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FOREWORD

With every year coming, timber structures are becoming increasingly popular in
the construction of new buildings and structures. Over the past 10 years, timber
structures have been used in multi-storey residential and office buildings. The
appearance of new timber-based materials, such as Cross Laminated Timber (CLT) and
Laminated Veneer Lumber (LVL) has opened up new opportunities for designers and
architects. Also, there is a constant development and improvement of joints of timber
structures, which means that new kinds of connections are being developed thanks to
modern technologies. All the changes in the development of timber structures are
reflected in the normative documents and standards of each country.
As a rule, specialists from Eastern Europe (in particular, Ukraine and Belarus) fail
to take part in European and world conferences due to a number of reasons, including
the language barrier, difference in terminology, and financial expenses. However, there
is a strong need for the exchange of experience and for the dialogue of specialists.
Therefore, the conference was supposed to become a platform for communication.
Timber structures in the countries of Western Europe (EU) and in Eastern Europe are
developing differently. Today, the design standards for timber structures in Ukraine and
Belarus contain many recommendations borrowed from Eurocode-5, which allows us to
have a common discussion, especially in the light of the forthcoming changes to the
new version of Eurocode 5: 2022, which is another interesting issue to discuss.

ANDRII BIDAKOV
Chair of EECTC

A number of reports were presented at the conference, the contents of which are
not reflected in the conference proceedings. These reports are as follows:
 Screwed connections and reinforcements for engineered timber structures
(H.J.Blass)
 Analysis of the innovative X-RAD connection system for CLT buildings
(F. Nebiolo)
 Timber-concrete composite constructions: state-of-the-art and perspectives
in Ukraine (D. Kochkarev, B. Strashko)
 Rothoblaas – solutions for building technology (A. Beilins)
The organizers and participants of the conference are grateful to the authors of
these interesting and informative presentations.

For updates and further information please visit:
www.eectc.pro
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BEECH GLULAM - EXPERIMENTAL STUDIES ON THE MECHANICAL
PROPERTIES AND ON THE PERFORMANCE OF SCREW CONNECTIONS

ROBERT JOCKWER

THOMAS EHRHART

jockwer@ibk.baug.ethz.ch
ETH Zürich, Switzerland

ehrhart@ibk.baug.ethz.ch
ETH Zürich, Switzerland

ABSTRACT

Beech is the most important hardwood species in Swiss and most other Central
European countries’ forests and there is a high interest in using beech hardwood for
applications in timber structures. In this paper, the results of extensive experimental and
numerical investigations on the bending behaviour of glued laminated timber beams
made from European beech wood (Fagus sylvatica L.) are reported and discussed.
Existing design codes and standards do not account for the special requirement of
connections in hardwood. Different screws with full thread, double thread and partial
thread were tested at ETH Zürich in solid timber boards and glulam made of beech. The
research presented in this paper shall contribute to the successful application of beech
hardwood in structures.
KEYWORDS: hardwood, European beech, glued laminated timber, GLT, material

properties, connection, screw.
1 INTRODUCTION

European beech (Fagus sylvatica L.) is the dominating hardwood species in
Central European forests. Its proportion of the total hardwood resources in Austria,
Germany, Slovenia, and Switzerland is steadily growing and currently reaches 56 to
82 % [1]. In Switzerland, the proportion of European beech of the total wood resources
is today about 19 % (Figure 1). European beech is not only widely available; its
mechanical properties also exceed the strength and stiffness characteristics of most
softwoods significantly [2].
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Figure 1: Proportion of European beech of the total wood resources in
Switzerland.
Notwithstanding its widespread availability and great potential, the use of
European beech timber for structural purposes has been very limited so far. One reason
frequently reported to hinder a more widespread use of European beech and other
hardwood timber species for structural purposes is the lack of standards regulating the
production process, the quality control, defining mechanical properties for structural
design, and design guidance.
In order to contribute to a better understanding and the future standardisation of
glued laminated timber (GLT) made from European beech wood, extensive
experimental investigations on GLT beams made from European beech wood have been
carried out.
In order to build larger structures from hardwood GLT performant connections are
necessary. Self-tapping screws allow building connections with high load-carrying
capacity in a variety of different applications. The knowledge of the performance and
the design of self-tapping screws in hardwoods are scarce. Tests for the determination
of embedment strength and tests on dowelled connections using different hardwood
species are reported in [3]. Hübner [4] performed a comprehensive study on the
withdrawal capacity and embedment strength of self-tapping screws and dowels in
different hardwoods.
In order to get a better understanding of the structural behaviour of screw
connection in beech glulam and in order to determine recommendations for design and
for application in practice, insertion, withdrawal and shear tests have been carried out at
ETH Zurich.
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2 MECHANICAL PROPERTIESOF BEECH GLULAM

2.1 Material: Beech wood
A total of 5740 European beech timber boards from four sawmills located in the
Swiss cantons Aargau, Bern, Jura, and Zurich were strength graded according to [5] and
assigned to strength classes T26, T33, T42, and T50.
The density, dynamic MOE (determined by measurement of the natural frequency
in longitudinal direction), fibre deviation, and knot sizes and locations were measured
and documented for all timber boards. It was assumed these boards would allow
producing GLT beams of strength classes GL 40c, GL 48c, and GL 55c.

Figure 2: 4-point-bending test according to EN 408 [6] on a GLT beam 15.2 m long
and 800 mm high.
2.2 Experiments
2.2.1 Bending tests
GLT beams with heights h of 200, 400, 600, and 800 mm, lengths l = 19 h, and
belonging to three strength classes, were produced and tested in 4-point bending (Figure
2) according to [6], to determine the bending strength, bending MOE, and the shear
modulus.
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2.2.2 Shear tests
No standardised setup is available for the determination of shear strength of GLT.
In order to obtain information on both (i) the shear properties of beech GLT and (ii) the
influence of the test configuration itself on the determined properties, different shear
test setups were used.

Figure 3: Short span 3-point bending test of a GLT beam with I-shaped cross section,
h = 400 mm.
Short span 3-point bending tests on GLT beams with I-shaped cross sections
(Figure 3) were one approach to determine the shear strength of European beech GLT.
Beams with a height of h = 200, 400, and 600 mm were used. The span of the beams
was l = 2.5 h.
The second method used to determine the shear strength was a compression-shear
test, which based on the setup described in EN 408[6]. Only beams with a height of
h = 200 mm were tested using this setup. The angle between the load axis and the
longitudinal direction of wood was 14 ° (Figure 4).

Figure 4: Compression-shear test based on EN 408 [6]
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2.2.3 Compression tests
Compression tests according to EN 408 [6] were carried out to determine the
compression strength and MOE parallel to the grain. Specimens with quadratic cross
sections of a = 150, 200, and 280 mm and a length of l = 2.5 a were tested (Figure 5).

Figure 5: Setup according to EN 408 [6] for the determination of compression
strength and MOE parallel to the grain.
2.3 Results
The main results of the experimental tests on GLT made of European beech are
summarised in Table 1. As the data analysis is currently ongoing, the range of the
strength and stiffness values (minimum and maximum values) is given for European
beech GLT. As a reference, the characteristic strength and stiffness properties of
commonly used softwood GLT of the strength class GL 24c is given in Table 1.
It has to be outlined that the range of strength and stiffness properties of European
beech GLT may not be compared with the characteristic values of softwood GLT. The
relative difference of expected characteristic values for European beech GLT and
GL 24c is also given in Table 1.
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Table 1: Overview to the results of the experimental testing of GLT beams made of
European beech timber, values in MPa.
Beech GLT
GL 24c
Exp. diff.
[MPa]
[MPa]
[%]
1)
2)
Range
fc,0
55.8…67.7
21.5
+80
Ec,0
14700…17300
12000
+25…40
fm
48.2…95.6
24.0
+65…130
Em
13700…16900
12000
+20… 35
fv
8.1…17.4
3.5
+100
Gv
850…1160
650
+60
1)
5%-fractile values are given for strength
properties, mean values are given for stiffness
properties.
2)
Expected relative difference on the 5%-fractile
level (strength) and mean level (stiffness).
Property

3 PERFOMANCE OF SCREW CONNECTIONS

Self-tapping screws are modern fasteners offering high performance and flexibility
for various applications. They exhibit high resistance when loaded in axial direction.
The load-carrying capacity of screws depends on their geometrical and material
properties which are optimized by the manufacturers for specific applications.
The geometry of the screw is defined by its outer thread diameter d, the inner core
diameter of the threaded part dcore and for screws with a partially unthreaded shank the
shank diameter ds. Screws with two threaded part have commonly different steepness in
the two threads. The thread at the side of the screw head has often a lower steepness and
a larger diameter than the thread at the side of the screw tip. The total length l of the
screw has to be reduced for the design by the length of the screw head and the screw tip.
The length of the threaded part lg can be used for the transfer of axial forces between the
screw thread and timber. Along the length of the unthreaded part of the screw ls, no load
transfer is possible.
The geometry of self-tapping screws is optimized with regard to their specific
application needs. A drill tip is often applied in order to avoid the need of predrilling the
hole. However, depending on the diameter of the screw and the density of the timber,
predrilling can still be necessary. This is especially the case for timber from hardwoods
such as beech. Hence, naming all the screws as “self-tapping” can be misleading. The
shape of the screw’s head can be adapted to the requirements of the pull-though
resistance, e.g. milled ribs at the head can facilitate the countersinking of the head.
Screws with a partially unthreaded shank often have a secondary milling thread between
the threaded and the unthreaded parts, to widen the diameter of the screw hole and to
reduce the friction in the unthreaded part of the screw.
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When describing the resistance of screws it is distinguished between axial and
lateral load-carrying capacities. The structural behaviour in the lateral direction is
similar to other dowel-type fasteners, whereas the structural behaviour in axial direction
is specific for screws. In the following chapters the need for predrilling and the
resistances in both directions are evaluated for an application in solid timber and GLT
from beech hardwood.
3.1 Material: Screws
Self-tapping screws with full thread, double thread and partial thread as shown in
Figure 6 and Table 2 were tested. The screws were tested in glulam made of beech
lamellas and in solid timber boards. The boards were graded with regard to density and
the density of the lamellas penetrated by the screws was determined after the tests.
Table 2: Name and dimensions of screws used in the tests.
Manufacturer & name

Diameter d
[mm]
SFS
WT-T
6.2
Powerfast
8
WT-T
8.5
WT-T
8.5
WR-T
13
WB
16
WB
20
Würth
Assy
6
Assy
6
Assy
8
Assy
10
Assy
10
Assy
14
Sherpa
8
*)
Specimen of l ≈ 500 mm were cut to length from threaded rods of 3 m length.
SFS WR-T and WT-T

SFS Powerfast

Würth Assy VG

Sherpa

Length l
[mm]
220
220
160
220
400
500*)
500*)
160
220
160
160
260
800
180

Figure 6: Selection of different screws tested for insertion moment, withdrawal and
shear
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3.2 Insertion tests
For the insertion of self-tapping screws two things are of major importance: the
easiness of the insertion at the beginning of the screw-in process and the torsional
moment during the screw-in process. The torsional moment during the screw-in process
has to be smaller than 2/3 of the torsional resistance of the screw in order to not break or
overload the screw during the insertion process. By predrilling the screw the insertion
moment can be reduced. According to EC5 the holes for dowel-type fasteners have to
the predrilled for densities greater than 500 kg/m3. Information about the diameter for
the predrilling is not given. Predrilling is necessary in order to reduce a) the risk of
splitting during insertion of the fasteners and b) to reduce the torsional moment acting
on the screw during screwing-in and the axial force acting on the nail during insertion,
respectively.
The evaluation of the easiness of the insertion of the screws at the beginning of the
screw-in process could not be measured objectively but was more a subjective rating
that strongly depends on the applicant, the available tools and the preparation of the
timber surface. The large variety of different screws with different screw tip lead to
different screw-in experience. In order to allow for an easy start of the screw-in process
a slender and pointed shape of the screw tip should be preferred compared to a stout
shape as shown in Figure 7. A short predrilling of holes of few centimetres depth
simplifies the screw-in process considerably: as soon as the thread of the screw is
anchored sufficiently in the timber all screws showed a good screw-in behaviour.

Figure 7: Examples of different screw tips.
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Insertion tests for the determination of the torsional moment in dependency of
screw-in depth and predrilling diameter were performed. The arrangement of the
measurement and installations devices is shown in Figure 8: An electric screwdriver
was equipped with a gearbox with a lever arm in order to apply higher torsional
moments of more than 60 Nm. Ahead of the gearbox the load cell for the determination
of the torsional moment was installed.

Figure 8: Electric screwdriver with gearbox and load-cell.
The results of the measurements of torsional moment are given in the following
chapters.
3.2.1 Impact of predrilling diameter
The torsional moment for different predrilling diameters in dependency of the
positions along the screw-in depth is shown in Figure 9. The diameter of the predrilled
holes was varied between ddrill = 0 (no predrilling), ddrill ≈ 0.95·dcore and
ddrill ≈ 1.05·dcore. A considerable difference in the torsional moment can be seen for the
cases without and with predrilling. If the screws are not predrilling the limit of 2/3 of
the torsional resistance of the screws is exceeded at longer length. With predrilling the
torsional moment is far below this limit is independent of the predrilling diameter. It can
be concluded that predrilling with a diameter in the range of the core diameter is
necessary.
When looking at Figure 9 two additional characteristics of the curve of the
torsional moment can be seen: as soon as the screw head reaches the timber surface the
torsional moment increases considerably and exceeds the limit of the torsional
resistance in the case of the screw without predrilling. Hence, it should be paid special
attention for the careful tightening of the screws. For screws with small cylindrical
screw head the increase in torsional moment is smaller and such screws should be
preferred for use in hardwood. In addition several peaks can be observed along the
curve which correlates to the position of the different lamellas of the GLT.
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Figure 9: Torsional insertion moment for different predrilling diameter in
dependency of the screws in depth. .
3.2.2 Impact of screw-axis-to-grain direction.
No major differences were observed for different screw in angles in direction
parallel or perpendicular to the grain direction. The only clear difference is that the
peaks observed for the screw in perpendicular to the grain in dependency of the lamellas
of the GLT are not observed for the screw in direction parallel to the grain. The screw is
placed always within one single lamella and is not as much affected by density
differences between different lamellas or by earlywood/latewood differences.

Figure 10: Torsional insertion moment for screw in angles parallel and
perpendicular to the grain in dependency of the screws in depth.
3.2.3 Impact of screw shape
For screws with double thread and two different slopes of the thread the torsional
moment increases constantly as soon as the second thread enters the wood. For the
16

screws shown in Figure 11 the impact of the screw head on the increase of insertion
moment is minor.

Figure 11: Torsional insertion moment for screws SFS WT-T 6.2 with double
thread in dependency of the screws in depth.
3.3 Withdrawal tests
Hübner [4] gives a comprehensive review of literature on the withdrawal capacity of
screws in soft- and hardwood. In addition he investigated the withdrawal capacity for
screws and rods on glulam made of ash and robinia and on solid timber of beech. The
specimens were predrilled and reinforced to avoid transverse tension splitting. The
density was in average 752 kg/m3 and the moisture content 11 %. The test results were
evaluated using two different models for accounting for the screw-axis to grain angle α:
the Hankinson Model and a bilinear model. The Hankinson model shows a good fit with
the mean values whereas the bilinear models shows a better fit with the 5-% fractile
values. For screw-axis to grain angle smaller 30° the withdrawal capacity shows a
considerable decrease, which is partly provoked by tension-perpendicular to the grain
splitting for the screws inserted in end-grain.
The following equation for withdrawal capacity on mean level for screws in
hardwood is proposed by Hübner:
Rax , mean 

1.61 0.675
2.59 103 lef0.965 12
d

sin 2   1.20 cos 2 

(1)

The following equation for withdrawal capacity on characteristic level for screws in
hardwood is proposed by Hübner:
For 30° ≤ α ≤ 90°:

Rax, k  2.2  103 lef k1.6d 0.66
For 0° ≤ α < 30°:
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(2)

Rax, k  2.2 103 lef k1.6 d 0.66

(3)

 1  0.0130   

The effective thread length lef of the screw in the wood is the nominal length
reduced by the length of the screw tip or the shank.
It is the goal of this study to validate the equations proposed by Hübner for the
Beech GLT and to study the impact of additional parameters. Withdrawal tests were
performed in order to determine the impacts of the following parameters:
 Larger diameters of screws and threaded rods
 Screw-axis to grain angle
 Effective thread length
 Diameter of the predrilled holes
A sketch of the test setup is shown in Figure 12. The screws were inserted into the
timber until the screw tip penetrated the reverse timber surface.

Figure 12: Sketch of the test setup for the determination of withdrawal strength.
The withdrawal tests were performed deformation controlled with a speed to reach
failure within approximately 300s. The withdrawal deformation was measured at the
loaded end of the screw. The withdrawal strength was calculated from the maximum
load according to Equation (4).
f ax 

Fmax
  d  lef

(4)

In contrast to this definition the withdrawal parameter fax = Fmax/d·lef according to
EN 1382 [8] is higher.
3.3.1 Impact of screw diameter
The withdrawal strength decreases with increasing diameter of the screw as shown
in Figure 13. This effect is accounted for in EC5 by an exponent of the diameter of -0.5.
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Figure 13: Impact of screw diameter d on withdrawal strength for different
screw-axis to grain angle.
3.3.2 Impact of screw-axis to grain angle
The majority of the withdrawal tests were performed for screw-axis to grain angle
parallel and perpendicular to the grain. In direction parallel to the grain the withdrawal
strength is smaller compared to other angles as shown in Figure 14. At this angle the
risk of splitting is high which might cause premature failure. The bilinear shape of the
parameter to account for the screw-axis to grain angle fits well the test results.

Figure 14: Impact of screw-axis to grain angle on withdrawal strength for
different screw diameter d.
3.3.3 Impact of screw-in / effective thread length
The withdrawal strength of screws is hardwood is considerably higher compared to
softwood. This requires smaller screw-in length in order to achieve ultimate capacity
19

which is limited by the tensile capacity of the screw. A pronounced impact of the screwin length on the withdrawal capacity could not be observed as shown in Figure 15.

Figure 15: Impact of screw-in length on withdrawal strength.
3.3.4 Impact of predrilling diameter
The impact of predrilling diameter on the withdrawal strength is shown in Figure
16. In the individual tests the decrease of withdrawal strength for the predrilled screws
is in the range of 10-20%. This reduction has to be rated against an much lower
insertion moment for predrilled screws and the extra work for predrilling process. The
withdrawal strength is more or less independent of the predrilling diameter in the range
of ddrill = 0.8 - 1.2 dcore.

