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ANALYSIS OF RHEOLOGICAL MODELS OF PROCESS
OF SELF-FORMING OF GLUED WOODEN

Vladislav S. Ponomarev, Galina G. Kashevarova
"Perm National Research Polytechnic Universities, Perm, RUSSIA

Abstract: The article considers a promising technology for self-shaping glued wooden elements of curved forms.
This method is based on rheological processes occurring in wood, such as dehumidification and swelling of wood
and its anisotropic properties. To predict the final curved shape of the wooden structure, the authors analyzed
existing rheological models of wood and concluded that the rheological model proposed by European researchers
includes the most complete list of factors that affect the process of deformation of wood: elastic and plastic defor-
mation, drying and swelling of wood, deformation of viscous-elastic creep and mechanical sorption deformation.
Based on the results of experimental studies and numerical modeling of the change in the curvature of glued
wooden elements, which were made by European researchers, it was found that the proposed rheological model
of wood needs to be clarified, namely, the correction of hygro-expansion coefficients depending on the moisture
content of wood. A further direction of the authors’ research will be aimed at conducting model experiments to
determine the hygro-expansion coefficients of different grades of wood depending on the thickness of the wooden
elements and the orientation of the layers in the glued structure.
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AHAJIN3 PEOJIOTHYECKUX MOJEJIENA INPOLHECCA
CAMO-®0OPMOOBPA30OBAHMSA KJIEEHBIX
JAEPEBAHHBIX KOHCTPYKIIUAU

B.C. Ilonomapes, I'.I'. Kawesaposa

IlepMckuil HAMOHANBHBINA UCCIIEN0BATEIbCKUN NOIUTEXHUYECKUN yHUBEpcuTeT, I. [lepmp, POCCUA

AHHoTanmus: B cratbe paccMOTpeHa MEpCIEKTUBHAS TEXHOJIOTHS caM0-(hopMo0oOpa30BaHusl KICEHBIX CPEBsH-
HBIX DJIEMEHTOB KOHCTPYKIIMHA M30THYTOW (opMbl. JIaHHBI METOJI OCHOBAH Ha PEOJIOTHYECKUX TPOIleccax, mpo-
HCXOMAIINX B IPEBECHHE, TAKMX Kak Ae(opMaIiiy yCyIIKid U HaOyXaHUs JPEBECHHBI M €€ aHW30TPOITHBIX CBOM-
ctBax. [yt mpOrHO3UPOBAHMS KOHEUHOW M30THYTOH (DOPMBI JIEPEBIHHON KOHCTPYKITHH, aBTOPHI MMPOAHATH3UPO-
BaJIM CYIIECTBYIOIINE PEOJOTMYECKIE MOICTH APEBECHHBI U MPHILIA K BEIBOY O TOM, YTO B HACTOSAIIEE BPEMs
peosorndeckas MOJIeNb, peIo’keHHass EBponefickiMy ncciie1oBaTeIsIMI, BKITIOYAeT B ce0s HauboJiee TOTHBIH
mepedeHb (PaKTOPOB, KOTOPEIC BIHUAIOT Ha TPOIecC Ae(opMaIiy APEBECHHBL: YIIpyTas U TuIacTiHdeckas aedopma-
IUs1, YCYIIKa U HaOyXaHue JPEBECHHBI, 1ehopMallus BI3KO-YIIPYTroi MOI3y4ecTH U MEXaHO-COPOIIMOHHAs Ieop-
Manusi. Ha ocHoBaHMM pe3ylbTaTOB AKCIIEPUMEHTAIBHBIX UCCIIeI0OBAaHUIN U YUCICHHOTO MOJICIMPOBAHUS U3MEHE-
HUS KPUBU3HBI KIICEHBIX JICPEBSIHHBIX AJIEMEHTOB, KOTOPBIC OBLTH BBITIOIHEHBI EBPONCHCKIMHE HCCIICIOBATEIISIMH,
OBLIO YCTAHOBJICHO, YTO MPE/JIOKCHHAS PEOJIOTHYCCKAsT MOJICIIb IPCBECHHBI HY)KACTCS B YTOUHCHHUH, @ IMEHHO
B KOPPEKTUPOBKE KOAIPPHUIIMECHTOB THAPOPACIIHUPEHIS B 3aBUCHMOCTH OT BJIaXXHOCTH JpEBECHHBL. JlanbHeliee
HaTpaBJICHUE FICCICIOBAHNSI aBTOPOB OYAET HAIpPaBJICHO HA MPOBEACHNE HATYPHBIX SKCIICPUMEHTOB TIO OTIpeie-
JeHUI0 KO3()(PUIIMEHTOB THAPOPACIITHPEHHS PA3THYHBIX COPTOB JAPEBECHHBI B 3aBUCHMOCTH OT TOJIIHWHBI Jepe-
BAHHBIX JICMEHTOB M OPHCHTAIINH CIOCB B KJICCHOH KOHCTPYKITHH.

