The pure steel profile have the highest drop of
15% in maximum force by an imperfection of 8 mm contrary to the L-ST-0 columns which have
a loss of only 10%. The columns with veneer inclined by 30°have a similar behaviour with a loss
of ca. 10.5% and the L-ST-15 is situated in between with a drop of almost 12%. The decrease in
resistance is not linear and by the steel profile is even more pronounced than for the composite
columns. The addition of an external layer of veneer timber decrease the effect of the imperfection
on the maximum resistance of the column.



46 4.4. Imperfection analysis

Figure 4.7: Percent force loss due to imperfections



Chapter 5

Conclusion

This master thesis has highlighted the benefit of combining two materials which at first sight do
not seam to be compatible. The manual construction of composite steel-timber columns, even if
challenging due to the length of the specimens, the inexperience and the relatively poor quality of
the timber veneer, is possible and results in samples with small inaccuracy considered all afore-
mentioned impediments.

The steel - timber veneer wrapped columns show an overall increased resistance against axial
compression. The composite action helps constraining local and global buckling, thereby delaying
the instability and consequently increasing the compression strength. For the short columns an
increase of 20% is achieved whereas for the long ones the increment is even higher with a value of
27% as shown in Figure 4.1. With the specimens S-ST-15 and L-ST-15 the effect of the inclination
of the veneer fibres on the resistance is analysed and it can be safely concluded that is disadvanta-
geous. This is caused by the orthotropic characteristics of timber, which is also highlighted by the
results of the axial compression tests on pure timber columns. The inclination angle’s dependency
of the axial compression strength is evident from the values of fc,0 = 57.1 MPa for S-T-0 and
fc,15 = 33.4 MPa for S-T-15. The decrease in resistance due to the increase of inclination of 15° is
of 9% for the stub columns and 6% for the long ones.

The numerical study done with the software ABAQUS 3D points out various interesting aspects
such as the relevance of material modelling, the huge role of the definition of the boundary condi-
tions as well as the effect of external imperfection on the behaviour of axially compressed columns.
The accuracy in modelling the timber veneer behaviour with the Hill’s yield criterion, as proposed
by Akter et al. [12], combined with the simplistic definition of the veneer fibre’s inclination seams
to be highly dependent on the size of the specimens. In fact the accuracy in the results for the
long columns is way higher compared to the stub ones, the former reaches an error in the range of
2-6% while the later arrives to value of 47%. On the other hand the results for the steel simulation
with the quadri-linear stress-strain relation proposed by Yun et al. [11] represent very well the
actual behaviour of the steel profile. In fact the error between experimental and numerical results
varies between 2 and 6%. Another important factor are the boundary conditions, especially for
long structure, where there is a major effect on the overall behaviour. Furthermore, the GMNIA
simulations done with different values of imperfection emphasise the benefit in having a compos-
ite structure, it reduces the negative effect of imperfections on the resistance as shown in Figure
4.7. As conclusion the modelling of the aforementioned columns with ABAQUS with Hill’s yield
criterion for timber and quadri-linear stress-strain relation for steel is possible and pretty accurate
results are achieved especially for longer samples.

47
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Outlook
Improvement in the numerical simulation could be done by modelling in a more accurate way the
hinges with a solid element with the actual geometry and material properties and by considering
the effect of friction. In this way the real behaviour of the hinges, which at the beginning act like a
joints and after some eccentricity starts to rotate, could be captured and more realistic results could
be achieved. Moreover, in terms of timber material modelling a subroutine could be implemented
to differentiate between tension and compression, in order to have more accurate results.
In terms of experimental study more columns should be tested, the construction procedure could
be improved with automatic vacuum machine and parameters such as the thickness of the timber
layer, length and slenderness would be interesting to investigate. Furthermore, the effect of the
outer veneer layer on the fire resistance should be analysed.
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Č.ext.obj. - External order No. - Externauftragsnummer:

DE220823
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65294

Č.obj.príj. - Consignee order No. - Auftrags Nr.des Empfängers:

4501913894
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- Werksauftragsnummer:

SA 255573/1/3   324A379

Číslo dopravného prostriedku - Transport No. - Waggon Nr.:

BJ709CK BJ988YD

Zákazník/Príjemca. - Customer/Consignee - Besteller/Empfänger:

Van Leeuwen Deutschland GmbH & Co.KG

Am Schlütershof 30

47059    Duisburg

GERMANY

Číslo ložného listu - Loading Bill No. - Ladebrief Nr.:

3024907

Výrobok - Product - Erzeugnis:

Rúry oceľové bezošvé, valcované za tepla - rúry pre tlakové účely

Seamless hot finished steel tubes - Tubes for pressure purposes

Nahtlose warmgewalzte Stahlrohre - Rohre fur Druckbeanspruchungen

Vonkajší priemer - Outside diameter

- Aussendurchmesser: 82.500 mm

Hrúbka steny - Wall thickness - Wanddicke: 3.600 mm

Dĺžka - Length - Länge: 6000.000 mm   [-0 +500]  mm

Počet kusov - Number of pieces - Stückzahl: 38

Celková dĺžka - Total length - Gesamtlänge: 230.00 m
Celková hmotnosť - Total mass
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Pečiatka závodného znalca - Works inspector's
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Technické predpisy - Technical requirements/Demand - Prüfgrundlagen/ Anforderungen:

AD 2000-Merkblatt W4, VdTUV Werkstoffblatt 354/2,    DIN 1629 :1984,    EN 10210-1 :2006,    EN 10216-3 :2013,

EN 10297-1 :2003,    EN 10220 :2002,    PED 2014/68/EU
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Dĺžka
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Druh ocele - Steel grade - Stahlsorte:

úplne ukľudnená oceľ - fully killed steel - vollberuhigter Stahl

Úprava povrchu - Surface protection - Oberflächenschutz:

Bez úpravy povrchu (neolejované) - Without surface treatment (without oil) - Ohne Oberflächenbehandlung (ungeölt)

Chemické zloženie - Chemical composition - Chemische Zusammensetzung:
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C
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0.90
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---
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Rádioizotopická aktivita je max. 100 Bq/kg.

Radioisotopic activity is max. 100 Bq/kg.

Radioisotopische Aktivität ist max. 100 Bq/kg.

Skúška vírivými prúdmi vyhovela EN ISO 10893-1. 100%.

Eddy current test without objections EN ISO 10893-1. 100%. .

Wirbelstromprüfung ohne Beanstandung EN ISO 10893-1. 100%.

Skúšky ťahom za tepla podľa AD 2000-Merkblatt W4, časť 3.3 neboli vykonané so súhlasom TÜV NORD Systems, TÜV-file:18B03/012.

With the approval of TÜV NORD Systems,TÜV-file:18B03/012, hot tensile tests according to AD 2000-Merkblatt W4, section 3.3 have not been
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zahŕňa predmetné výrobky.
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The certificate 07/202/9150/WZ/0915/20 with the validity till 02/2023 was issued by the Notified Body TÜV NORD Systems GmbH, Code 0045.

The mentioned products belong to the certificate validity range.

Der Hersteller hat ein spezifisch beurteiltes Qualitätssystem für die Werkstoffe nach dem Artikel 4.3 und 7.5, Anhang I der Direktive DGRL

2014/68/EU. Das Zertifikat 07/202/9150/WZ/0915/20, gültig bis 02/2023, wurde von der Benannten Stelle TÜV NORD Systems GmbH,

Kennummer 0045 erstellt. Die aufgeführten Produkte sind im Geltungsbereich des Zertifikates eingeschlossen.

Všetky výrobky vyhovujú vyššie uvedeným normám a požiadavkám v objednávke.

All products meet requirements of above mentioned standards and requirements specified in the order.

Alle Produkte entsprechen den o.a. Normen und Forderungen in der Bestellung.

Vizuálna kontrola a rozmery vyhoveli (100 %).

Visual inspection and dimensional check without objections (100 %).

Visuelle Kontrolle und Abmessungskontrolle sind in Ordnung (100 %).
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Geometry tensile specimens
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Appendix F

Steel Quadri-Linear Stress-Strain
relation
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Appendix G

Calibration timber parameters
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