Figure 16: Impact of screw-in length on withdrawal strength for two different
screw-in length.
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3.3.5 Shear tests
The lateral resistance of a connection with screws consists of portions from
shearing of the fastener and from the rope effect leading to friction between the
members:

Rconnection  Rshear  Rrope effect

(5)

If sufficient timber thickness is satisfied the failure mode with plastic hinges in
the fastener according to the EYM can be achieved as follows:
Rshear 

2
2 M y f h,1d ef
1 

(6)

Where β = fh,2,k / fh,1,k is the ratio between the embedment strength fh of the
members, My is the yield moment of the fastener and def is the effective diameter of the
screw. This effective diameter depends on the location of the yield moment. For fully
threaded screws and in cases where the shank part of the screw is at a larger distance
than 4d from the shear plane between the member the effective diameter is def = 1.1 d1.
In other cases the effective diameter is equal to the diameter of the shank ds.
In EC5, no specific embedment strength is specified for screws. The equations derived
by Whale and Smith [9] for nails and dowels are to be used:

f h  0.082 1  0.01d 

(7)

A more detailed evaluated of the test data by Leijten et al. [10] gives the following
regression function for Hardwood:

f h  0.08711.091d 0.253

(8)

A comparison of the different equations is given in Figure 17.

Figure 17: Embedment strength from test on dowels in predrilled holes in softand hardwoods in relation to the density and comparison with
equations from EC5 and [10] based on diameter d = 14 mm, loaded
parallel to grain.
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The portion of the rope effect arises from the relative contraction of the screw
when loaded perpendicular to its longitudinal axis, which leads to compression forces
acting between the members. The friction coefficient between timber members is
assumed to be μ = 0.25 in EC5. The axial capacity of the screw is limited to the
minimum of withdrawal and tensile capacity. However, the portion of the rope effect on
the total lateral resistance should be smaller than the portion of the EYM according to
EC5.
In shear tests the impacts of the following parameters was determined:
 End-grain distance a1
 Spacing parallel to grain a1
 Spacing perpendicular to grain a2
 End-grain distance a3,t
 Edge distance a4
 Effective number of fasteners nef
The test setup is shown in Figure 18. The screwed connections were tested in double
shear lap-joints. The test were carried out load controlled. The individual deformation
between the middle and side members was recorded up to a load of approx. 0.4Fmax.
Beyond this load the LVDT were removed and only the total (machine) deformation of
both connection was recorded.
a1,t a1

a1
a2,c
a2
a2,c

b

a1,t

a1

a1

t
t
t

Figure 18: Sketch of the test setup for the lap-joints tests with denotation of
spacing and distances.
In Figure 19 the load per screw and shear plane is shown in dependency of the
deformation of the testing machine for screws with d = 8.2 mm. The different loadcarrying capacity and the different deformation capacity of the two configurations can
be observed. The specimens with an end-distance of a1 = 10 d show a much higher
degree of ductility.
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Figure 19: Load deformation behaviour of a shear connection with different end
distance.
In order to achieve adequate deformation capacity and to allow for load
redistribution between larger number of screws in a row, the higher end-distance
a3,t = 10d should be satisfied.
4 CONCLUSIONS

The results from the tests confirm the great mechanical potential of European beech
timber and its use as raw material for the production of GLT.
The application of screws in hardwood requires special consideration with regard to
e.g. the predrilling of holes. If correctly inserted and if optimal spacing and distances
are satisfied high capacity connections can be realized with screws in beech hardwood.
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ABSTRACT

The joint of the LVL elements with glued-in steel rods and metal connector is
considered to be semi-rigid connection and, therefore, it requires compliance to be taken
into account. The paper analyzes the results of tests either on LVL beams with a metal
connector and the glued-in steel rods or solid LVL beams. The model of rod destruction
in LVL is proposed, which makes it possible to reduce the spacing between the rod
axes, as well as the distance from the rod axis to the edge in the cross section of the
beam. The proposal is based on the analysis of the conducted research.
KEYWORDS: glued-in steel rods, semi-rigid connection, laminated veneer lumber

(Ultralam – R), axes and edge distance, model of rupture, two side fixing.
1 INTRODUCTION

Laminated veneer lumber (LVL) made of coniferous timber and produced by
Ultralam and Kerto is a popular material on the timber construction market. It attracts
not only customers, but also designers due to its high strength characteristics and the
cost, which is slightly higher than that of glued laminated timber (GLT). Veneer
structure of LVL requires additional tests of classical types of timber structure joints.
These are often used for laminated timber elements. As a result of the tests of LVL
beams with metal connector, it was discovered that their behavior and destruction
pattern differ from GLT. It requires correction of the diameters of the pre-drilled holes
and changing the distances between the dowels parallel and perpendicular to the grain.
The peculiarities of LVL beams with glued-in steel rods have aroused great research
interest among the colleagues from different countries, including M. Stepinac, R.
Steiger, E. Gehri, A. Buchanan, E.Serrano, N. Meyer, and others. Glued-in steel rods as
a rigid joint of timber structures are an integral engineering solution for nodes when
designing the skeleton of large-span buildings in the CIS countries. The experience of
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the CIS countries shows that using glued-in steel rods is cheaper than screw joints,
which are popular in Western Europe and offer an alternative to glued-in steel rods.
The joint of timber structures with glued-in steel rods is possible in two variants:
the joint of timber-to-timber or glued-in steel rods welded to a metal element (Figure
1a) and joining timber elements with the help of a metal connector on bolts (Figure 1b).

ɚ) rigid joint of beam and a moment joint in a three-hinged frame

b) semi-rigid joints
Figure 1: Rigid and semi-rigid joints with glued-in steel rods
Rigid joints are usually prefabricated, whereas semi-rigid joints are more and
more often used in combined frames or complex structural systems where construction
without metal elements would be impossible.
In semi-rigid joints of timber structures with glued-in steel rods, the compliance
of bolted joints consists of deformations of bolted joints and also of the compliance of
the glued-in steel rods. The latter is correspondingly much smaller than the compliance
of bolted joints. The compliance is 0.001 mm/kN for inclined glued-in steel rods
according to the Russian norms SP 64.13330.2017 [1]. There are a number of methods
to make the necessary allowance for the compliance of dowel connections in timber
structures, such as trusses. A large number of nodal junctions in trusses elements have a
significant effect on the magnitude of the total deformation of the structure or
deflection. It is especially important to determine the deflection of trusses with lower
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height. In the work of prof. E.N. Serov [8] it is indicated that considering the specific
normative values of compliance of compounds and the arbitrary use of their bearing
capacity, the value of deflection caused by the compliance of joints with regard to the
forces acting in them should be determined according to the following formula:
(1)
where
fп.н. deformation of compliance in tension dowel joints;
fп.в. deformation of compliance in the angle joints and buffer stops;
k
number of dowel joints;
m
number of joints on the angle joints and buffer stops;
Δнi
the normative value of compliance of the i-th joint at its full load-carrying
capacity;
Nci force in the i-th joint;
Nн.ci load-carrying capacity of the i-th dowel joint;
σαсмi compression stress perpendicular to the grain in the i-th joint;
Rαсмi design resistance of compression perpendicular to the grain in the i-th joint.
The SNiP manual (design of timber structures) [10] recommends to calculate the
displacement of trusses nodes taking into consideration the compliance of joints
according to the rules of structural mechanics with the help of relative modulus of
elasticity (paragraph 6.29).
2 MATERIALS AND METHODS

Tests on nodal joints with glued-in steel rods and metal connector were carried out
in 2016. A metal connector was installed in the middle of a LVL beam. The test method
and the location of measuring devices for detecting deformations are shown on Figure
2. The beams are made of LVL Ultralam (type R), where the grain runs in the same
direction as in all the veneer layers. Tests on the beam with a node became the final and
the most important logical step in the research cycle devoted to LVL [7, 9], which also
included tests of strength and elastic characteristics in case of compression at different
angles, shear tests of specimens and pull-out tests on single glued-in steel rods in order
to gain a thorough understanding of node behavior.
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Figure 2: The loading condition of beams with a metal connector
The beams measure 75x200mm in cross section and have a span of 2.25m with a
node located in the middle of the beam. In the first option, M16 rods were placed in the
upper and lower parts. The second type of beams differed from the first one. M10 rods
were placed in the upper part of the cross section, and M16 studs were placed in the
lower part. Solid LVL beams were also tested without a nodal joint. Strength grade of
stud steel is 5.8. The adhesive compound based on ED-20 epoxy resin was used. The
insertion depth was 180mm and the diameter of all the holes was 2mm larger than that
of the glued-in steel rod. The distances between the rod axes in all the sections were
assumed to be the same (Figure 3).

ɚ) placement scheme of the rods
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b) destruction of joints
Figure 3: Placement scheme of the rods and nodal joint after destruction
The tests on the beams were carried out by static loading, which was distributed
between two points in one third of the overall span. The model was fixed out of plane
on the supports and in the places where the load was applied. Before the test, each beam
was loaded with 10 kN and then completely unloaded. Right after that, the nuts in the
joint were tightened. The loading step was 10kN, and the load pause was 2 min at every
step. All the beams were brought to destruction. The values of the movements were
measured on the supports, as well as in the span.
3 RESULTS AND DISCUSSIONS

The specimens showed a typical pattern of brittle destruction, which is
characteristic of pull-out rods covered with a layer of timber, or wedge-shaped shear
failure around the rod. By the drilling holes, the distance between the axes and the
distance to the faces were taken less than what is recommended by the standards of
various European countries and European Approvals [1-5]. This is shown in Table 1,
where d is the diameter of the glued-in steel rod. It was noted that the destruction
pattern has a typical shear and a small region of get out timber in cases when tests were
carried out on single glued-in steel rods by axial loading in the specimens of LVL beam
with unidirectional veneer. This is described in detail in [7]. In addition to single gluedin steel rods, specimens with two glued-in steel rods were also tested. The rods were
placed at an interaxial distance of less than what is recommended. For example, the
minimum distance from the faces of the beam to the rod axis should be no less than 2d
and the rod axes should be spaced at the distance of at least 3d apart according to the
Russian Standard on the design of timber structures SP 64.13330.2017 [1].
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а1

2d

2,5d

2,5d

2,5d

2,3d

1,75d 1,875d

а2

2d

2,5d

2,5d

2,5d

2,3d

1,75d 1,875d

а3

3d

5d

5d

2d

4d

3,5d

3,75d

Tests

Z-9.1-778
[3]

Z-9.1-791
[2]

СП
64.13330.2017
(Russia) [1]
DIN 1052
DIN EN 19951-1/NA
(Germany) [4]
ӦN B 1995-11:2015
(Austria) [5]
New Zealand
[11]
R. Steiger
(Switzerland)
[12]

Table 1: Distances between the glued-in steel rods, which were placed parallel to the
grain, according to the standards of different countries and tests.

1,16d
(18,5 mm)
1,16d
(18,5 mm)
2,37d
(38 mm)

The reduced interaxial distances between the glued-in steel rods and the smaller
distances to the faces did not affect the expected destruction behavior because the area
of the get out timber did not come out to the faces or outer edges (Figure 4). The
analysis of the rod failure showed an ovalization of the area of the get out timber around
the glued-in steel rod. The timber is mostly prone to shearing along the layers of veneer
in the cross section of the LVL beam. The area of get out timber does not exceed 4
layers of veneer with the total width of 13-15 mm.

Figure 4: The failure mode of glued-in steel rods
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Beams with a minor modification of joints were also tested. The rods of smaller
diameter were placed in the upper area of the cross section. As a result, they had
practically no effect either on the failure load or on the beam deformation in the middle
of the span (see Figure 6). The upper rods were not included in the work for extrusion,
but only fixed the metal connector, which crushed the upper part of the beam crosssection. Also, the deformation increased in the upper area of the beam due to the thread
crumpling of the rods in the upper zone. The way the nuts were tightened was not
controlled.

ɚ ovalization of the timber shear area

b) two-side fixing

Figure 5: The failure mode of the glued-in steel rods which were placed parallel to the
grain in a LVL beam.
In the tests on 5 beams with a metal connector, the beam deflections were
separately analyzed at three points, i.e. in the middle and in the thirds of the span of the
beam where the concentrated forces were applied. The results of beam deformation in
the middle of the span are shown in Figure 6, with a different degree of loading. There
is great similarity between the deformation curves of the beams b2, b3 and b4. The
breaking load for the beams proved to be within the range from 48kN to 55kN. The
deformation curve in the middle of the span increased as the load was increasing
towards the destructive value.
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Figure 6: Beam deflection in the middle of the span with a metal connector.

Deformation, mm

Deformation, mm

Tests on solid LVL beams without joints were carried out in order to compare
them with the deformation of a beam with a metal connector. Curve n1 shows the
deformation of the beam in the middle of the span, whereas curves n2 and n3 show the
respective results in the thirds of the span (see Figure 7). The deformation of a solid
beam with a typical excess of deformation or deflection in the middle of the span is
shown in Figure 7a. At the initial stages of loading, the deformation of the beam with a
connector was slightly higher in the middle of the span than in the thirds of the span,
because the beam stiffness in the joint is higher due to its metal elements and lack of
compliance of glued-in steel rods.

а)

Load, tons

b)

Load, tons

Figure 7: Deflection curves of a solid beam (a) and a beam with a connector (b)
The increased deformation in triggered by timber compression in the upper part of
the cross section which comes into contact with the metal connector, as well as by the
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tension of the glued-in steel rod. The latter cause of deformation is confirmed by the
fact that the joint becomes difficult to undo due to the elongation of the rod and,
correspondingly, due to the increase in the thread pitch.
The maximum deformation of the beam with a metal connector in the middle of
the span obtained with the ANSYS software complex reaches 11 mm (see Figure 8) at
the load of 40 kN. The deformation in the middle of the span, according to the test
results (Figure 6), lies within the range from 12 to 15 mm.

Figure 8: Beam deformation according to calculation.
It should be borne in mind that the geometrical model of a beam is an ideal
estimated reference and, therefore, does not make allowance for all possible
inaccuracies associated with glued-in rods connections, e.g. the quality of contact
surfaces and other factors that cause loose deformation and cannot be taken into account
by computational software packages.
The proposed method of calculating the strength of glued-in rods in LVL involves
a number of prerequisites in the form of parameters borrowed from various formulas for
calculating glued-in rods in solid wood or GLT. The developed equation (2) includes
not only the main design parameters, but also features that occurred during testing, such
as the ovalization of shear timber around the rod, and therefore the difference in values
of the shear strength of LVL along the grain.
Rax,k=π∙dh∙l∙(fv,k,ed∙fv,k,fl)0,5∙kc

(2)

where:
Rax,k characteristic pull-out capacity of GIR in LVL with unidirectional veneers, in N;
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fv,k,ed, fv,k,fl
l
dh
kc

characteristic shear strength flatwise and edgewise for LVL with
unidirectional veneers (Ultralam type R) in N/mm2;
anchorage length;
drilled hole diameter;
coefficient which takes into account the uneven shear stress distribution depending
on the anchorage length of the rod, equation (3).
kc = 1,2-0,02∙l/d

(3)

To ensure the design strength of a joint with glued-in rods, it is necessary to follow
the rules of placing the glued-in rods parallel to the grain in cross-section, namely the
recommended minimum distances as shown in Figure 9. It should be noted that the
spacing between the rods along the veneer layers is larger than that in the transverse
direction to the veneer due to the ovalization of the sheared timber around the rod.

Figure 9: Recommended distances between the glued-in rods and to the edges.
The specified minimum distances between the rods and from the core to the edges
of the cross section of an LVL element can be used provided that the rods are glued
with precision (without distorting the holes or the rods themselves when gluing).The
proposed calculation method and design rules are of a recommendatory nature and
require additional further studies to clarify some data.
4 CONCLUSIONS

The performed tests of the nodal joint with the glued-in steel rods and the metal
connector and analysis of the obtained experimental data confirm the possibility of
reducing the interaxial distance between the glued-in steel rods to 2.4∙d and the distance
to the faces to 1.2∙d, while avoiding the block destruction scheme of a group of glued-in
steel rods. Brittle failure with cracks along and across the veneer requires either to
arrange the screws or to use LVL beams with cross veneer layers. The comparative
analysis of the beams deformation with glued-in steel rods and metal connector
confirms the necessity of taking into account the compliance of this semi-rigid joint.
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It is also obvious and necessary to perform two-side fixing of the metal connector
in the joint. This will ensure the glued-in steel rods to be pushed, which are located in
the compressed zone of the bent elements.
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Spain is one of the most forested countries in Europe. Because of that, it has a long
tradition on timber construction. Most of its architectural heritage features timber in a
number of ways. However, this cultural heritage was long forgotten, and it almost
disappeared during the XX century. Recently, timber construction has started to
increase steadily in Spain. This contribution analyses some of the key factors behind
this evolution.
SPAIN, A FOREST COUNTRY

Spain is the third country in Europe in terms of total area of forest land (18.4
million ha), slightly behind Sweden and Finland. More than a third (36.9%) of the
Spanish land area are forests, from which around half of them are softwood [1]. The
variety of wood species ranges from beech and oak trees in the northern regions, to
pine, which is mostly represented in the whole country, from the Mediterranean seaside
to the centre and south of the country. According to the FAO [1], the forests in Spain
are not in trouble, if deforestation is considered as such. The annual growth rate of
forests in Spain is higher than one (in contrast, it is around 0.25 for Ukraine).
Of course, this increase just means that the annual fellings are smaller than the
annual increment. And it is, as it will later be shown, a consequence of the historical
trend of timber construction in Spain, and the current poor use of Spanish timber in
Spain.
In contrast to Ukraine, where 100% of the forest area is in public hands, the 78%
of the forest area in Spain is privately owned [2]. As a consequence, few forests are
under Forest Management Plans, and it is a reason for the low rate of fellings in the
country. And also, timber consumption in Spain is quite low, slightly higher to that in
Ukraine. While Ukraine has a consumption lower than 500 m3 per thousand inhabitants,
Spain slightly doubles it. This is quite far away from the consumption in northern
European countries, where the rate of consumption surpasses 2,000 m3, more than
double the consumption in Spain [1].
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Figure 1: Old timber structures in Spain. Mudejar carpentry ceiling (1427) in the
Alcazar of Seville. Image from wikipedia.org

Figure 2: Traditional timber constructions in Spain. Horreo in Asturias, built with
chestnut wood. Image from Wikipedia.org, Lourdes Cardenal.
TRADITIONAL TIMBER CONSTRUCTION

However, it was not always this way. Spain has a long tradition in timber
construction. Most of the buildings in every Spanish old town feature the same
structural system, namely heavy timber frames filled with masonry, and timber slabs.
Remarkable examples of antique timber structures are the “Mudejar” ceilings that
spread throughout the country from the XV century (see Figure 1 for an example). But
not only: most of the traditional constructions were built with timber, as the horreo in
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northwestern Spain (Galicia and Asturias), built with chestnut wood (Figure 2), or the
Basque Caserio.
Timber-related industry has been really important in Spanish history, and many
traditions still remain as part of our cultural heritage. from the middle ages related to
timber. Wood was mainly felt in the mountains and was later transported from the
mountains to the valleys through the rivers by means of almadias or navatas, which
were rafts built with the logs which were later used in the valley for construction.
Especially after the discovery of America, the Spanish Empire had to build many
ships, and ship construction became a major industry. Forests were specially managed
to obtain trees with the desired shapes. As a result, there was a huge deforestation in
those days, and some idea has kept from those days in the Spanish imaginary,
remembering the importance of a well-managed forest.
MODERN ARCHITECTURE

Despite this long tradition, during the XX century timber was forgotten as a
construction material. Modern Spanish architects preferred the new available structural
materials, concrete and steel. However, timber was part of the concrete buildings, as the
formwork was made from timber boards. In this case, good quality timber was
appreciated, and some architects tried to keep the texture of wood on the surface of their
concrete buildings (Figure 3).
However, some remarkable examples were built in those days such as the
Residence in Miraflores (Figure 4). Timber was chosen as the main structural material
to take advantage of the prefabrication, so the construction time was highly reduced (a
concept which is quite common nowadays in modern timber construction, not so usual
in the 1950s).
SPANISH TIMBER INDUSTRY

Consequently, the timber construction industry is quite scarce in Spain. It
represents less than 1% of the Spanish market [3]. Most of the timber industry deals
with furniture making, and only around 35% is actually related to timber construction
[4, 5]. Among this latter, almost two-thirds of the production consists in the production
of doors and window frames. Interestingly, other construction-related economic sectors
are far more important: Spain is world-leader in ceramic materials (it is the second most
important exporting country, accounting for 12.6% of the global exportations) [6].
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Figure 3: Modern Spanish architecture with concrete and timber formwork. House in
Somosaguas (Architect: Carvajal, 1968)

Figure 4: Modern Spanish architecture with timber. Residence in Miraflores
(Architects: Corrales, Molezun and de la Sota, 1958)
The Spanish construction market is mainly controlled by foreign companies, who
import their products into Spain. There was only a major producer of glue-laminated
beams, which had to close at the beginning of 2013, after 20 years of activity. Its
facilities have been recently bought and put again in operation by another Spanish
company, which is also the only major producer of cross-laminated panels in Spain.
CURRENT TRENDS IN TIMBER CONSTRUCTION

However, the previously explained story is slowly changing. Timber construction
steadily increases every year [7]. Already around 6.5% of the residential buildings in
Spain are made with timber structure (for comparison, 15% in Germany and 25% in the
UK) [8]. It is a remarkable share when taking into account the previous years.
Currently, the timber construction in Spain follows the global trends, and glulam and
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cross-laminated panels (Figures 5 and 6) have become usual in current Spanish
construction practice.
KEY FACTORS

What has changed? Why has timber construction slowly began to be of a slight
importance in Spain? Why have architects started to use timber for their designs? Why
do clients accept timber, when they never did, or never asked for it?
Of course, a key factor has been the increasing environmental awareness of the
society about environmental issues. Trends, such as the Passivhaus standard, or the
nearly zero energy buildings, are slightly becoming usual. Energy efficient houses have
become the norm after the crisis, and architects have found out that such standards can
be easily achieved by means of modern timber construction.