KiroueBsle ci1oBa: MeTos caMo-(hopMooOpa30BaHus KICEHBIX JEPEBSIHHBIX KOHCTPYKIIUH,
peosoruueckas Moziens, aedopmanns
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1. INTRODUCTION

In modern construction practice, the use of
wooden structures is widespread. Over the past
ten years, unique wood facilities have been built
in Western Europe, such as “Las Setas de Se-
villa”, also known as the “Metropol Parasol” in
Seville (Figure 1), the viewing tower on Pyra-
midenkogel in Austria (Figure 2), apartment
building in London “The Cube” etc.

Figure 2. The viewing tower
on Pyramidenkogel.
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The world practice of using wooden structures
pushes scientists to study the natural structure of
wood for its effective use as a building material.
The variety of wood products requires the devel-
opment of methods for calculating structures
from this material. A great deal of knowledge and
experience in wood design is now being devel-
oped, but there are a number of issues that remain
unresolved [1-4].

Wood — natural anisotropic material. A distinc-
tive feature of its structure is the specific orienta-
tion of various tissues in it. Their directional ar-
rangement forms a fibrous structure. In addition,
and concentrically arranged annual rings give the
wood a layered structure [5].

The unique structure of wood gives the wood ex-
ceptional advantages: relatively low density,
high specific tensile strength along the fibers, re-
sistance to salt aggression and other chemically
active substances, high aesthetic and acoustic
properties, etc. At the same time, wood defects,
such as knot cluster, spiral grain, porosity,
bultswell, reduce the quality of products and
structures. Low fire resistance, decay and dam-
ages by bugs require additional protection
measures for wooden structures. Anisotropy and
change in physical and mechanical properties
significantly limit the field of application of
wood. But at the beginning of the second decade,
based on the scientific works of S.P. Tymo-
shenko [6], several researchers from Switzerland
and Germany [7] proposed a technology for us-
ing these shortcomings of wood to produce glued
wooden structures of complex architectural
shape. They called their method "self-shaping
glued wooden structures".

2. METHOD OF SELF-SHAPING
OF GLUED WOODEN STRUCTURES

Self-shaping method used for the production of
glued wooden structures of curved shape. This
method is based on the processes of drying and
swelling of wood, as well as on its anisotropy. To
give a curved shape, two layers are distinguished
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in a glued wooden structure: active and passive
(Figure 3).

Active layer

Passive layer

Figure. 3. (a) - wood element before drying; (b)
- wood element after drying:
L - length, d - width, H - general thickness,
h, - thickness of the active layer, h, - thickness

of a passive layer.

The main idea of the self-shaping method is that
when the active layer is moistened to a certain
value before gluing the layers of wood, the layer
swells and increases in size. After that, the active
and passive layers are glued together.

During drying of the glued wooden structure,
moisture from the wood of the active layer is re-
moved, and it decreases in size. The passive layer
resists deformation of the active layer, as a result
of which the glued wooden structure acquires a
curved shape. The curvature of the structure de-
pends on several factors, such as mechanical
properties of the wood (modulus of elasticity,
modulus of shear, Poisson's coefficient), humid-
ity and thickness of the active and passive layers,
orientation of the layers.
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3. DESCRIPTION OF RHEOLOGICAL
WOOD MODELS

The application of the self-shaping method of
glued wooden structures requires the most com-
plete and accurate rheological model of wood to
predict the final shape of the structures. To date,
scientists from around the world are conducting
research to refine or develop a new rheological
model of wood.

For example, E. M. Tyuleneva [8] proposed her
rheological model of wood, in which the com-
plete relative deformation of wood is defined as

Ezt
g=£+i+ﬂ[l—e z J (1)
E

where o - stress in wood, E| - instant module of
elasticity, £, - elastic modulus of the second
kind, E, - plastic module of deformation, 7, -

elasticity coefficient, ¢ - loading time of wooden
specimen.