Figure 5: The currently tallest timber construction in Spain: “La Borda” CLT building
in Barcelona (LACOL architects, 2017-18). Image from www.egoin.com
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Figure 6: SAJ chapel, in Pamplona (Cherrez + Cantera architects, 2014).
Image from www.cherrezycantera.com

Rest of Europe
Yes
No
Spain

0%

20% 40% 60% 80% 100%

Figure 7: Answer to the question “Did you study timber education as part of your
studies?”, by the respondents of a survey conducted within the COST Action
FP 1402.
All the participants had active experience on timber construction [11].
Standars are of utmost importance. It must be explained that the first construction
standard for timber construction was approved in 2006, quite recently (and just before
the crisis began). But, on the other hand, the first structural standard for concrete
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structures in Spain dated back to 1939 (67 years before) [9], and the first for steel
structures to 1966 (40 years before) [10]. This fact had always stood as the main
drawback for the evolution of timber structures in Spain. There were no rules, no
framework which could justify the use of timber in a construction, while there was a
strong and confident background on the other structural materials. This has been a
major change, which has also forced the introduction of some education on timber
structures and construction in the Engineering and Architecture Schools.
And no structural standard also meant a lack of timber education for architects and
engineers, who consequently did not use timber for their designs, because they had no
experience with the material. A recent survey done within the COST Action FP 1402
[11], with more than 400 respondents throughout Europe, provides some figures on this.
It. Even among those people who are active on timber construction in Spain, an only
60% of them got some kind of education on the subject. It is not the trend in Europe,
where almost 80% of the respondents in the case of Europe, as shown in Figure 7. Only
a few Schools of Engineering or Architecture have traditionally provided some
education on timber construction.
However, the appearance of the new structural standard meant at the same time an
undesirable duplicity. It was approved almost at the same time as the Eurocode 5. In a
market driven mostly by products from foreign companies, having an own and different
standard does not stand as an advantage for the sector. Hence, some voices have already
started to advocate that Spain should embrace the Eurocode, and make use of the
National Annex, instead of developing a different (and sometimes contradictory)
normative framework.
This contribution will try to provide insight into the perspective of the timber
construction in Spain, and the different initiatives developed for the promotion of timber
construction in Spain, and different research networks, in which the author takes part.
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ABSTRACT

The engineered wood product cross laminated timber (CLT) has become very
popular in the construction industry. Versatility in application, economic
competitiveness, and the increasing social consciousness for sustainable construction
materials are some of the main reasons for this ongoing global trend. Its laminar
composition enables CLT to withstand loads in- and out-of-plane. Due to its orthogonal
layup, rolling shear has to be considered in the ultimate (ULS) and serviceability limit
state (SLS) design of CLT plates subjected to out-of-plane bending. Thus, in-depth
knowledge on the rolling shear modulus (Gr) and strength (fr) is important for the design
of CLT structures. In this paper, the rolling shear properties of six European wood
species are presented and the main influential parameters on the rolling shear strength
and modulus are discussed. In total, more than 200 experimental tests were conducted.
KEYWORDS: Rolling shear, strength, shear modulus, cross laminated timber, CLT
1 INTRODUCTION

1.1 Cross laminated timber
Cross laminated timber (CLT) consists of individual layers of boards, which are
alternately glued together at an angle of 90° (0° - 90° - … - 0°; Figure 1). Double or
triple parallel layers might occur in some layups.
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Longitudinal layer
Cross layer

Finger joint
(90 rotation possible)

Side face

Narrow face

Narrow face

Figure 1: Structure and terminology of CLT, adapted from[1].

CLT production [in TSD m3]

The simple but smart structure of CLT allows a versatile use of the product for
construction purposes by featuring three essential advantages:
 The climate-induced swelling and shrinkage phenomena in in-plane directions are
significantly reduced due to the mutual locking effect.
 A positive homogenising effect of the mechanical parameters can be achieved.
 The activation of the 2-D load-bearing effect results in reduced stresses in the main
bearing direction.
In the past decade, CLT has become very popular in the construction industry
globally. According to [2], 700.000 m3 of CLT have been produced in Germany,
Austria, and Switzerland in 2017, corresponding to a growth of 14 % compared to 2016.
Considerable growths are also anticipated for North America, Japan, Australia, and
Scandinavia, resulting in an expected global production of more than 1 million m3 for
2018 and 1.25 million m3 until 2020 [2] (Figure 2).
1400
1250
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1000
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800
600
550
400
25 50
200
140
0
1990 1995 2000 2005 2010 2015 2020
Year [-]

Figure 2: Development of the global CLT production and forecast until 2020, adapted
from [3] and [2].
Reasons for the fast development of CLT are seen in the increased economic
competitiveness of the material, the growing social consciousness for sustainable
construction materials, and not at least thanks to its versatility in application. As shown
in Figure 3, CLT can be used to produce walls (primary loaded in-plane), floor plates
(primary loaded out-of-plane), and folded and curved elements. Structural elements
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made from CLT can be line- or point-supported, act as cantilever, and allow having
openings such as doors, windows, or roof lights.
Despite its important role in the construction sector, CLT has not yet been fully
standardised. Although a first step towards standardisation of CLT products was
achieved in [4], several issues remain unclear. Among these unresolved points are also
the harmonisation of strength classes and, thus, the mechanical properties as input
parameters demanded for the design of CLT structures.
cantilever

with openings

point-supported

walls

line-supported

floors |
plates

e.g. chimney

e.g. staircase

roof |
folded elements

e.g. balcony

e.g. glass facade

roof |
curved elements

e.g. porch roof

e.g. roof light

Figure 3: Overview of the possible uses of CLT, adapted from [1].
1.2 Rolling shear
Due to its orthogonal layup, rolling shear has to be considered in the ultimate limit
state (ULS) as well as serviceability limit state (SLS) design of CLT plates subjected to
out-of-plane bending.
Rolling shear stresses occur in the cross layers of CLT plates subjected to out-ofplane bending (Figure 4). Depending on the plate’s geometry, the aspect ratio width vs.
thickness of single laminations, and further parameters, rolling shear can contribute
significantly to the total deflections of a CLT plate, or even cause its failure(Figure 5).
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Figure 4: CLT plate subjected to out-of-plane bending (top), resulting shear (τ) and
bending stresses (σ) (detail A), and dualism of (rolling) shear stresses in a
cross layer (detail B).

Figure 5: Typical rolling shear failure of a CLT plate subjected to out-of-plane
bending.
The above mentioned unresolved points regarding standardisation involve also the
mechanical properties and thus the rolling shear properties.
The main aims of the present study are the following:
 Determination of the rolling shear properties (rolling shear strength and rolling shear
modulus) of six European wood species.
 Identification and quantification of important material and production related
parameters influencing the rolling shear properties.
 Contribution to a deeper understanding of the issue rolling shear and, thus,
contributing to a safe design using the material CLT.
2 MATERIAL AND METHODS

2.1 Investigated timber species
Revisions of forest policy and the change in climate are contributing to major
changes in Central and Northern European forests, affecting the share of individual
timber species. Knowledge about the mechanical properties of locally available timber
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species is very important to evaluate their possible use as base material in timber
construction products, such as CLT.
Norway spruce (Picea abies (L.) Karst.; Figure 6a) is the most important wood
species for the Central European timber industry and has been so far in the focus of
several previous investigations on the rolling shear properties. Thus, Norway spruce
was chosen as the reference timber species within this study, i.e. all parameter variations
described in Section 2.2 are carried out using this species. Pine (Pinus sylvestris L.;
Figure 6b) was the second softwood species investigated.
a)

b)

c)

Figure 6: Tangential- (above) and microscopic cross cut (below) of spruce (a), pine (b),
and poplar (c); from [5].
Regarding the microstructure of wood, a general distinction between hard- and
softwood species is given. Hardwood species can be subdivided into ring porous and
diffuse porous species. Investigated hardwood species with a diffuse porous
microstructure were European beech (Fagus sylvatica L.; Figure 7a), European birch
(Betula pendula Roth; Figure 7b), and poplar (Populus spp.; Figure 6c). European ash
(Fraxinus excelsior L.; Figure 7c) was the only ring porous timber species investigated
in this study.
a)

b)

c)

Figure 7: Tangential- (above) and microscopic cross cut (below) of beech (a), birch
(b), and ash (c); from [5].
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2.2 Varied Parameters
Figure 10 gives an overview of the test program. Beside the parameters described
hereafter, further material related aspects were examined: recording of the density, the
annual ring width, and other features (reaction wood, resin pockets) should allow
statements beyond the individual series.
2.2.1 Sawing pattern
Depending on the former location in the log, the radial distance between
specimen’s cross section centre and the pith (r), different grain patterns were generated:
radial distances r of 30 (± 10) (rift and half-rift grain), 60 and 100 mm (flat grain) were
investigated by a realised eccentricity e of less than ± 5 mm (Figure 8).
r = 30 mm
e ≤ 10 mm

r = 60 mm
r = 100 mm

r = 100 mm:
flat grain

r = 60 mm:
reference

r = 30 mm:
rift / half-rift grain

Figure 8: Investigated sawing patterns, defined by parameters r and e.
2.2.2 Board’s aspect ratio wℓ / tℓ
The cross sectional geometry of CLT-products has not been standardised yet.
Dimensions of laminations and plates vary depending on the manufacturer, although –
at least in Europe – lamination or layer thicknesses of 20, 30 and 40 mm are more and
more common. Furthermore, specific production-techniques requiring stress reliefs
influence the final setup. To cover common geometries, boards with a constant
thickness tℓ of 30 mm and a varying width wℓ of 120 (reference), 60 and 180 mm were
investigated (Figure 9). Thus, the tested ratios wℓ / tℓ were 2, 4, and 6. To separate the
parameter board geometry from other parameters, like density, annual ring width,
sawing pattern, reaction wood and other timber characteristics, specimens for both
wℓ / tℓ ratios were cut subsequently from the boards. Consequently, in these series
comparable densities were achieved (Table 2).
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30 mm
30 mm

30 mm

60 mm
wℓ / tℓ = 2
120 mm
wℓ / tℓ = 4

180 mm
wℓ / tℓ = 6

Figure 9: Investigated boards’ aspect ratios wℓ / tℓ.
S pecies (2.i)

S awing pattern (3.i)

2.1 European birch
Betula pendula R.

3.1 r = 30 mm
Reference (series 1.1)

2.2 European ash
Fraxinus excelsior L.

3.2 r = 100 mm

Norway spruce
Picea abies (L.) Karst.

2.3 Poplar
Populus tremula L.

r = 60 mm

2.4 European beech
Fagus sylvatica L.

wℓ / tℓ = 120 / 30 = 4

Aspect ratio (4.i)
4.1 wℓ / tℓ = 60 / 30 = 2

2.5 Pine
Pinus sylvestris L.

4.2 wℓ / tℓ = 180 / 30 = 6

Figure 10: Test program including the reference series 1.1 (middle), series 2.i
(variation of wood species), series 3.i (variation of sawing pattern), and
series 4.i (variation of aspect ratio wℓ / tℓ).
2.3 Test configuration
Purity of shear stress, variability of specimen dimensions and mechanical potential
as well as necessary effort were taken into account as most important decision
parameters in choosing the method used in this work (Figure 11). The further applied
test configuration is based on the shear test configuration given in [6] and considers the
modifications suggested in [7]. Beech wood loading plates were used for softwood
timber species and poplar. All other hardwood timber species were tested using steel
plates. The rolling shear modulus (Gr) and strength (fr) were calculated using Eqs. (1)
and (2), respectively.

𝐺𝑟 =
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∆𝐹 ∙ cos 14 ∙ 𝑡𝑙
𝑙𝑙 ∙ 𝑤𝑙 ∙ ∆𝑥

(1)

α

𝐹 ∙ cos 14
𝑙𝑙 ∙ 𝑤𝑙

(2)

F

𝑓𝑟 =

F
Beech / steel plates
Inductive displacement
transducer (both sides)
Specimen

Δx

F

wℓ

tℓ
tp
symm.
F

Figure 11: Test configuration used in this study (left); analogy to the actual situation in
CLT (right).
Additionally conducted numerical finite element (FE) analyses confirmed the
suitability of the configuration and a uniform distribution of shear stresses in the main
field of interest.
Stresses perpendicular to the shear plane were relatively low, but exceeded
transverse tensile and compression strength locally in areas very close to the edges
(Figure 12, detail A).
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Figure 12: Distribution of shear (left) and normal stresses resulting from the FEsimulatio.
2.4 Adjustment factors for physical properties
According to [6], all specimens were conditioned at 20 °C and 65 % relative
humidity. Density, rolling shear modulus and strength were related to the reference
moisture content of MCref = 12 % by considering 0.5 % [8], 2 % [9], and 3 % [10],
respectively, per % difference in MC. The density of all specimens was determined to
investigate the influence on rolling shear properties for different timber species, sawing
patterns and boards’ geometries.
3 RESULTS AND DISCUSSION

Regarding the test configuration, the general experience was very satisfying. The
production of the specimens did not require unreasonable effort and the preparation of
the setup and execution of the tests were very simple. However, as only ten pairs of
steel plates were available, the number of tested hardwood specimens per day was
limited.
Rolling shear failure along one or few annual rings was observed for most species
(Figure 13), aspect ratios (wℓ / tℓ) and sawing patterns (r). In several tests, small primary
cracks were observed in areas close to the edges. They occurred exclusively after
removing the displacement transducers, thus, no influence on the rolling shear modulus
is considered. The fracture pattern at failure was also independent from these primary
cracks.
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Figure 13: Failure patterns of Norway spruce (left) and European ash specimens
(right).
Table 2 shows the main results of all series. It includes the number of specimens
per series (n), information regarding the timber species, the sawing pattern (r), the
aspect ratio (wℓ / tℓ) and information on the density (ρ12) and the rolling shear properties
(Gr,12 and fr,12) for each of the series tested. Density was assumed to be normal
distributed (nd). For Gr,12 and fr, a lognormal distribution (lnd) was assumed according
to [11].
3.1 Timber species
Rolling shear strength and modulus determined for Norway spruce confirm and
partly exceed values reported in previous studies. In [12], fr,mean of 1.79, 1.88 and
1.79 MPa for red, black, and white spruce are reported. Mean values found for the
rolling shear modulus were 68, 73 and 58 MPa. However, no information about the
sawing pattern is provided.
Nevertheless, in our comparative study for Norway spruce the lowest properties
are observed.
The rolling shear properties of pine and poplar surpass those of spruce
significantly. Pine, in particularly, shows a high rolling shear modulus
(Gr,mean = 158 MPa) and poplar a remarkable strength (fr,mean = 2.88 MPa). Birch
performs very well too with strength (fr,mean = 3.45 MPa) and modulus
(Gr,mean = 188 MPa) about double as high than found for Norway spruce. Beech and ash
exhibit outstanding rolling shear properties. Mean values found for the rolling shear
modulus of about 350 to 400 MPa and mean values for strength of about 5.5 MPa are
about three times higher compared to the reference species Norway spruce.
In Table 1, the mean and 5%-fractile values proposed for different timber species
for aspect ratios wℓ / tℓ ≥ 4 are summarised.
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Table 1: Proposed rolling shear properties for wℓ / tℓ ≥ 4.
fr,12

Gr,12

species
-

mean
MPa

05lnd
MPa

mean
MPa

05lnd
MPa

spruce
pine
poplar
birch
ash,
beech

1.8
2.2
2.8
3.4

1.4
1.7
2.2
2.7

100
150
120
180

60
110
90
130

5.4

4.0

350

300

3.2 Sawing pattern
Within this and the next section, the outcomes from a parameter study, which only
comprises Norway spruce, are discussed.
Boards with large distance to the pith (r) generally tend to own lower ring widths
and increasing amount of mature wood which both consequence higher densities.
Therefore, given a positive correlation between rolling shear properties and density,
higher strengths would be expected when increasing the radial distance to the pith r.
However, a corresponding positive correlation between r and the rolling shear strength
fr was not observed. The mean values of 1.88, 1.88 and 1.84 MPa given for r = 30, 60
and 100 mm, respectively, are on an equal basis (Table 2). One possible explanation
could be found in different sawing patterns causing different rolling shear modulus.
Assuming that shear failure occurs under a certain distortion, lower Gr would cause
lower strengths for outer boards. Thus, these two effects just seem to compensate each
other.
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Table 2: Main results for density, rolling shear modulus, and rolling shear strength; all
values were adjusted to the reference MC of 12 % as described in Section 2.4.
series

n

species

r

wℓ
/
tℓ
-

ρ12

Gr,12

fr,12

mean 05nd
COV mean 05lnd COV mean 05lnd COV
mm
kg/m3 kg/m3
%
MPa
MPa
%
MPa
MPa
%
1
38 spruce
439 375 11 100 63
27 1,88 1.51 13
2.1 19 birch
612 566
6
188 135 19 3.45 2.91 10
2.2 14
ash
798 725
6
401 316 14 5.57 4.54 12
60
2.3 16 poplar
463 416
7
127 98
15 2.88 2.51 8
4
2.4 16 beech
720 671
4
357 293 12 5.37 4.64 9
2.5 19 pine
521 491
5
158 114 19 2.29 1.95 10
3.1 25
30
442 363 14 143 103 19 1.88 1.30 22
100
3.2 23
480 417
9
56
35
26 1.84 1.40 16
spruce
4.1 23
2 459 393 11
65
45
21 1.16 0.82 20
60
4.2 20
6 459 412
8
148 103 21 2.28 1.80 14
05nd … 5 %-quantile, calculated assuming normal distribution and parameters
calibrated to test data
05lnd … 5 %-quantile, calculated assuming lognormal distribution and parameters
calibrated to test data

However and conform to previous studies [13] – [16], a distinct relationship
between the radial distance to the pith (r), indirectly causing changes in the sawing
pattern from rift or half-rift grain to flat grain, and Gr is given. Although previous
studies report a non-linear relationship between Gr and r, within the investigated range
of sawing patterns, an almost linear reduction of Gr for increasing r is observed (Figure
14).
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Reference

80

100
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200

60

R = 0.8

50

Gr,12 [M Pa]

GR,12 = -1.22∙r + 170

r [mm]

20

Gr,12,mean

40

140

100

100

120

60 M Pa

Figure 14: Rolling shear moduli (Gr,12) found for different sawing patterns (r).
3.3 Board’s aspect ratio wℓ / tℓ
The geometry of a board shows to have a strong influence on the rolling shear
modulus. Compared to the reference width of wℓ = 120 mm, the mean value of rolling
shear modulus decreases by 35 % when wℓ is reduced to 60 mm. When wℓ becomes
180 mm, Gr,12 increases by approximately 45 % (Figure 15).
The aspect ratio (wℓ / tℓ) also shows to have a strong influence on the rolling shear
strength. Compared to the reference width of wℓ = 120 mm, the mean value of rolling
shear strength decreases by 40 % when wℓ is reduced to 60 mm. When wℓ becomes
180 mm, fr,12 increases by approximately 20 % (Figure 16).

Reference

200
150

- 35 %

Gr,12 [M Pa]

250

+ 45 %

100

50
0
wℓ / tℓ = 2

Gr,12,mean

70

wℓ / tℓ = 4

100

wℓ / tℓ = 6

150 M Pa

Figure 15: Rolling shear modulus Gr,12 of Norway spruce as depending on the aspect
ratio wℓ / tℓ.
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The distribution of shear stresses is not constant along the segment’s cross section.
Tensile stresses perpendicular to grain occur in areas close to the edges and the actual
shear stress in these areas is lower than calculated (Figure 12). In inner zones, the actual
stresses are higher than those calculated using Eq. (2). The lower the aspect ratio wℓ / tℓ,
the higher the stress peaks and the larger the gap between the actual and calculated
stress. This causes lower determined rolling shear strengths for lower wℓ / tℓ ratios.

Reference

3.5

2.5
- 40%

fr,12 [M Pa]

3.0

2.0

+ 20%

1.5
1.0
0.5
wℓ / tℓ = 2

fr,12,mean 1.20
fr,12,05 0.80

wℓ / tℓ = 6

wℓ / tℓ = 4

1.90
1.50

2.30 M Pa
1.80 M Pa

Figure 16: Rolling shear strength fr,12 of Norway spruce as depending on the aspect
ratio wℓ / tℓ.
Due to the strong influence of the aspect ratio wℓ / tℓ on the rolling shear strength
and modulus, consideration is recommended for the definition of material properties.
For Norway spruce, Eqs. (3) and (4) are proposed to take into account the board
geometry when defining the rolling shear properties. If stress reliefs are present, the
minimum of their spacing and edge-distance should be used instead of the board’s width
w ℓ.

𝐺𝑟,𝑚𝑒𝑎𝑛 = min

𝑓𝑟,05 = min

30 + 17.5 ∙
100

0.2 + 0.3 ∙
1.4

𝑤𝑙
𝑡𝑙

𝑤𝑙
𝑡𝑙

(3)

(4)
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3.4 Density
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200

Gr,12 [M Pa]

400

500

Considering all timber species in the regression and correlation analyses on the
relationships density vs. rolling shear properties, a high correlation is found (Figure 16
and 17). The analysis of each timber species separately shows no significant correlation
between the density and the rolling shear properties for softwoods.
A possible explanation for this might be found in the anatomy of coniferous wood
species: In Norway spruce, both, early- and latewood have quite constant densities of
about 300 kg/m3 and 900 to 1,000 kg/m3, respectively. Since the thickness of latewood
is relatively constant over the entire life of such a tree, the thickness of the earlywood
zones varies with the yearly growth conditions and thus decisively influences the
average density of a certain piece of wood. Following the circumstance, that rolling
shear failure takes commonly place in the interface zone between early- and latewood of
two subsequent years, the earlywood density may indicate the magnitude of shear
properties.
By analysing the relationship between the rolling shear modulus (Figure 17) or the
rolling shear strength (Figure 18) and the density, specifically for some hardwood
species high correlations are found. Compared to softwoods, in case of the ring porous
species ash the interface between the early- and late- wood of two subsequent years may
again act as the primary failure domain.

**
*
*
* ** * *** **** **
**
*****
* * *
* **
** *

400

500

Gr,12 = 0.76∙ρ12 - 240
R = 0.9

600
700
ρ12 [kg/m3]

800

900

Figure 17: Rolling shear modulus vs. density.
However, because of a nearly constant thickness of earlywood over the years of
tree’s life, the average wood density becomes decisively affected by the thickness of the
latewood. Considering diffuse porous species, a more or less homogeneous density
profile over the entire thickness of annual rings can be assumed.
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Figure 18: Rolling shear strength vs. density
4 SUMMARY AND CONCLUSIONS

4.1 Test configuration
Experiences made regarding the test configuration are very promising. Rolling
shear failure along one or few annual rings was observed for most of the species (Figure
13), board-geometries and sawing patterns. Finite element (FE) analyses of the test
configuration already showed local areas of high stresses perpendicular to the grain.
Small primary cracks were observed during several tests in areas close to the
specimen’s edges. As they occurred exclusively after removing the displacement
transducers, influence on measured rolling shear modulus can be excluded. Independent
fracture pattern after failure indicates that the influence of these small primary cracks is
also negligible in calculating strengths.
In-depth investigations on the interaction between rolling shear and stresses
perpendicular to the grain [7] showed that compression tends to affect rolling shear
strength positively. Following his model and due to the low angle between force
direction and shear plane (α), negligible influence on the rolling shear behaviour can be
assumed.
4.2 Rolling shear properties
Results of in total more than 200 tests confirm previous findings which
concentrated primary on Norway spruce, extend knowledge on rolling shear behaviour
and allow identifying sawing pattern and board geometry as the main parameters
influencing the rolling shear properties Gr and fr, respectively.
For Norway spruce, overall Gr,mean = 100 MPa and fr,05 = 1.4 MPa are found.
Current values for Gr,mean and fr,05, given in European technical approvals / assessments
of different CLT producers, lie at about 50 MPa and 0.85 to 1.5 MPa [17] – [19]. As a
minimal aspect ratio wℓ / tℓ of 4 is defined for boards in transverse layers in the same
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ETAs, it appears that the potential of timber is partly underestimated in the design
process and for product characterisation. A circumstance, which also frequently arises
in comparisons of global (over the entire span) and local (only within area of constant
moment) bending modulus, gained from four-point bending tests on CLT plates.
Depending on the actual sawing patterns of the material used for CLT production,
especially the values regulated currently for rolling shear modulus seem to be on a very
conservative basis. This also by considering that boards within transverse layers
commonly show varying sawing patterns.
However, decreasing aspect ratios of wℓ / tℓ distinctly decrease Gr and fr.
Comparable effects are known for boards with stress reliefs and comparable relief
spacing or edge distances vs. thickness ratios. In [7], considerable reductions in strength
are reported for boards with stress reliefs.
As further differentiation in sawing patterns in CLT-production processes appears
far beyond ease-of-use, representative values for all locations in the log – by taking into
account preferable used board geometries and their relationship to radial positions due
to the sawing process – are needed. A proposal for boards with a ratio wℓ / tℓ ≥ 4 is
presented in Table 1. Eqs. (3) and (4) are proposed to determine rolling shear properties
of spruce boards with a lower aspect ratio.
Compared to Norway spruce, the outstanding rolling shear properties of beech and
ash are outlined which impose these species to be used in CLT. Pine, poplar and birch
have also a great potential as base material for CLT.
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ABSTRACT

The experience of the operation of the frames and the analysis of experimental data
confirmed that the most problematic place of these structures from the position of the
stress-strain state is the cornice joint. Analyzing the experimental results, the destruction
of the frames in the zones of the "cornice joint-cross-bar" transition was spoiled. For the
qualitative analysis of the stress-strain state, a calculation method based on the finite
element method (FEM) has been developed and takes into account the anisotropy of the
physical and mechanical properties of the glued timber and the geometric nonlinearity
of the design as a whole. The proposed method allows ensuring the reliability and
reliability of the work of nodes of bending glued frames and as a consequence, the
whole design as a whole.
KEYWORDS: glued timber, stressed deformed state, cornice joint, bent glued frame,

stresses.
For the revival in Ukraine of effective building structures of glued timber, which
undoubtedly is bent glued frames, of which many warehouses, industrial, public,
residential and sports buildings, have been built in many countries of the world, it is
necessary to constantly improve the methods for their calculation.
The methodological literature [1, 2], scientific papers [3, 4] and the modern
normative documents [5, 6, 7, 8] contain methods for calculating bended glue frames
that have differences. Numerical studies have been carried out to compare the methods.
The following methods were chosen for the study: classical methods of material
resistance, calculation of the curved beam (Golovin H.S.) problem [1], analytical
technique of prof. Serova E.N. and Naychuk A.Y. [2, 3], the analytical technique Ph.D.
Tabunova S.Y. [4], the methodology for the manual for SNiP II2580 [7], the
methodology for DSTUN B V.2.6217 [8].
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It should be noted that in the new normative document DBN V.2.6161 [5], which
contains the provisions of EN199511 [6], there are no formulas and guidelines for
calculating frame structures at all.
For the basic accepted the classical technique of resistance of materials for the
curved beam, but it is difficult to apply in engineering practice.
The numerical studies carried out on the above methods showed that the deviation
is best achieved by the DSTUN B V.2.6217 procedure [8].
The current normative document requires careful analysis and appropriate
adjustments from the point of view of calculating the curved knots of curved glued
laminated timber frames. Other techniques have a difference in determining stresses
greater than 5%.
The task of developing a modern method for calculating the cornices of bent glued
frames made of glued timber is an actual scientific engineering problem. To solve this
problem, numerical studies of curved glued frames in the LIRA-SAPR 2016 software
package (hereinafter PC LIRA-SAPR 2016) were carried out. To confirm the possibility
of using the PC LIRA-CAD 2016, a comparison of the stressed deformed state of the
obtained finite element and field trials was performed [4]. At the heart of the calculation
model, the assumption is made about the orthogonal work of timber. This comparison of
the experimental data with the results of computer simulation allows us to state that the
finite element method on which the PC LIRA-CAD 2016 is based allows us to reliably
determine the components of the stressed state. Details of the results of these studies are
given in [9].
The basis for the modern method for calculating the curved knots of curved glued
frames is "isotropic" formulas for determining the stresses in curved beams with the
introduction of correction coefficients that allow to take into account the geometric
nonlinearity of the design and the anisotropy of physical and mechanical properties as
one of the most influential factors of glued timber that must necessarily be taken into
account in the calculation, as noted in [10].
Based on numerous studies in the PC LIRA-SAPR 2016 (license No. 1D/5223),
correction factors were determined for the investigated frames with the curvature index

h
1  hmax  1 . As a result, for
1  r  6,0 and relationships max  1
and
h
L
19
19
L
29
h
frames with a curvature exponent 1  r h  6,0 and relationships max  1
L
19 and
1  hmax  1 the corresponding correction factors were obtained K 0 , K 90 , K .
19
L
29
Correction coefficients are determined taking into account the distance from the center
of the cross-section of the calculated point, the angle of inclination of the design section
h
in the cornice unit and the relation r h and max .
L
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The strength along normal stresses along the grain  x in curvilinear sections of
curved glued frames at r h  7 it is recommended to determine according to the
formulas:
- in the tensile zone at the level of rupі :



 N M rup  r0
 
Az0 rup
A


 m ,d , z

i

i

i

- in the compressed zone at the level of rinі :
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(1)

 fc ,0,d
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where

M , N ,Q

forces acting in the cross section, which are defined in a linear setting;

І
displacement of the neutral axis;
Ar
moment of inertia of the cross section;
І
cross-sectional area;
A
r0  r  z0 the radius of the neutral axis at r  0,5(rup  rin ) ;
z0 

rup

radius of the outer edge of the curved section;

rin

radius of the inner face of the curved section;

ft ,0,d

the calculated value of the strength of glued timber stretching along the grain;

f c ,0,d

the calculated value of the strength of glued timber by compressing along the

grain;
K 0 , K 90 , K

correction coefficients that take into account the anisotropy of the

physical and mechanical properties and the nonlinearity of the
structure during compression and tension.
As a rule, in the curved sections of the bent glued frames, the stresses
perpendicular to the grain are not critical. The maximum stresses perpendicular to the
grain  90 should be checked by the formula:

 M  rin
r0  rin  
ln

ln

   К90  fc.90,d
rin  
 Az0  r0

 сmax
.90,d  

(3)

To check the stresses perpendicular to the grain  90 in the stretched zone in the
curtain joint of bent glued frames at any point along the length and height, the following
formula is recommended:
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To check the stresses perpendicular to the grain  90 in the compressed zone in the
cornice of bent glued frames at any point along the length and height, the following
formula is recommended:
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 cos  K90  fc.90,d
where
 the internal angle measured from the angle bisector to the section where the check
is performed.
Tangential stresses are recommended to be checked using the following formulas:
- in the stretched zone at a distance yi from the center of gravity of the cross section:

 ,0,d , y
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 f ,0,d
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- in the compressed zone at a distance yi from the center of gravity of the cross
section:

 ,0,d , y

i
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 f ,0,d

(7)

where

yi

distance from the center of gravity to the design point where the test is performed,

which should be determined within the height of the section;
b width of cross section;
h cross-sectional height.
The tangential stresses in the zone of the reference node are recommended by the
formula (8) with   0 and zi  0,35 :
 2,24Q 

 ,0,d  
  K  f ,0,d
 bh 

(8)
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Figure 1: Calculation scheme of the cornice joint bent glued frame.
The generalized procedure for calculating the eaves of curved glued laminated
frames made of glued timber is presented in the flowchart (see Figures 2, 3).
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Figure 2: Flowchart. Checking the strength in the curtain knot bent glued frames
(the beginning).
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Figure 3: Flowchart. Checking the strength in the curtain knot bent glued frames
(ending).
Comparison of stresses along the grain  x and perpendicular to the grain  y ,
calculated by the above formulas and the results of numerical studies in the
PC LIRASAPR 2016 show satisfactory convergence. For normal stresses along the
grain  x discrepancy does not exceed – 7%, for stresses perpendicular to the grain –
6%. Taking into account the discrepancy between the basic design resistances and the
characteristic values of the strength of timber with a security of 0,95, which is in the
range of 50 ... 80%, there is reason to believe that the above procedure for calculating
the curved knots of bent glued frames is acceptable for engineering calculation.
Such an approach to the evaluation of the components of the stress state allows a
more qualitative analysis of the stressed deformed state of the cornice unit of the bent
glued frames. The above-mentioned engineering technique will allow further
development of practical recommendations for determining the dangerous sections from
the point of view of the difficult stress state, both in height of section, and at different
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distances from the zones of communication of the cornice unit with rectilinear elements
of bent glued frames.
Summarizing the above, it can be argued that the calculation of the above
engineering technique will ensure the best reliability of frame structures throughout the
life of buildings and structures, in turn, will revive the effective appearance of building
structures from glued timber.
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1 INTRODUCTION

It is a well-known fact that Estonia was the largest producer of wooden houses in
Europe by export volume in 2016 (see Figure). Products cover the full range of different
types of wooden houses, such as garden houses, log houses, handcrafted log houses,
timber frames, elemental and modular houses, and also timber building materials and
architectural and engineering design work [1].

Figure 1: Export of Prefab Wooden Houses in Europe 2016
Several producers are involved in well-known projects, such as such as Treet in
Bergen, Norway [2] – see Figure . One of the keys to success is the long experience in
producing timber frame structures and the high quality as rated by many clients in
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different countries. However, there is another fact where companies may have some
advantage. Since 1991, Estonia has used Estonian Design Norms (EPN), which are
based on European pre-Standards (prENV). This means that engineers have a great deal
of experience in using the common design rules in force across Europe, making it easier
to enter different markets. In the wooden housing sector, nearly 90% of factory
production is exported.
Despite this, timber is not the first choice in the construction of private houses.
Furthermore, there is resistance to the erection of multi-storey buildings from both the
private and public sectors. The main reasons for this may be a lack of knowledge,
concerns about price, and myths and beliefs that do not favour timber as a construction
material. Specific engineering knowledge is retained by producers and is not widely
spread. Many building companies do not have any experience in erecting elemental and
modular houses. At technical universities, studies in timber structures included in the
curriculum do not focus on wooden houses but more on timber in general. Another gap
that producers face is a lack of reference buildings in Estonia. There are not many
encouraging examples that can be presented to potential customers, whether local or
international.
However, there are some activities carried out by the timber community in the
public and private sectors that could improve this situation and bring a larger number of
wooden buildings onto the domestic market. The following examples show the benefits
of timber buildings, new opportunities and methods in modern wood engineering, and,
most importantly, encouragement to build using wood.

Figure 2: Treet in Bergen, Norway, photo taken from [2]
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2 RENOVATION OF MULTI-STOREY BUILDING WITH PREFABRICATED MODULAR
PANELS

Tallinn University of Technology [3], in collaboration with Matek AS [4], decided
to renovate an old student dormitory (Figure ) instead of demolishing it and building a
new structure. It is a five-storey, precast concrete element house built in 1986. The
existing 250mm concrete panel exterior wall consists of the 60 mm external reinforced
concrete slab, 70 mm wood-chip insulation layer + 50 mm phenolic foam insulation
layer, and 70 mm internal reinforced concrete slab. It was intended to be a near-zeroenergy building, and the innovation lies in the methods of its realisation. The new
envelope of the building is made from prefabricated timber panels. First, the old
building was measured with a laser scanner, and then the customized panels were
designed and produced. After that, the on-site installation process began. It must be
mentioned that the windows and even ventilation pipes within the façade were installed
in the factory. The installation time of the roof and façade elements was three months,
but since it was a pilot project, this time can be significantly reduced in further projects.
Today, the first residents have already moved in, but the added value of this project
comes from the follow-up survey, since the building is also equipped as a test house for
TUT scientists. Further detailed information can be found in [5]

Figure 3: Concrete building renovated with prefabricated panels (Photo: AS Matek)
3 FULL-SCALE CLT BUILDING FIRE TEST IN VÄIKE-MAARJA

A full-scale fire test aimed to find fire-resistant solutions for CLT buildings of up to
eight storeys in a natural fire scenario. The test house floor plan dimensions were
3,5x4,5 meters, and it must be noted that two longer walls had exposed CLT panels, the
two shorter walls were covered by 15mm fire-rated gypsum, and the ceiling with three
layers of the same board. The room had two windows and one door. The CLT panel was
produced by Peetri Puit OÜ [6] with an unconventional layup of 40+30+20+20+20mm,
where the 40mm lamella was exposed to the fire. The reason is that in CLT buildings,
the possible fall-off of lamellas must be considered because it is a risk for the second
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flashover. In such a case, the designed fire scenario predicted that the thicker lamella
would lead to a decaying fire, meaning that the fire would not continue burning.
Two different types of façade with PIR insulation and stone wool for noncombustible insulation were used. The objective was to test different façade details to
prevent the spread of fire to the second floor.
The test results were valuable for several parties. The producers gained
information that would allow them to offer better solutions on the market, but more
importantly, the Rescue Service and Rescue Academy gained valuable experience and
knowledge that contributes to breaking the resistance towards building public timber
houses. Furthermore, such cooperation may even promote and encourage decisionmakers to build with wood.
More information and the official results of the fire test will be presented at the
2018 World Conference of Timber Engineering, in South Korea.

Figure 4: Full-scale fire test in Väike-Maarja
4 THE CONTRIBUTION OF TIMBER HOUSE PRODUCERS

It is clear that many companies are involved in this kind of research, and their
contributions are necessary and appreciated. However, it is natural that, due to their own
needs, producers take the opportunity to advertise themselves with smart, interesting
solutions that emphasise timber as a competitive material with many opportunities.
The largest producer of glulam and CLT in Estonia, Arcwood by Petri Puit [6],
built a new factory and office building (Figure ) exclusively from timber, giving the
customer unforgettable experience and leaving a warm impression upon visiting the
company. The building was designed by Kadarik Tüür Arhitektid [7], and with this
solution, wood is elegantly emphasized in the exterior and interior of the office, as well
in the factory.
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Figure 5: Office building and factory of Arcwood by Peetri Puit
The Palmako AS office building [8], designed by Arhitekt11 [9], is a good
example of how modern timber fasteners can be used in old fashion connections.
Arbitrary timber columns support the concrete floors of the building and are connected
using a single step joint reinforced with full-threaded screws. Even though the building
has a wooden façade, the main focus is the interior, which is designed to evoke a sense
of being in the forest.

Figure 6: Office building of Palmako AS
5 CONCLUSION

Timber houses are becoming increasingly more popular, but when it comes to
personal decisions, doubts are easy to understand. It is widely agreed that timber is a
sustainable material and that it creates a warm feeling inside a room. On the other hand,
in load-bearing structures or in structures that are open to the weather, timber may stir
some controversy. A lack of knowledge, coupled with myths and beliefs that are hard to
eliminate, create problems, and therefore education, explanatory work, and good
references are the key to success in popularising timber structures. However, there is
one rule that the Estonian timber industry has agreed upon: never promote timber by
bringing other construction materials down.
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ABSTRACT:

New types of timber-based building materials to which CLT also belongs require
precise evaluation of the strength of various types of connections. Connecting CLT
panels with glued-in steel rods is of particular interest due to the possibility of creating
quick-mounted and rigid joints at the factory. Since CLT has the structure of
perpendicular orientated boards in adjacent layers, the strength and the behavior of
pasted rods are difficult to predict. The purpose of this study was to use pull-pull tests in
order to establish the strength of the glued-in rods depending on their location in
relation to the layers of the boards in the cross-section of the CLT panel.
KEYWORDS: glued-in steel rods, prefabricated panels, joint, cross laminated timber,

CLT, connection, strength by pull-pull tests.
1 INTRODUCTION

Being a very effective type of rigid and semi-rigid joints in GLT elements of
different structures, glued-in steel rods make it possible to produce structural elements
with a high level of prefabrication, which allows fast and reliable erection of timber
buildings. The long-standing positive experience of using glued-in steel rods in timber
structures across Eastern Europe seems effective in joints of cross laminated timber
(CLT) panels. The present paper presents the results of pull-pull tests on glued-in steel
rods that are installed on the edge face of CLT panels in different variations. The
calculation model and the type of joint are also proposed, which can be used in CLT
buildings (Figure 1) in order to connect wall and floor panels or two wall panels. The
analysis of the glued-in rods strength by pulling depends on the position in the cross-
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section. It is the same as described in paper [1] of prof. H. J. Blass (2007) where the
positions of axially loaded self-tapping screws varied.
As a rule, the strength of glued-in rods depends not only on the gluing length of the
rod and its diameter, but also on the orientation to the grain in the specimens. Once of
the interesting variants of arranging the rods in a CLT panel is on the boundary of two
adjacent parallel and perpendicular boards because of the different shear strength of
timber along and across the grain. For example, in the tests involving glued-in rods in
the LVL, the destruction of the cores occurred alongside with the ovalisation of the
wood near the rod. This is logical and can be explained by the different values of the
shear strength under the influence of forces acting parallel and perpendicular to the
layers of veneer.
The proposed joint for CLT panels with GiR and the “X-RAD system” produced
by Rothoblaas allow higher level of prefabrication, efficiency, and quick mounting.
During the installation, this joint can be used in order to lift CLT panels and ensure
convenient connection of panels from the inside of the building. In order to connect two
wall panels and one floor panel it is proposed to glue-in the rods into the floor panel.
One-sided semicircular apertures in the places of joining the panels allow us to slightly
reduce the thermal conductivity of the panel. The considered joint obviously needs
further improvement, especially if one takes into account the group effect of glued-in
rods.

Figure 1: A possible variant of using a prefabricated joint of CLT panels with glued-in
steel rods.
The aim of the research was to develop the proposals for calculating the load
carrying capacity of joints with glued-in steel rods in CLT panels by taking into account
the position of rod in cross section of a CLT panel. Pull-pull tests were only applied to
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the axial loaded glued-in steel rods installed in different parts of the cross-section of the
panel. The results of the tests are described in the paper. The withdrawal capacity of
glued-in steel single rods in CLT also needs calculation in order to ensure the
reinforcement of different parts of panels and connections.
The interest to this type of connection in CLT panels has recently been displayed
in a number of papers. The results of some experiments into the withdrawal capacity of
GIR in CLT elements are published in the STSM Report of B. Azinovic [2], G. Traetta
(2007 ) [4], as well as in the Master thesis of M. Andersen and M. Høier [3].
2 MATERIALS AND METHODS

2.1 Materials
The present research work considers the location of glued-in rods (GiR) in the edge
of CLT panels and its effect on the value of maximal strength of withdrawal capacity.
The diameter of all considered steel rods was smaller than the thickness of timber
planks, which was 30 mm. CLT specimens consist of 5 layers without gaps and stress
relieves. The anchored length of rods in all specimens was 100 mm, and a two
component epoxy adhesive system was used. The moisture content of timber was about
12%. The test set-up and the location of GiRs are shown on Figure 2, where (1) shows
the location parallel to the grain in one board; (2) stands for the location on the
boundary of two parallel and one perpendicular boards; (3) is the location on the
boundary of two parallel boards; (4) shows the location on the boundary of one parallel
and one perpendicular boards; (5) stands for the location perpendicular to the grain in
one board. The specimens differ in the positions of glued-in rods and their diameters
(see Table 1).

a)

b)

Figure 2: Scheme of test set-up (a) and the location of glued-in steel rods (b).
2.2 Test method
The purpose of the tests was to estimate the load carrying capacity of a single GiR.
Threaded steel bars with metric threads M10, M12 and M14 in strength grade 5.8 were
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used as rods. The test method corresponded to standard EN 1382: 1999 [5]. The load
was applied at the constant rate between 0.5 and 1.5 mm/min until failure. Special
attention should be paid not only to the load capacity, but also to the behavior of joints
during tests.
75 specimens were tested to determine the withdrawal strength of GiRs which
were installed on the edge face of the CLT plates. Table 1 gives details of the test
program and the test series. 5 specimens were tested in each location. All possible
variants of installing the rods, which can influence the final results, were considered as
shown on Figure 2b. Obviously, the results of the rods located on the boundary between
two adjacent cross orientated boards seem particularly interesting.
Table 1: Test program
Test series
GiR-10
GiR -12
GiR -14

Glued-in
length
lad [mm]
100
100
100

Rods
diameter
d [mm]
10
12
14

Glue line
thickness
e [mm]
2
2
2

Number
of
specimens
25
25
25

Number
of
locations
1-5
1-5
1-5

The displacement that occurred during the test was controlled with the help of
measuring devices. The symmetry of glued-in rods in two planes was also controlled as
shown on Figure 3.

Figure 3: The location of measuring devices and the symmetry control of glued-in rods.
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3 TEST RESULTS AND DISCUSSION

3.1. Discussion. The analysis of different equations for the calculation of GiR
carrying capacity.
The experimental data obtained for CLT were compared with the estimated
equations from three references. The first one is a simplified calculation model [6-9] for
axial loading which could be summarized as:
(1)
where:
Rax,k characteristic pull-out capacity,
l
anchorage length,
d
diameter,
fv,k shear strength parameter.
The correlation between the test results and the estimated values was analyzed as
the second and third references according to equations 2 and 3. The predicted values
were based on the models recommended by DIN 1052 and the Russian standard (СП
64.13330.2017) [10] for GiR.
(2)

Rax,d
lad
d
fk1,d

where:
design axial resistance,
effective anchorage length,
nominal diameter of the rod,
characteristic value of the bond line strength.
(3)

where:
T
design axial pull-out or pierce capacity,
Rск shear design resistance,
R=4 MPa timber design pull-out resistance or pierce of rod,
lp design length (m),
kc = 1,2-0,02∙lp/d coefficient which takes into account uneven shear stress distribution
in dependency of the anchorage length of rod.
In some cases, the tested glued-in rods in the CLT panels were located
perpendicular to the grain. In the European practice, designers use the same equations
for the rods set perpendicular to the grain, or refer to Widmann et al [12], where the
pull-out strength is estimated as follows:
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Fax ,mean  0.045    d h  l ad 

0.8

(4)

where:
dh diameter of drilled hole (mm).
In accordance with the Russian standard (СП 64.13330.2017), the design equation
for glued-in rods perpendicular to the grain considers the rods glued-in at an angle to the
grain in the following way:
T  R    d1  l p  k c  k  md  Fa  Ra

(5)

where
kσ = 1-0,001∙σ

coefficient which depends on the value of normal stresses parallel to
the grain in the place where the rod is installed,
σ
maximal tension stresses (MPa),
md = 1,12-0,1d coefficient which takes into account the dependence of design
resistance on the rod diameter,
Fa
cross section of the rod (m2),
Ra
design resistance of the rod material (MPa).
3.2 Test results. Failure mode and obtained dependences
The typical failure modes that occurred were shear failure along the rod in the
adhesive layer, shear failure along the rod in the interface between the adhesive and the
surrounding timber, shear failure along the rod in the surrounding timber. Figure 4
shows the failure mode of the tested specimens. The failure was reaching the shear
strength.

Figure 4: Failure mode of some tested specimens
Figure 5 shows the test results for the GiRs with the diameters of 10mm, 12mm
and 14mm depending on where they are installed in CLT edge face. It is obvious that
the load-carrying capacity increases alongside with the diameter of the rods as it is
mentioned in the equation (1) above.
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Number of rod
locations

Figure 5: Test results for different rod diameters in different places of installation.
The increase in the deformation is more intense when pulling-out the rods installed
perpendicular to the grain, as compared to the situation when they are installed parallel
to the grain, as was noted earlier and described in the paper of prof E. Serrano [11]. The
load-deformation curves for the rods glued-in on the boundary between longitudinal and
transverse boards are of intermediate shapes.
3.3. Test results. Comparison with the estimated values
Table 2 presents the results of the pull-pull test. The shear strength was observed
as dependent on the rod position in the edge surface of a CLT panel and the rod
diameter.
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Table 2: Test results
Mean shear
strength
Test series
τ
[kN/mm2]
GiR -10-1
8,62
GiR -12-1

7,17

11,5

Glued-in
length
lad
[mm]
100
100

14

Coefficient
of variation
[%]
13

Rod
diameter
d
[mm]
10
12

GiR -14-1

6,32

26

100

GiR -10-2

8,38

11,9

100

10

GiR -12-2

8,8

9,7

100

12

GiR -14-2

7,68

18,2

100

14

GiR -10-3

7,85

11,9

100

10

GiR -12-3

7,51

13,7

100

12
14

GiR -14-3

7,98

25,4

100

GiR -10-4

9,69

8,7

100

10

GiR -12-4

9,42

3,1

100

12
14

GiR -14-4

7,93

21,6

100

GiR -10-5

8,23

20,8

100

10

GiR -12-5

10,07

3,5

100

12

19,6

100

14

GiR -14-5

10,35

Rods
positions

1

2

3

4

5

Figure 6 shows the influence of the rod diameter on the withdrawal strength. The
lines “din” and “ru” are estimated values according to the German standard DIN 1052
and the Russian standard СП 13330:2017 for rods glued-in along the grain. The test
results for the rods glued-in perpendicular to the grain as compared to the estimated
values obtained according to the Russian standard and equation (4) proposed by R.
Widmann are shown on Figure 7. As a rule, the test results are slightly higher than the
expected strength values of GiR, because the characteristic value of the strength by
shear is used in the calculation formulas (1) and (3).
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Withdrawal strength, kN

Rod diameter, mm

Withdrawal strength, kN

Figure 6: Test results as compared to the estimated strength of the rods glued-in along
the grain.

Rod diameter, mm

Figure 7: Test results as compared to the estimated strength of the rods glued-in
perpendicular to the grain.
Besides, shear testing of specimens showed that the resulting strength value
corresponds to the flat stress state. When pulling out a GiR which is installed along the
grain, the volume destruction occurs, and it is necessary to consider the volume stress
state. For example, the ovalization of the fracture area was discovered while testing
GiRs in LVL. It is explained by a different value of the shear strength along the grain
due to the layered structure of the material. This aspect was taken into account and used
in the calculations according to method that we suggested. Non-uniform stress state also
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occurs depending on the contact area of the GiR with one of the board surfaces for GiR,
located on the boundary between longitudinal and transverse boards in a CLT panel.
For CLT panels with gaps and stress relieves, the installation of GIR is also
possible. To avoid glue leakage, it is necessary to install a plug in the lower part of the
drilled hole which coincides with the gap. In the process of mounting the panels, the
designed type of connection can be used.
4 CONCLUSIONS

The results of pull-pull tests performed on glued-in steel rods positioned in the
edge of CLT panels provided us with new and interesting data, especially for rods
installed on the boundary between parallel and cross bonded boards. The diameters of
the rods were smaller than the board thickness of CLT in the tests series, as it was
described above. Conducting similar tests on CLT with thin boards seems reasonable
and interesting.
There is a need for further research into the performance of multiple rods required
for joining thick CLT panels or highly stressed connections, as it is important to
understand the possibilities of implementing glued-in steel rods in CLT. In this
connection, it will be necessary to determine the distances between the rods and from
the rods to the edge faces, taking into account the scheme of the boards in CLT panels.
Future investigations of laterally loaded glued-in steel rods are required in CLT.
The developed model of GiR strength in a CLT panel is based on the linear
regression analysis of the obtained test results. It is now subject to verification with the
help of additional tests that are necessary to confirm the formulated calculation method.
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ABSTRACT

The Zoo in Zurich is amongst the most interesting sights for tourists visiting the
city. The highlight of the Zoo is the Elephants Park “Kaeng Krachan” that hosts
elephants in a natural habitat and offers a spectacular experience for the visitors. This
amongst others due to the unique free form shell structure made of cross-laminated
timber. The design and construction of these structures was a challenge and new
experience for all participants but due to the profound experience of the engineers and
companies involved led to a successful completion of the project.
1 INTRODUCTION

The Zoo in Zurich is one of the highlights for tourists visiting the city. The Zoo
takes this challenge to present the visitors a divers and animal friendly environment
with high standards regarding attraction, information and pedagogical education. The
popularity together with the increasing awareness of how the animals shall be kept in a
natural way requires a constant development of the compounds of the animals.
The requirements for the new elephants park is the following: a total of ten
elephants should be able to live as independently as possible and largely without human
interference in the park. This requires a spacious area that corresponds to their natural
habitat. The visitors areas are fitted to the outline of the park and the visitors are kept at
an adequate and respectful distance from the animals.
For all major new construction projects, the Zurich Zoo is trying to establish a
connection between ex-situ keeping of the animals in the zoo with an in-situ project in
the area of distribution of that species (elephants). In case of the elephant’s park for the
Asian elephants, park represents the Asian Monsun forests. The Zoo has entered into a
partnership with a project managed by the Wildlife Conservation Society (WCS) in the
Thai National Park KaengKrachan. The aim of the project is to reduce the humanelephant conflict in the region in Thailand. The conflict is primarily caused by attacks of
elephants on the crops, since the population is living at the edge of the park.
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In 2008, an international planning competition was announced. A total of 50 works
were submitted.
2 OUTLINE OF THE PARK

The requirements for the facilities for the elephants included two landscaped
facilities for elephant cows (also suitable for elephant bulls) and - not visible to the
visitors - two bulls stables, one quarantine station and one management area each for
cows and bulls.
A bathing pool for the elephants should also enable the visitor to have an
underwater view to the elephants. Outside there are three facilities, one for bulls, the
other two for mixed use. In the outside area a mixed use and socialization of elephants
with other animals (Gazelles) is sought. For this purpose, an additional barn for
Gazelles is available with an inaccessible area for the elephants.

Figure 1: Sketch of the Elephants Park “KaengKrachan” at the Zoo Zurich. ©
Waltgalmarini.ch
With the exception of the quarantine and management areas, which receive a hard
concrete floor, the indoor and outdoor facilities will be equipped with sand and a
compacted earth-sand floor that can even be used by trucks. In addition to sand, wooden
trunks, rocks, mud loungers, basins and shower facilities are available for comfort. Due
to a not centralised feeding system, where the food is randomly placed at different
stations, the elephants have to spend more time in the food procurement and are kept
busy compared to the traditional way of keeping and feeding elephants. A whole range
of feeding equipment, some of which are controlled by timers are provided.
The new facility is designed for one to two bulls and four adult cows with their
young. As far as possible, the animals are free to choose whether they want to stay
indoors or outdoors. In order to bring the elephants closer to the visitors, there are
facilities for presentations where, for example, training or nursing measures can be
demonstrated. The above-mentioned swimming pool with underwater view also takes
this aspect into account.
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In May 2011, the groundbreaking ceremony for the KaengKrachan elephant park
took place and in June 2014 the park was opened for public.

Figure 2: Arial view of the Elephants Park “KaengKrachan” at the Zoo Zurich.
© Waltgalmarini.ch
3 ARCHITECTURAL OUTLINE AND DESIGN

The characteristic element of the new elephant house is its roof structure. The roof
fits as a flat, free-formed wooden shell into the landscape, so that the considerable size
of the roof shell hardly appears present and stays discrete. The roof does not appear as a
closed shell, instead it opens as a net-like transparent structure that’s organic form
makes references to the surrounding forest.
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Figure 3: Visitors view on the Elephants house. © Waltgalmarini.ch
In the interior, the roof unfolds its full effect: similar to a canopy of leaves, the
light filters through the filigree roof structure and allows points of light to wander over
the course of the day. This play of light and shadow provides for constantly changing
lighting moods and creates exciting contrasts between rather dusky areas and brightly lit
areas.

Figure 4: Net-like shell structure of the roof. © Waltgalmarini.ch
The roof structure spans the landscape of the inner compound, around which the
surrounded by the visitor- path, which leads to the visitor's lodge, the underwater
viewing arena and the animal care management area.
4 BOUNDARIES OF THE STRUCTURE

From the architectural organization of the use, the boundary conditions to be
considered for the structure are predefined, such as the arrangement of the load-carrying
elements for the vertical forces. All necessary elements required for the desired use of
the compound, such as the curved outer wall of the management area, were integrated in
the structural design of the linear support. Rainwater cisterns were integrated into the
underground media channel and form local "roof foundations".
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Figure 5: Overview of usage areas and structural elements. © Waltgalmarini.ch
These local support areas are dissolved into individual cantilever pillars, which
integrate themselves into the organically uniform principle of the facade supports.

Figure 6: Overview of the concrete structures and foundations. © Waltgalmarini.ch
5 FORM FINDING PROCESS OF THE STRUCTURE

The opening pattern of the roof is influenced by the static arrangement of the main
beams connecting the supports and the outer walls of the stables, the daylight concept to ensure sufficient light for the plants as well as for the scenography - as well as design
considerations of the architects.

Figure 7: Shell model developed in the form finding process © Waltgalmarini.ch
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A flat hole pattern with an opening percentage of approx. 30% serves as the basis
for static form finding process. The actual form finding process was performed by
elastic deformation in negative self-weight direction in an iterative process: In addition
to limiting maximum building height, the deformations of the arch areas between the
local roof foundations, which are to be considered for the façade design, were decisive.
By approximating these courses to the support lines, the deformations could be
significantly influenced and minimized. The purpose of finding the right shape is to set
a shell structure free of bending stresses for the dominant load cases.
Stability investigations as well as sensitivity analyses with regard to the influence
of the concrete structure and the foundations were carried out on this single-layered
shell model with eccentrically arranged bars as reinforcement ribs.
6 PRINCIPLES OF THE TIMBER STRUCTURE

Timber is a highly anisotropic and inhomogeneous building material. It is not
obvious to use this anisotropic material for a shell structure with a large number of
openings of various geometry. Typically, wooden dome structures are therefore
constructed using truss elements.
The shell layer itself is made of cross-laminated panels. These panels were selected
as a material that is easy to work with and can be shaped to the desired shape on the
construction site. The idea was that the formwork, which would also be needed for a
concrete shell, be used as the shell structure itself!
The architectural plan includes a continuous soffit - after all, 65% of the surface of
the roof is closed. Considerations for a frame structure in conventional construction
with closed full-surface non-structural cladding did not lead to a satisfactory joint
pattern. The soffit should not become a "patchwork quilt".
Multilayer softwood panels, so-called cross-laminated timber, have undergone
tremendous development and dissemination in the last 10 years. They are up to 4m wide
and also lengths > 15 m available on the market. The cross-section can be chosen more
or less arbitrarily 3-, 5- and 7-layered built-up to a total thickness of > 30 cm.
Usually, the relevant structural properties are specified in parallel and
perpendicular direction to the surface layer and regulated in technical approvals. This
orthogonal definition of properties is not sufficient for a shell structure with variable
angles between force and grain direction.
In direction perpendicular to the grain wood has only about 3% stiffness, 20% of
the compressive strength and only 1% of the tensile strength as compared to parallel to
the grain. This results in a nonlinear dependency of the material properties on the loadto grain angle.
This requires that each element of the static model has to consider the individual
load combination and grain direction with regard to stiffness and strength.
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Figure 8: Arrangement of the layers of the timber elements in the net-like shell. ©
Waltgalmarini.ch
7 SELECTED SHELL CONSTRUCTION

Due to the above considerations, it was not desirable that the multi-layer plates can
transfer the forces directly via contact at their joints. Three layers with 80 mm thick 3layered CLT panels are arranged so that they strong axis runs from the local supports to
the line support. Nailing offers a very reliable and efficient means for connecting two or
more wooden components. The load-carrying behaviour of these lateral joints is design
linear elastic.
The direct force transfer perpendicular to the main direction is avoided by
sufficiently large gaps between the elements, the force transmission between the plates
takes place exclusively via the nails - a somewhat soft, but reliable and, above all,
ductile and very robust construction.

Figure 9: Lay-up of the shell. © Waltgalmarini.ch
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Overall a composite cross-section with eight layers was necessary to accommodate
in addition thermal insulation and installations as well as to obtain sufficient flexural
stiffness.
The desired load-carrying behaviour was verified with a test series at the EMPA in
Dübendorf, Switzerland and the findings were used to calibrate the refined static model.
8 DESIGN OF THE CLT PANELS

The design of wood-based materials - here multilayer boards made of softwood under any membrane load is currently not covered by standards. These plates are mainly
used and dimensioned only parallel or perpendicular to their surface layer.
The interaction of stresses was considered based on findings from literature and
was programmed to allow a clear and efficient evaluation especially in the static
software used.
9 MANUFACTURING OF THE CLT PANELS

For the manufacture and assembly of the shell structure, the freeform surface had
to be unwound into flat strips. Depending on the possible production and transport
dimensions, each of the 3 layered CLT panels is processed with the help of a module of
the static software used for this purpose.

Figure 10: Layout of the shell elements for manufacturing. © Waltgalmarini.ch
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Figure 11: Assembly of the shell layers. © Waltgalmarini.ch
10 ASSEMBLY

The on-site assembly was very easy due to the few but repetitive construction
rules. The approx. 30'000 different individual components were precisely manufactured
and delivered with individual coding to the construction site just in time. The
construction was carried out in three major steps:
1. The first layer of 3-layered CLT panels was mounted on a scaffolding
2. The second layer was rotated by about 60° with pre-cut openings, for orientation the
geometry was already carved into the surface of the first layer like a puzzle.
3. The third layer was finished by the CNC-robot and served as a template to cut out the
coaters after the insertion of all fasteners.

Figure 12: Finishing of the façade. © Waltgalmarini.ch
11 SOME NUMBER AND FACTS

The large dome structure with a diameter of
- 30’000 timber parts
- 275 individual skylights
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-

500’000 screws
500’000 nails
> 800 m’ post-tensioning cables
5’000 m3 concrete und 850 to reinforcement steel
38 post-tensioned anchors, each with 140 to tension force
35 trucks for delivering the temporary roof
3 material cable cars

12 COMPANIES INVOLVED IN THE PROJECT

12.1 Building owner
Zoo Zürich AG
https://www.zoo.ch/
12.2 Architect
Tasks:
Roof and façade, coordination of installation in the roof
Markus Schietsch Architekten GmbH
http://markusschietsch.com/
12.3 Engineers
12.3.1 Concrete structures and foundation
Tasks:
Structural engineering/project lead roof/shell/façade/ reinforced concrete/foundation
WaltGalmarini AG
https://www.waltgalmarini.ch/
12.3.2 Roof, Shell and Façade
Tasks:
Roof, Shell and Façade
WaltGalmarini AG
https://www.waltgalmarini.ch/
12.3.3 Geotechnics
Tasks:
Geotechnics
BlessHess AG
http://www.blesshess.ch/
12.4 Project management
Tasks:
Project management timber construction, Sealing, Aircoushin, Façade, Installations
WaltGalmarini AG
https://www.waltgalmarini.ch/
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12.4.1 General project management
Tasks:
General project management
CGA GmbH
http://cgateam.ch
12.5 3D Parametrisation and CNC-Planning
Kaulquappe GmbH
https://kaulquappe.com/de/
12.6 Construction companies
12.6.1 Timber Structures
Syndicate: Implenia/BrunnerErben
https://holzbau.implenia.com/
http://www.brunnererben.ch/
12.6.2 Facade
Syndicate: Implenia/BrunnerErben:
https://holzbau.implenia.com/
http://www.brunnererben.ch/
12.6.3 Air Cushions
Vector Foiltec
https://www.vector-foiltec.com/de/
12.6.4 Sealing
Preisig AG
http://www.preisig.ch/
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ABSTRACT

Existing norms of design of timber constructions valid in different countries
including Ukraine entirely disregard the effect of low-cycle repeated loadings during the
operation of buildings and structures. The paper deals with development of the bearing
capacity calculation of the bending members of solid and glued laminated timber
exposed to repeated loadings in accordance with the deformation model.
Equilibrium equations for calculating the bending timber member after being
exposed to repeated loadings are presented in the paper. The deformation method is
proposed for the calculation of the rectangular solid and glued laminated timber beams
with allowance for the occurrence of folds in the compression zone.
The results of the research allow designing the solid and glued laminated timber
constructions taking into consideration the possibilities of the material and peculiar
features of the member performance, which in turn will allow choosing the crosssection of the members more economically.
On the basis of the study of the layer deformation process by section height and the
determination of the characteristics of the stress-strain state of these layers under the
effect of repeated loading, it is possible to fulfil more accurate calculation of the timber
members at different stages of the stress-strain state through destruction.
KEYWORDS: timber, bearing capacity, repeated loading, bending moment, deformation,

stress.
1 INTRODUCTION

Year by year the use of timber, especially GLT, in the construction industry is
increasing in almost all the industrialized countries and this fact is indisputable. The
durability of the timber structures depends on the quality of the material and its
manufacturing, the operational environment and the level of the stress-strain state. This
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is the only adequately strong construction material which is perpetually recovered in
nature and causes almost no catastrophic ecological consequences at bulk utilization.
Therefore, it can be named the material of the future in the construction of industrial,
sporting, public and residential buildings and structures. The members of solid and
glued laminated timber in the conditions of the repeated bending are not currently
studied in sufficiently.
Existing norms [1, 2, 3, 4] do not take into consideration the behaviour of the solid
and glued laminated timber beams in actual operating environment and under repeated
non-cyclic loadings (Figure 1), neither do they allow the determination of the following:
the position of the neutral plane (neutral line) which separates the compression and
tensile zones; the stage of the stress-strain state of the cross-section at various stages of
loading the entire structure is exposed to.
A triangular distribution diagram of stresses is adopted in compression and tensile
timber zones under the application of single loadings in the calculation model of the
cross-section for determining the load bearing capacity of the constructions of solid and
glued laminated timber. At such distribution diagrams, the height of the timber
compression zone and the position of the neutral plane (neutral line) does not change as
the loading increases. However, this fails to meet their actual position and prevents from
considering and accurately determining the stress-stain state in the normal section of the
member at different stages of its performance. At the same time, the deformation
diagram of compression along the grains is known to have a curvilinear character with a
clearly pronounced downward curve [5, 6, 7, 8, 9, 10]. However, all the currently
existing calculation methods do not take into consideration the plasticity behaviour of
the material and the downward curve when there is compression deformation of timber,
which is a certain important backup in the behaviour of the structure. It is definitely
counter-productive to use the timber performance along the downward curve with
significant deformations but a limited part of the backup is needed to be used.
Thus, it is possible to avoid these disadvantages by adopting a curvilinear
distribution diagram of stresses in the compression zone of timber [11, 12, 13, 14],
which complies with the actual performance of the cross-sections of the timber bending
members.
2 STATE-OF-THE-ART SUMMARY

The most important trend of the scientific and technological advance is to ensure
the reliability of structures. One of the means of fulfilling this task is the study of the
behaviour of the timber structures under the conditions which are as close to real as
possible. In this regard, the issues on improving calculations and design of structures
have become increasingly important. Closer definition of the strength and deformation
characteristics of the timber members under low-cycle loadings are of great importance,
since a large number of operated structures are in such conditions.
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As a rule, technological exploitation levels of low-cycle loadings (for the covering
of industrial, public and residential buildings as well as multiple purpose constructions)
do not exceed the estimated marginal levels, and in many cases, operational levels. The
application of such loadings allows the performance of the member material at low and
medium stress levels. This creates favourable conditions for the redistribution of
stresses with gradual relaxation and the subsequent elimination of the stress
concentrators within the defects of the material, resulting in densification and
suspension in the growth of deformations. This process is characterized as low-cycle
strengthening, and the phenomenon of suspension in the growth of deformations is
defined as low-cycle adaptability.
On the basis of the study of the layer deformation process along the cross section
and the determination of the characteristics of the stress-strain state of these layers
under the effect of repeated loading, it is possible to fulfil more accurate calculation of
the timber members at different stages of the stress-strain state[15, 16] until reaching
failure.
The currently existing methods for predicting the strength and durability of
anisotropic material [17, 18] are based on a mathematical model of durability, which
takes into consideration the level of prolonged loadings, humidity and ambient
temperature of the operation environment, but does not consider the loading variations.
The purpose of this study is to make the calculation of bending solid and glued
laminated timber members after the application of repeated non-cyclic loadings
according to the deformation criterion at various stages of the member performance
[15].
3 PRESENTATION OF THECORE MATERIAL

As a rule, a cross section of dense, homogeneous, solid timber is considered to be
a design cross section in the calculation of timber structures and in the current codes [3].
This approach has a number of drawbacks in determining the design cross section of
timber structures.
What should be read as the term “design cross section” for a timber member? In
structural mechanics this term is associated with the equilibrium conditions of the cutoff section of the member, the assumptions about the distribution of deformations and
stresses in this section and the criterion of the exhaustion of bearing capacity.
The most accurate evaluation of the behaviour of the bending timber member,
which operates with a fold at the border performance stage [15] in the compression
zone, can be obtained if we consider, as adopted in structural mechanics, the design
cross section passing through the fold [19, 20], which is often difficult to spot in a
timber member in a pre-destruction state due to the instant destruction of the structure.
The accepted “design cross section” provides an opportunity to make assumptions
about the shape of the stress diagram and its maximum ordinate in the adopted cross
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section with a fold in the compression zone of the timber member. However, it should
be noted that we are considering elastoplastic material with limited deformability.
One can use the common laws of deformation distribution by section height, both
in compression and tensile zones for the design cross section with a fold in a
compression zone of the timber member. In fact, in this case one can use the apparatus
of infinitesimal quantities. Such an apparatus is used under the condition of continuity
of the function around the point of the cross section being considered. The use of such
an apparatus in the mechanics of rigid bodies is determined by the hypothesis of
continuity and homogeneity of the material [21]. In the section with a fold in the
compression zone of the timber element these conditions are practically fulfilled.
Consequently, the design cross section is a model that reflects the patterns of
deformation and destruction of the timber element.
It should be noted here that according to the author's suggestions the characteristics
such as the strength of the solid and glued laminated timber ( f c ,0, d , f t ,0, d ) and the MOE
average value ( Emean ), which are based on current codes [1, 3], are to be determined
through testing the samples with the structural dimensions and according to a certain
specified methodology. Therefore, the approach adopted does not contradict the
accumulated great material on strength, bearing capacity and deflections of the solid or
glued laminated timber members, performing on a transverse symmetrical or
unsymmetrical bending.
For the construction of this model, data on the shape of the deformation and stress
diagrams as well as the relation between deformations and stresses are obtained
theoretically.
The adoption of the concept of “a design cross section” allows using the law of
distribution of deformations by section height and the layered connection between
deformations and stresses performing in the cross section.
Timber leads to a redistribution of stresses in the pre-boundary and the boundary
states when it performs in the timber structure and undergoes a heterogeneous stressstrain state. Such a redistribution of stresses is characterized by their decrease within the
most deformed areas of the compression zone with the increase in deformations and
stresses in less deformed areas with the formation of folds. In addition, the existing
model of the stress-strain state does not take into consideration the downward curve of
the timber deformation and generally suggests a linear dependence between stresses and
deformations.
The destruction of the timber element at the moment when the deformations at the
point which is the most remote from the neutral line of the tensile zone reach the
boundary value is proposed to be considered a criterion of destruction in a transverse
normal section. This is a deformation criterion and it is as follows:

uc , fin , d  uc , fin , d , u ,

(1)
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where
uc , fin , d

uc , fin , d , u

- the value of the total relative deformations of the most tensile layers of timber;
- the limit value of the total relative deformations of timber in tension.

Let us consider the stress-strain behaviour of the bending timber element(figure 2).
The basis of the calculation method is as follows:
a) the design section is a cross section perpendicular to the longitudinal axis of the
element in which a fold is formed in the compression zone;
b) the hypothesis about the linear distribution of deformations is true with regard to
the height of the design cross section for the mean deformations;
c) the relation between stresses and deformations of the tensile timber is accepted
as linear dependence;
d) the relation between the stresses and deformations of the compressed timber is
accepted as a transformed diagram, which is depicted in Figure 2 and is described by a
polynomial of the second degree [30].
e) the timber elements, in which force factors should be applied without causing
torsion, are considered;
f) the peculiar values of the resistance of timber in a timber element are accepted as
design values.
The criteria of loss of bearing capacity of the cross-section are as follows:
a) the destruction of the tensile wood at achieving the limit values of deformation
by the most tensile layer;
b) the extreme criterion is the loss of equilibrium between internal and external
efforts;
c) the computation is completed according to the deformation model taking into
consideration the growth of deformations in the design cross-section;
d) for the compression of timber a positive sign is accepted and for tension - a
negative sign.
Based on the relative deformations u c ,d ,cyc,n which occurred in the normal crosssection of the bending timber element after the effects of repeated loadings on the n-th
cycle, we can describe the stresses at fixed values of the height of the compression zone
of timber y1= yc and deformations of the border compressed grain at u c ,d  uc ,d ,cyc,n,1 and
the deformations of the extreme tensile timber layer ut , d  ut , d ,1 . Considering the
accumulation of residual deformations, the equation of equilibrium of external and
internal forces in the normal cross-section are as follows:

M

н, л,cyc,n

N
where
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 0 M cyc,n  M c ,d ,cyc,n  M t ,d ,cyc,n ;

cyc,n

,

0

;

N c ,d ,cyc,n  N t ,d ,cyc,n

,

(2)
(3)

Mcyc,n; M c ,d ,cyc,n , M t ,d ,cyc,n

N c ,d ,cyc,n , N t ,d ,cyc,n

the bending moments in relation to external loading, stresses

in the compressed and tensile timber at the n-th loading
cycle;
equals to the internal forces in the compressed and tensile timber of

the normal cross-section of the bending timber element at the n-th
cycle.
In the normal cross-section of the bending element, stress is described by different
functions in three different areas of the cross-section height. The first area is the tension
area which begins from the bottom of the element to the neutral line; the second area is
the compression area from the neutral line to the maximum value of the compression
stresses; the third area is the compression stress from the end of the second area to the
top of the bending element.
The “strain-strain” dependence   u for the middle of the timber bending element
in the normal cross-section at the n-th cycle is expressed by two functions in different
areas:
the first linear function helps to determine the stress in the tensile zone of the
normal section in the middle of the span of the timber element and it is valid in the
range from 0 to y t ;

 t ,d ,cyc,n  f1 (u )  E  ut ,d ,cyc,n

(4)

where
E
the elasticity modulus of timber under tension;
u t ,d ,cyc,n relative deformations of timber under tension on the n-th cycle of the load
application;
the second function describes the stresses occurring in two areas of the
compression zone of the normal cross-section of the timber element in the range from 0
to y c ;

 c,d ,cyc,n  f 2 (u)  k1uc,d ,cyc,n  kcuc2,d ,cyc,n
k1 , kc

(5)

where
the coefficients of the polynomial which are to be determined by the expressions:

k1 

f c , 0,d

,

2 f c ,o , d
uc, fin ,d

; kc  

f c ,o , d
uc2, fin ,d

,

(6)

where
the design value of the compression parallel to the grain;

u c , fin ,d relative full compression deformations.
The tensile force in this cross-section will be equal to:
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y t , cyc, n

u t , d , czc , n

 f u dy  b 

N t , cyc, n  b

Eut , d ,cyc, n

1

0

0

yt ,cyc, n
ut , d ,cyc, n

du 
(7)

1
 b  yt ,сyс,n Eut ,cyc,n ,
2
where dy 

yt ,cyc,n
ut ,d ,cyc,n

du

The compression forces in this cross-section will be equal to:
yc , cyc, n

N c,cyc,n  b



f 2 u dy  b

0

uc , d , cyc, n

 k u
1

2
c , d ,cyc, n  k c u c , d ,cyc, n

 uy

c ,cyc, n

du 

c , d ,cyc, n

0

(8)

 k1u c,вбcyc,n k c,d ,cyc,n u c2,d ,cyc,n 
,
 b  y c,cyc,n 

 2

3


where dy 

y c,cyc,n
u c,d ,cyc,n

du .

The bending moment from the neutral line for the tensile zone in this cross-section
will be equal to:
yt ,cyc, n

M t ,cyc,n  b


0

yt  f1 u dy  b

ut , d ,cyc, n



2
t ,d ,cyc,n

Eu

0

yt2,cyc,n
u

2

t ,d ,cyc,n

du 
(9)

1
 b yt2,cyc,n Eut ,d ,cyc,n ,
3
where

dy 

yt ,cyc,n
ut ,d ,cyc,n

yt 

du ;

yt ,cyc, n
ut , d ,,cyc, n

uc , d ,cyc, n .

The bending moment from the neutral line for the compression zone in this crosssection will be determined by:
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yc , cyc, n

M c ,cyc,n  b

y

c

 f 2 u dy 

0

u c , d , cyc, n

b

 k u
1

2
c , d , cyc, n

 kcu

3
c , d , cyc, n



0

y c2,cyc, n
u c2, d ,cyc, n

du 

(10)

 k1u c ,вбcyc, n k c , d ,cyc, n u c2, d ,cyc,n 
,
 b  y c ,cyc,n 



3
4


2

where

dy 
yc 

yc,cyc,n
uc,d ,cyc, n
yc,cyc, n
uc , d ,1

du ,

uc, d ,cyc, n .

It is possible to determine the number of cycles (low-cycle endurance), which a
constructive bending solid or glued laminated timber element can withstand without
breaking, by the fact that the low-cycle endurance of timber in compression is
determined by the proposition [22, 23] according to the formula

ncyc  0,0562
 в,cyc

 в ,cyc
0,9909

(11)

,

where
the upper level of the low-cycle load application at the performance of the timber
in compression parallel to the grain.
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Figure 1: Timber deformation diagram “d – ud” of the performance of wood (pine)
parallel to the grain exposed to the low-cycle loading with stress levels of (0 - 0.75) f c ,o,Т
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Figure 2: Relative deformations and internal flexure forces in the rectangular crosssection of the bending timber element after the effect of repeated loadings
Thus the number of cycles of repeated loadings onto the timber element, which
meets the effect of the cross bending, will be determined within the established upper
level of the moment of action

ncyc  0,0562

k cyc в ,cyc, М
0,9909

,

(12)

where
 в,cy c,M the upper level of the moment of the beam performance under repeated loadings
at average stresses of the layers of the compression zone of the cross-section.
It is possible to establish this level of stresses for the bending element through the
level of loadings, that is, through the upper level of the bending moment application

в ,cyc,М 

М cyc 

М cyc
М руйн

,

(13)

where
the value of the upper level of the cycle loading;

М руйн 

the value of the crippling loading.

For the transition from the level of loadings to the average level of stresses, it is
necessary to take into consideration the uneven distribution of stresses in the layers of
the compressed timber zone and the mutual influence of the more stressed layers of
timber on the less stressed and vice versa (the mutually supportive performance of the
compatible layers of timber) under the application of repeated loadings. In the centre of
the weight of the compression zone the stress level exceeds the loading level by 10-20%
at different load application levels. The correlation between the level of loadings and the
level of stresses is expressed through the following coefficient kcyc
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 в ,cyc,  kcyc в ,cyc,М .

(14)

The coefficient k c y c , taking into consideration the excess of stresses over loadings
and the supporting effect of the internally adjacent grain, is recommended to accept
k cyc  1,1.

4 CONCLUSIONS

1. The proposed method enables to compute the stress state at all the stages of the
performance of the solid and glued laminated timber elements until reaching the failure
as well as allows to consider the pre-history of their performance and to assess the
impact of various modes of low-cycle loading.
2. The notion of the design cross-section with a fold in the compression zone of the
timber has been formulated for the pre-failure stage and the failure stage, both under the
effects of single loading and under the effect of repeated high-level loadings.
3. The improved method for determining the stress-strain state of cross-sections
with the use of complete diagrams of timber compression deformation allows to solve
the tasks on the computation of timber elements under the effect of any type of
compression or bending, not only at the boundary but also at intermediate stages, at the
performance mode under single static and low-cycle variable loadings.
4. It is necessary to consider two forms of determining the bearing capacity of a
timber element when constructing the analytical apparatus of the criteria for the
exhaustion of the bearing capacity:
- failure of an element due to the exhaustion of material strength under the effect of
single or repeated loadings;
- failure due to the loss of stability of the deformation of an element as a result of
disbalance between the internal and external forces.
The second criterion was not considered in the study.
5. It is recommended to take into consideration the effect of the low-cycle load
application on the subsequent performance of the solid and glued laminated timber
elements exposed to the cross bending due to the coefficient of low-cycle durability to
ensure further faultless operation.
REFERENCES

[1] State Construction Norms of Ukraine, 2017. DBN [State Construction Norms]
V.2.6-161: 2017 Constructions of houses and buildings. Wooden constructions.
Substantive provisions. Kyiv, Ukrarhbudinform, 102 p.
[2] The national standard of Ukraine, 2013. DSTU-N [National State Standard] B
V.2.6-184: 2012Solid and glue-laminated wooden structures. Guidelines for the
design. Kyiv, Minregion of Ukraine, 158 p.

120

[3] Eurocode 5, 1995. Design of timber structures. Part 1.1. General rules and
rulesforbuildings, 124 p. (in English)
[4] Construction norms and rules, 1982. SNiP II-25-80. Wooden constructions. Design
standards. Moscow,Stroyizdat, 65 p. (in Russian)
[5] Tururin S.V., 2005. Mechanical strength of wood. The dissertation of the doctor of
technical sciences. Moscow, MHU[Moscow State University], 318 p. (in Russian)
[6] Gomon S.S., Sasovskyj T.A., 2012.Diagrams of the mechanical condition of pine
wood under single short-term deformation through complete loss of material
strength. Resource efficient materials, constructions, buildings and structures. The
collection of scientific works, vol. 23, Rivne, NUVHP [The National University of
Water Management and Nature Resources Use], pp. 161-166.
[7] Gomon S.S., Gomon S.S., Sasovskyj T.A., 2012. Construction of a complete
diagram of deformation of pine wood under the static load application. Materials,
equipment and resourceefficient technologies. Materials of the international
scientific and technical conference. Mogilev, HU VPO [State Institution of Higher
Vocational Education]Belarusian-Russian University, pp 81-82. (in Russian)
[8] Kopanitsa D.H., Loskutova D.V., Savchenko V.I., Plaskin A.S.,
2011.Determination of the modulus of subgrade reaction for computing the nodal
connection of elements made of wood at minimum index. Vesnik TGASU [Tomsk
State University of Architecture and Civil Engineering], Tomsk, No 2, pp 7988.(in Russian)
[9] Varenyk K.A., 2015.Computation of central compressed wooden elements with
regard to creep. Thesis for a candidate of technical sciences. Novgorod Velikij,
Yaroslav the Wise NHU[Yaroslav-the-Wise Novgorod State University], 167p.(in
Russian)
[10] Gomon S.S., Sasovskyj T.A., 2014. Investigation of the durability and
deformability of pine wood under re-deformation through complete loss of
material
strength
[http://nbuv.gov.ua/UJRN/stmbr_2014_1_8.].
Modern
technologies and methods of computations in construction, vol. 1, pp 40-46.
[11] Gomon S.S., Sasovskyj T.A., 2013.Investigation of the stressed state of bending
elements made of wood using a complete deformation diagram. Resource efficient
materials, constructions, buildings and structures. Collection of scientific works,
vol. 27, Rivne, NUVHP[The National University of Water Management and
Nature Resources Use], pp 62-67.
[12] Gomon S.S., Gomon S.S., Sasovskyj T.A., Yatsuk V.O. 2012.Definition of the
stress-strain state of the normal section of the working peculiarities of wood onto
the cross bending, taking into consideration the full diagram of deformation of the
material.The problems of development of the urban environment. The collection of
scientific works, vol. 8, Kyiv, NAU [National Aviation University], pp. 66-72.

121

[13] Gomon S., Pavluk A., 2017. Study on working peculiarities of glue-laminated
beams under conditions of slanting bending. Underwater technologies, vol. 07, pp
42-48.(in English)
[14] Gomon S.S., Pavliuk A.P., 2017.The operation of glue-laminated wooden beams
under the conditions of unsymmetrical bending exposed to the effect of single and
repetitive loadings. Resource efficient materials, constructions, buildings and
structures. Collection of scientific works, vol. 34. Rivne, NUVHP[The National
University of Water Management and Nature Resources Use], pp 118-128.
[15] Gomon S.S., 2011.Stages of the stress-stain state of normal sections of wood under
bending. Resourceefficientmaterials, constructions, buildings and structures.
Collection of scientific works, vol. 21. Rivne, NUVHP[The National University of
Water Management and Nature Resources Use], pp 176-180.
[16] Gomon S.S., 2012.Computation of the elements of constructions manufactured
from wood when performing underunsymmetrical bending using a complete
deformation diagram of the material. Contemporary building constructions made
of metal and wood: Collection of scientific works, No 16, P1, Odessa, ОHАSА
[The Odessa State Academy of Civil Engineering and Architecture], pp 18-22.(in
Russian)
[17] Ashkenazi E.K., 1978.Anisotropy of wood and wooden materials. Moscow,
Lesnajapromyshlennost, 222 p.(in Russian)
[18] Ashkenazi E.K., Hanov E.V., 1980. Anisotropy of structural materials. Leningrad,
Mashinostrojenije, 247 p.(in Russian)
[19] Gomon S.S., Sasovskyj T.A., 2014.Behavior peculiarities of the bending elements
made from glue-laminated wood under the conditions of low-cycle loadings.
Resource effective materials, constructions, structures and buildings. Collection of
scientific works, vol. 28, Rivne, NUVHP [The National University of Water
Management and Nature Resources Use], pp. 112-117.
[20] Gomon S.S., Sasovskyj T.A., 2016.Behaviorpeculiarities of bending elements
made of glue-laminated wood under the conditions of low-cycle loadings. Bulletin
of the Belarusian-Russian University, vol.1 (50), Mogilev, UPKP MEUP [Unitary
Production Utility Enterprise of the Ministry of Energy and Coal Mining], pp. 130139. (in Russian)
[21] Filin A.P. 1978.Applied mechanics of a solid deformable body. V.2. Moscow,
Nauka, 616 p.(in Russian).
[22] Gomon S.S., Sasovskyj T.A., 2010.Behavior of sylor-modified wood across fibers
under the influence of low-cycle loadings. Resource efficient materials,
constructions, buildings and structures. Collection of scientific works, vol. 20,
Rivne, NUVHP[The National University of Water Management and Nature
Resources Use], pp 170-174.

122

[23] Gomon S.S., Gomon S.S., Sasovskyj T.A., 2015. Predicting the remaining
performance time of wooden structures under repeated loadings. Resource efficient
materials, constructions, buildings and structures. Collection of scientific works,
vol. 31, Rivne, NUVHP[The National University of Water Management and
Nature Resources Use], pp 417-421.

123

124

INSTALLATION OF TENSION IN THE BEAMS OF GLUED WOOD FOR
SLANTING BEND AT DIFFERENT STAGES OF WORK USING THE
DEFORMATION MODEL

SVYATOSLAV GOMON

ANDRIY PAVLUK

s.s.homon@nuwm.edu.ua
National University of Water Management and
Environmental Engineering, Rivne, Ukraine

pavluk_andriy@ukr.net
National University of Water Management and
Environmental Engineering, Rivne, Ukraine

ABSTRACT

The behavior of solid beams as well as glue laminated beams which are under the
conditions of slanting bending is currently poorly known. Operative rules and existing
studies do not address the real behavior of the beams under the conditions of slanting
bending or make it impossible to establish the stress-strain distribution of the cross
section at various stages of loading the construction in general.
Current rules do not take into account the peculiarities of glue laminated beams
under the conditions of slanting bending. In fact, the rules do not consider the real
change in the stress-strain behavior of such elements upon the load change from its
initial application till fracture under the conditions of slanting bending due to the fact
that material (wood) behavior in the construction is currently assumed as
nominally elastic. What is more, this issue is not sufficiently studied either
theoretically or experimentally.
This article is devoted to the study of the working peculiarities of glue
laminated beams made of glued pine boards under the conditions of slanting
bending.
KEYWORDS: timber, caring capacity, slanting bend, deformation, strain.
1 INTRODUCTION

The practice of designing building structures shows that bending is one of the most
common types of deformation in construction. Slanting bend is a kind of direct bend in
which the distribution of stresses in the cross section of the beam is much more
complicated than the straight normal bend. The setting of stresses for slanting bend at
different stages of loading is an important characteristic of the work of structures, since
in this complex stress-deformed state, the outer fibers of wood are exposed to varying
stresses of compression and tension.
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2 THE STATE OF THE QUESTION AND RESEARCH TASKS

Slanting bend of wooden beams – the kind of deformation, in which the direction
of the external load does not coincide with the main axis of the cross section of the
element. Flexible stress-strain condition that occurs behind the oblique bend requires
detailed research at various levels of loading of structures from the beginning of the
application of the load and to the destruction. The setting of stresses of bending
elements is the main characteristic in the calculations for the first group of boundary
states, so this study is relevant today.
The work of the most of today's known experimental researches of wood structures
[1,2,3,4,5,6,7,8,9,10] was studied for direct bending. Slanting bending of metal and
reinforced concrete structures is represented by works [11,12,13,14,15,16]. In the
current design standards of wooden structures [17] the calculation of oblique bend is
based on the rules of resistance of materials, which are valid only when the direction of
the load passes through the geometric center of the cross-section of the element [18]. In
case the power plane does not pass through this center there is torsion and additional
internal forces, that is not fully research for today and accordingly require an increase in
the cross-section of the projected elements. Therefore, there is a need for a more
profound study of slanting bend with the use of measures limiting the formation of these
additional efforts. Experimental studies today at the time of development programs of
individual calculation of building structures and buildings in general, require
comparison with results in software systems, among which there is a PC "Lira 9.6".
3 RESEARCH METHODOLOGY

The research was carried out on glued beams of pine of the first grade with a cross
section of 100x150 mm and a length of 3.0 m. Beams consisted of a package of seven
boards, glued together on a layer. The test was carried out in the laboratory of the
department of industrial, civil engineering and engineering structures of NUWEE
according to a pre-designed methodology [19]. In the tertiary of the pass, two lumped
loads were applied with the help of special metal plates, which provided the required
angle of inclination [20,21]. In the places of application of the load to limit the impact
of torque arranged ligaments. Relative deformations were recorded using strain gauges
which were located in the middle of the passage of the beam along the perimeter of the
section, and strain gauge system CIIT-3.The load on the experimental beam was given
by degrees. The test was conducted at angles of inclination of 10 ° and 25 °.
4 RESEARCH RESULTS

At each load level, the values of relative deformations in the middle of the beam
passage were recorded, as they are maximal in this place. During the tests, the
magnitude of the load at which the fold in the compressed zone was formed was
observed.
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The stresses of the compression and tensile zone in the normal section of wooden
beams made of glued laminated wood were calculated on the basis of the data on
relative deformation in the area of pure bending in accordance with two functions:

E
ut ,d

f1 (u)   t ,d  E  ut ,d

(1)

f 2 (u)   с,d  k1  uc,d  k2  uc2,d

(2)

where
the modulus of elasticity of wood under stretching;
relative deformations under tensile of wood;

uс,d

relative deformations under the wood compression;

k1 , k 2

polynomial coefficients;

f1 (u )

tension of the tensile zone;

f 2 (u )

tension of the compression zone.

The values of stresses, the formation of folds, the nature of the distribution of
stresses at the height of the section of the beam allowed to classify the beam at a
specific level of loading to this or that stage of a stress-strain state [22]:
- stage I - the element works without folds in the compressed zone within the limits of
stress proportions   E   ;
- stage II - the element works without folds in the compressed zone for stress   f ( ) ,
and in the stretched zone -   E   ;
- stage III - in the wood of the compressed zone arise and develop folds, woods in
compressed and stretched zones works for stress   f ( ) ;
- stage IV - the stage of the destruction of the element of the wood for stresses   f ( ) .
As a result of the test sand processing of its results stress values was determined
using formulas 1 and 2, and the diagrams of the stresses development of the compressed
and stretched zone of rain-fed beams in the zone of pure bending at different load levels
were constructed: for the beams BDK-1 and BDK-2 at an angle of inclination 10°, for
beams BDK-3 and BDK-4 - at a corner of 25°. Fig. 1 and Fig. 2 show the diagram for
the BDK-1 and BDK-3 beams.
In order to compare the values of stresses in the normal section of the beam at
different load levels, determined experimentally with theoretical data, we calculated the
models of similar beams in PC "Lira 9.6". The net of nodes of the elements of the crosssection of the beam was created by generating the beam-wall, but the actual formation
of elements of the cross-section of the experimental beam was created by means of the
creation and triangulation of the contours. Spacing units received 0.01. The beam
pattern was created from finite elements of 10x10x10 mm, the total number of which
was 15,000. The type of stiffness of beams was chosen on the basis of preliminary
research of solid wood beams in PC "Lira" [23]. The physical-mechanical
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characteristics of the experimental beam were taken as follows: Poisson's coefficient
0.45, density 510 kg/ m3, modulus of elasticity 10,000 MPa.
For beams BDK-1 load of 0,2Mmax diagrams of stress beam section height in
compressed and stretched zones close to a straight character. The maximum value of the
stress recorded in the most remote section and fibers were  c,d ,max =20,20MPa and  t ,d ,max
=24,82MPa in compressed and stretched zones respectively. During loading of 0,4M max
diagram tensions had little curved character in the compressed area. The maximum
stresses of the compressed zone were  c,d ,max =33.64 MPa, stretched -  t ,d ,max =37.00
MPa. At the load level of

0.6Mmax, the maximum stress values increased to  c,d ,max =

40.42 MPa and  t ,d ,max =56.20 MPa. The character of the stress diagram in the
compressed zone has a pronounced curved character. At the level of maximum stress
load 0,Mmax of the compressed zone are fixed slightly below the maximum distal fiber,
indicating the formation of the fold. The maximum values of stresses in compressed and
stretched zones were  c,d ,max =49,20 MPa and  t ,d ,max =74,83 MPa.
For the beam BDK-3, which was examined at an angle of 25°, the development of
stresses at different load levels had a similar character as for the beam BDK-1 at an
angle of 10° with slightly higher stresses. As can be seen at Fig. 2.at the load level of
0,2 Mmax diagram of stresses in height of section of beam in compressed and stretched
zones has practically a straightforward character. The maximum stresses were fixed in
the most distant fibers of the cross section and were  c,d ,max =29.40 MPa and  t ,d ,max
=32.63 MPa in compressed and stretched zones respectively. At the load level 0.4 Mmax
the stress diagram has a curvilinear character in the compressed zone. The maximum
stresses of the compressed zone were  c,d ,max =38.60 MPa, stretched -  t ,d ,max =42.42
MPa. At the load level of 0.6 Mmax, the maximum values of the stresses were increased
to  c,d ,max =46.20 MPa and  t ,d ,max = 57.01 MPa and were fixed in the most distant fibers
of the cross section. The character of the stress diagram in the compressed zone has a
pronounced curvilinear character. At the load level of 0.8M max, the maximum stresses of
the compressed zone are fixed slightly below the maximum distal fiber, indicating the
formation of the fold. The maximum values of stresses in compressed and stretched
zones were  c,d ,max =49,32 MPa and  t ,d ,max =75,82 MPa. In the stretched zone, at all
levels of stress the stress diagram as a straight forward character.
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Figure 1: Propagation of stresses in the compression and tensile zone of GLB - 1 beam
in the area of the pure bending at the load application levels:
а) М = 0,2 Мmax; b) M = 0.4 Mmax; c) M = 0,6 Mmax; d) M = 0,8 Mmax.
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Figure 2: Propagation of stresses in the compression and tensile zone of GLB - 3 beam
in the area of the pure bending at the load application levels:
а) М = 0,2 Мmax; b) M = 0.4 Mmax; c) M = 0,6 Mmax; d) M = 0,8 Mmax.
Volumes of stresses at different levels of load of birch-beamed beams, determined
experimentally, are given in Table 1.The same table shows the stresses that are defined
in the PC "Lira" as a result of modeling and calculating beams that are similar to
experimental sizes and experimental conditions.
Figure 3 shows an isopole of stress in the middle of the section of beam, obtained
as a result of the calculation in PC "Lira 9.6"with angles of 10 ° and 25 °.
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1.2

The maximum stresses of the compressed and stretched beams zone, which are
calculated in the PC "Lira", are fixed in the most distant fiber sections, as in the case of
experimental data.
Table 1: The stresses of glue-laminated beams at different levels of load application at
slope angles of 10 and 25 which were determined experimentally and using
the “Lira 9.6” software suite

Angle of
inclination

Load level
0,2Mmax
0,4Mmax
0,6Mmax
0,8Mmax
0,2Mmax
0,4Mmax
0,6Mmax
0,8Mmax

10

25

-20.8

-10.4

Tension, МPа
PC «Lira»
Experimental

-49
0.467

-0.467

-44.2
10.4

-33.1
20.8

 t ,d ,max

 c,d ,max

 t ,d ,max

 c,d ,max

24,0
36,2
48,1
62,6
26,6
39,7
53,2
66,4

18,0
27,2
36,0
46,8
19,6
29,3
39,3
49,0

24,9
39,0
58,1
74,1
32,6
41,9
56,9
74,90

21,4
33,4
40,1
49,25
29,3
37,9
45,9
49,28

-22.1
31.2

-11
41.7

-0.489
52.1

0.489
62.6

11

22.1

33.1

Fмах
Изополя напряжений по Nz
Единицы измерения - М Па
-44.2

-41.7

-31.2

-33.1

-20.8

-22.1

-10.4

-11
0.489

-0.467

11

10.4

22.1

20.8

33.1

31.2

44.2

41.7
52.1

55.2

Figure 3: Stress isofields of the cross-section of a beam made of glued wood under
unsymmetrical bending at a load of 0.8 Mmax and a slope angle:
a) 10 ; b) 25
Z

Y
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44.

At an angle of 10 °, the stresses of the compressed band of beams determined
experimentally and using the PC "Lira 9.6" are close in their values throughout all
levels of loading. The percentage difference between the stresses determined by the
given methods after the level of loading 0.4 Mmax decreases and at 0.8 Mmax is only
4.98%. In a stretched zone, greater convergence of voltage values, which are determined
experimentally and using PC "Lear", show lower load levels. At a load level of 0,2Mmax
they are 3,62%, while at 0,8 Mmax - 16,7%.
At an angle of 25°, the results of the study indicate that, with increasing loading,
the percentage difference in stresses in the compressed zone, determined experimentally
and using the PC "Lira" decreases and at a load level of 0.8 Mmax is only 0.6%, while at
the level load 0,2 Mmax - 33,1%. The stresses of the stretched zone, determined by these
methods, at all load levels were close to values with a maximum percentage difference
at the load level of 0.2 Mmax, which is 18.4%.
5 CONCLUSION

After defining the voltage values and the construction of stress distribution
diagrams along the height of the cross-sectioned beams at slope angles of 10 and 25
the following was found that:
- at the load application level of 0,2Мmax and 0,4Мmax the nature of the stress
distribution diagram in the compression zone wears curvilinear appearance, the beam
operates in the stage II of the stress-strain state;
- after the load application level of 0,6Mmax the stress distribution diagram in the
compression zone acquired a more pronounced curvilinear character, but the beams
operates without forming folds in the stage II of the stress-strain state;
- at the load application level of 0,8Mmax, the formation of the fold in the
compression zone of the beam was observed, and on the stress distribution diagram it
manifested itself in a pronounced curvilinear appearance as well as maximum stresses at
a point which was located somewhat lower than the maximum remote point of the
cross-section, the beams operated in the stage III of the stress-strain state.
- maximal stresses of the compression and tensile zones of the beams, which have
been calculated using the “Lira 9.6” software suite, are observed in the most remote
fibers of the cross-section;
- the stress values determined using the “Lira 9.6” software suite and their
distribution in the cross-section of the beam have shown sufficient convergence with the
stress values determined on the basis of the experimental data.
REFERENCES

[1] Daniel A. The Stress-Strain Relationships in Wood and Fiber-Reinforced Plastic
Laminate of Reinforced Glued-Laminated Wood Beams. Dissertation for the
degree of Doctor of Philosophy in Forest Products. Daniel A. Tingley, 1996- 212p.
132

[2] Hansen L.P. Experimental Investigation of Fatigue Properties of Laminated Wood
Beams/ Lars Pilegaard Hansen// International Timber Engineering Conference,
London, 1991, vol 4-190-199 pp.
[3] Mohamad W.H.W. Bending Strength Properties of Glued Laminated Timber from
Selected Malaysian Hardwood Timber/ Wan Hazira Wan Mohamad, Mohd Azran
Razlan, Zakiah Ahmad// International Journal of Civil & Environmental
Engineering, vol. 11, 2011- 7-12 рр.
[4] Issa C.A. Advanced wood engineering: glulam beams/ Issa CA, Kmeid Z//
Construction and Building Materials, vol 19, 2004, 99-106 pp.
[5] Čizmar D.. Ductility analysis of laminated timber beams of small section height/
D.Čizmar, Domagoj Damjanović, Krunoslav Pavković, Vlatka Rajčić//
Gradevinar, 5/2014, 395-406 pp.
[6] Moe, J.: The mechanism of failure of wood in bending. Publication International
Association for Bridge & Structural Engineering, 21, pp. 163-178, 1961.
[7] Crocetti R. Experimental and numerical investigation on the shear strength of
glulam/ Roberto Crocetti, Per Johan Gustafsson, Henrik Danielsson, Arne
Emilsson, Sigurdur Ormarsson// International council for research and innovation
in building and construction, 2010, 231-241 pp.
[8] Frese M.. System effects in glued laminated timber in tension and bending / M.
Frese, H.J. Blab// International council for research and innovation in building and
construction, 2010, 242-252 pp.
[9] C.Faye. Experimental investigations on mechanical behaviour of Glued Solid
timber/ Carole Faye, Frederic Rouger, Patrice Garcia// International council for
research and innovation in building and construction, 2010, 253-263 pp.
[10] D. R. Rammer. Shear Strength of Glued-Laminated Timber Beams and Panels
/Douglas R. Rammer // National conference on wood transportation structures,
1996, 192-200 pp.
[11] Vasilenko V.B. Stress - strain state runs perforated Z - similar profile in terms of
oblique bending / Vadim Borisovich Vasilenko // Dis. Cand. Tech. Sciences:
05.23.01.-Rivne, 2015 - 207 p (in Ukrainian).
[12] Fedorov D.F. Deformability and crack resistance of oblique bent concrete elements
of a rectangular profile, taking into account nonlinear properties of concrete /
Dmitro Fedorovich Fedorov // Diss. Cand. Tech. Sciences: 05.23.01 .- Poltava,
2012 - 199 p (in Ukrainian).
[13] Romashko V.М. Deformation - power model of resistance of concrete and
reinforced concrete / V.M. Romashko // Monograph –Rivne, 2016 – 424 p (in
Ukrainian).
[14] Boyko O.V. Evaluation of the strengthof oblique bend beams based on atwo-line
calculation diagrams of deformation of concrete and reinforcement / Olga

133

Viktorovna Boyko // Diss. Cand. Tech. Sciences: 05.23.01 .- Poltava, 2010 - 230 p
(in Ukrainian).
[15] Zerynuk O.V. Stress-deformed state of reinforced concrete elements of the Tshaped profile at oblique bend from the operation loads / Elena
VyacheslavovnaZernyuk // Dis. Cand. Tech. Sciences: 05.23.01 .- Poltava, 1997 169 p (in Ukrainian).
[16] Pavlikov AM The calculation of the strength of reinforced concrete elements with
oblique bend for DBN V.2.6-98: 2009 / A. M. Pavlikov, A. V. Garkava, A. V.
Gorbun, A. V. Balyaba, P. A. Detyuchenko // Collection of scientific works
[Poltava National Technical University. Y. Kondratyuk]. Ser : Sectoral
engineering, construction. - 2012. - Issue 5. - P. 111-115 (in Ukrainian).
[17] State Construction Norms of Ukraine, 2017. DBN V.2.6-161:2016 Constructions
of houses and buildings. Wooden constructions. Substantive provisions. Kyiv2017- 102 p. (in Ukrainian).
[18] Gomon S.S., Pavluk A.P. Work of the wooden beams in terms of slanting bend .
Resource effective materials, constructions, structures and buildings. Collected
Works, vol. 31, Rivne, NUWMNRU-2015- p. 422-428 (in Ukrainian).
[19] Pavluk A.P., Gomon S.S. The methods of research work of solid and laminated
wooden beams in terms of slanting bend. Resource effective materials,
constructions, structures and buildings. Collected Works, Vol.32. Rivne,
NUWMNRU-2016- p. 231-236 (in Ukrainian).
[20] Gomon S.S. Study on working peculiarities of glue laminated beams under
conditions of slanting bending/ S.S.Gomon, A. P. Pavluk// Underwater
technology - Kyiv, 2017- Vol.7 - p.42-48.
[21] Pavluk A.P. The working peculiarities of solid beams in terms of slanting bend.
Modern technologies and calculation methods in construction. Collected Works,
Vol.5, Lutsk, LNTU-2016 - p.259-266 (in Ukrainian).
[22] Gomon S.S. Stages of the stress-deformed state of normal cross sections of wood
on the bend // S.S.Gomon // col. Resource-saving materials, constructions,
buildings and structures. - Issue 21. Rivne, NUWEE, 2011. - P. 176-180.
[23] Gomon S.S. Hardness of solid wood beams in the conditions of straight and
oblique bending / S.S. Gomon, A.P.Pavlyuk // All-Ukrainian scientific and
practical Internet conference with international participation "Resource-saving
technologies in designing, land management and construction". Conference
materials. Kremenchuk: KrNU, 2017 - p. 191-202.

134

135

136

EXPERIMENTAL AND STATISTICAL INVESTIGATIONS OF THE SECANT
MODULUS OF ELASTICITY OF GLUED TIMBER MODIFIED WITH POLYMER
"SILOR"

SVYATOSLAV GOMON

SVYATOSLAV GOMON

s.s.homon@nuwm.edu.ua
National University of Water Management and
Environmental Engineering, Rivne, Ukraine

National University of Water Management and
Environmental Engineering, Rivne, Ukraine

M. POLISHCHUK

National University of Water Management and
Environmental Engineering, Rivne, Ukraine

ABSTRACT

In the paper there are given the results of dry pine wood working test and modified
wood working test (impregnated with “silor”) parallel to the grain under the actions of
static loading and low-cycle loadings.
KEYWORDS: Wood, glued laminated timber, compression, strength.
1 INTRODUCTION

The use of laminated timber in the construction of buildings and structures is
justified by the high technical and technological properties of it as a structural material.
Glued laminated timber, compared with solid, has better quality and higher strength due
to its layered structure. Because of the large spread of glued timber in construction,
there is a need for reinforcement of structural elements for those or other reasons.
Today, there are different methods of reinforcement, some of them involve a change in
the structural scheme and others the unloading of structures. The present study
investigates the reinforcement that implies the impregnation of timber with a polymeric
composition "Silor".
2 MATERIALS AND METHODS

Experimental studies were carried out on samples 45x45x250 mm of glued pine
boards 25 mm thick. The boards were glued using Casco Silva resorcinol adhesive with
water resistance of class D3 according to EN 204/205. Cutting of samples for each
series of tests was carried out from one pre-made GLT beam. Accepted dimensions of
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prisms have made it possible to avoid the influence of friction between the press plate
and the ends of the samples on the wood strength.
Samples for experimental studies were cut from GLT beams, which in turn were
made from planed pine boards in factory conditions [1]. Pine trees were grown in the
woods of the Rivne region. Drying of lumber for experimental samples was carried out
during twelve months at environment humidity 60-70% and a temperature 18-21° С.
The required moisture content at 10 ... 12% [2] was obtained by drying the samples for
the next three weeks in a thermal chamber.
Strain gauges were glued to the side faces of the experimental samples parallel and
perpendicular to the grain (Figure 1) before the timber impregnation.
Impregnation of laminated timber samples was performed in groups by immersion
into a vessel with a polymeric composition. The first group of samples PS-15 was
immersed for 15 minutes, the second PS-30 for 30 minutes, the third PS-60 for 60
minutes, the fourth PS-120 for 120 minutes, the fifth PS-240 for 240 minutes, sixth PS360 for 360 minutes and seventh PS-720 for 720 minutes. In each group, there were
three samples that impregnated with certain duration. The penetration of the "Silor"
polymer composition passed naturally without additional stimulation during the full
immersion of the samples into a polymer solution [3, 4].
The paper is devoted to the study of elastic modulus of modified timber depending
on its time of impregnation in "Silor" polymer composition.
3 RESULTS AND DISCUSSIONS

The samples loading was applied in small increments (5 kN) with control of
deformations increases. Strain-stress diagrams were constructed on the basis of the
experimental data obtained (Figure 2).

Figure 1: Geometric dimensions of the sample and location of the strain gauges
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Figure 2: Stress-strain diagrams of modified timber under compression load along the
grain
The studies have shown that in the case of nonlinear stress-strain relationship of
timber the secant modulus has a linear relationship with stress
Eo  E f c , 0 , d

E '   Eo 
   Eo (1   f с , 0 , d  ),
(1)
u
f c , 0, d
where
f

с,0,d



u pl ,d
u el,d

; 


f c , 0, d

,

(2)

where
  f c ,0,d determined by processing experimental data by mathematical-statistical
u pl , d

methods,
the plastic compressive strain in modified timber along the grain,

u el, d

the elastic compressive strain in modified timber along the grain,

η

the stress level.
Experimental and statistical investigations of the stress-strain state of timber,
impregnated with "silor", confirmed with high reliability the existence of a linear
relationship between the secant modulus and the stress level (Figure 3 and Table 1).
Linearity of E '   dependencies is confirmed by a high degree of correspondence
between the correlation and experimental values of deformations. The absolute value of
the r correlation coefficient is close to one and its r / mr reliability is always more than
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four. E '   dependencies were constructed on the basis of experimental points taken
on the stress interval  = (0,2 … 0,8) in accordance with the recommendations [5, 6, 7].
Experimental investigations were carried out on samples of structural sizes with
the volume of 370 cm3, according to the recommendations of Sventsitskiy G.V.,
Znamenskyi E.M. and Tuturin S.V. [8, 9, 10].
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0,948443387;
0,625097672;
13,56075494
13,56132977
13,52951125
13,51778963
12,89847061
13,450
13,40825432
13,40565106
PS-0;
0,87513674;
0,687607439;
13,37692308
13,36577869
13,32332332
13,32107843
13,2935125
13,282
13,27492367
13,25575369
13,23292574
PS-30
0,750117206;
13,21320017
13,21175279
13,18162649
13,17923456
13,114
13,11045559
13,10360365
0,812626973;
13,04812834
13,04333333
12,95110302
12,946
0,87513674;
12,7986024
12,778
12,7769615
12,74392672
12,64610177
12,609
12,59049418
12,49360115
12,47038284
12,44276795
12,441
12,28981621
11,71793262
12,273
12,14329083
12,105
11,937
11,9104881
11,768
PS-60
PS-120
PS-240
PS-360
PS-720

η

Figure 3: Relationships between the secant modulus and the stress level of modified
timber under compression load along the grain
4 CONCLUSIONS

1. Data on variations in the value of the elastic modulus of timber, modified with
polymer "Silor", were obtained on the basis of experimental and theoretical studies.
Using the least squares statistical method, it is established that the relationship between
the secant modulus and the stress level of modified timber is linear.
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Table 1: Basic parameters and statistics of E '   correlation regression equations
Sample
name
PS-0
PS-15
PS-30
PS-60
PS-120
PS-240
PS-360
PS-720

Correlation equation

r

mr

r
mr

V,%

E  =14,121(1-0,068 η)

0,998
0,828
0,840
0,859
0,982
0,819
0,830
0,960

0,001
0,105
0,057
0,088
0,011
0,104
0,099
0,025

734
8,0
16
10
77
8
8
39

0,27
1,51
1,04
1,36
0,92
1,21
0,99
0,22

E  =14,170 (1-0,035η)
E  =14,414(1-0,025 η)

E  =15,268(1-0,027 η)
E  =15,386(1-0,025 η)
E  =15,904(1-0,020 η)
E  =16,758(1-0,019 η)
E  =16,964(1-0,010 η)

2. It has been established that with an increase in the time of impregnation with a
polymeric composite "silage" from 15 to 720 minutes the initial modulus of elasticity of
modified timber increases as well.
3. It has been established that when the stress level increases, the value of the secant
modulus of modified timber gradually decreases.
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