A group of researchers Vasilenko A. S. and
Yudin R. V. conducted studies to determine the
deformation of wood in the manufacture of
sleepers. The authors of article [9] proposed a
mathematical model in which the total relative
deformation of wood is defined as

gi+i(E_M_1J[1_e[£iI’ijaJ, @

E, E,|E

M M g

where o - stress in wooden element, E,, - instant
elastic modulus, E, - long modulus of elasticity,

which characterizes the final elastically elastic state
of wood, ¢ - loading time, n - relaxation time,
a <1 -rheological coefficient.

Foreign researchers Hassani M. M. and others
from Germany and Switzerland, who proposed
the method of self-shaping, developed their own
rheological model of wood [10]. It defines the to-
tal relative deformation of wood as the sum of
five components (Figure 4):
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Figure. 4. Schematic illustration of the
rheological model of wood [7].

— elastic deformation & ;

— irrecoverable plastic deformation &”';

— deformation of drying or swelling caused by
change in moisture content of wood &£“;

— deformation of viscous-elastic creep &;*;

— deformation of mechano-sorption creep 7" .

As aresult, the tensor of complete relative defor-
mation of wood consists of five components:

n m
e=elHe+e 4D e+ D " (4
P =

The key feature of this model is the determination
of the deformation of drying and swelling of wood,
since it is it that plays an important role in the
method of self-shaping of glued wooden structures.
When drying wood, moisture inside the wood
moves to the surface, and moisture evaporates
from the surface of the material into the environ-
ment. With a decrease or increase in moisture,
wood shrinks or swells.

To describe deformation in these processes, the
authors [10] proposed to use an approach similar
to the thermal expansion of the material. Change
of linear dimensions of wood in different ana-
tomical directions directly proportional to in-
crease of wood humidity [10]:

8w=aw(Z\4in(a),a)FS)—a)0), %)
where @ - current humidity of material, @, -

moisture content of wooden specimen, at the value
of which shrinkage or swelling does not occur (for
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a number of sources this value varies from 28 to 30
percent [11]), @, - final humidity of wood. The

vector ¢, consists of hydraulic expansion coeffi-

cients and in the coordinate system R7TL (R, T, L
- the anatomical direction of wood growth: radial,
tangential longitudinal) is defined as

a, ={a.a.,a,,0,0,0}. (6)

The authors [10] assume that the coefficients are
a,, o, , o, constant for each type of wood and

do not depend on the level of humidity. Coeffi-
cient values are given in [10]

Analyzing the presented rheological models of
wood behavior, we can say that the rheological
model proposed by foreign authors takes into ac-
count more factors affecting wood deformation.
For the practical application of the self-forming
method of glued laminated wooden structures,
accounting for the deformation of drying and
swelling of wood is the most important factor for
predicting the final curved shape of the wooden
structure.

4. VERIFICATION OF THE
RHEOLOGICAL MODEL OF WOOD

Based on the above-described rheological model of
wood (4) and the method of self-shaping of glued
wooden structures, a numerical simulation of the
deformation process of wooden beams was carried
out in order to verify the rheological model with
natural experimental studies (Figure 5) [7].

As the material of the initial samples, two varie-
ties of wood were used European beech and Nor-
wegian spruce. A total of three types of speci-
mens 600 mm length, 100 mm wide and 15, 30
and 45 mm thick, specimen number 1, 2 and 3
respectively, were tested. The ratio of the thick-
ness of the active layer of the passive layer was
1:2.

The passive layer was made of a solid board 600
mm long and 100 mm wide, and the active layer
was made of a board 250 mm long and 100 mm
wide.
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Figure. 5. Results of reshaping samples after
drying. Bilayer samples (configurations 1-3)
made of European beech (4) and Norwegian
spruce (B). Moisture change of wood (w) mod-
eled by finite element method and measured on
experimental samples. Curvatures (k) versus
square root of time, and curvatures versus mois-
ture contents with comparison to model predic-
tions [7].

A polymer adhesive composition was used to
glue the active and passive layers. In addition, the
researchers conducted an analytical and numeri-
cal calculation of the deformation of glued
wooden structures made by method of self-shap-
ing.

Analyzing the obtained values of deformations of
glued wooden beams, obtained from the results
of full-scale experiments, numerical modeling
and analytical calculation, we can conclude that:
— in the process of drying both wood grades, the
humidity and time changes obtained during the
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full-scale experiment and as a result of numerical
modeling are close to each other;

— for European beech, the dependencies of the
change in curvature (shape change) of the sample
on the time and moisture of wood, obtained
during the full-scale experiment and as a result of
numerical modeling, are also close to each other,
but for Norwegian spruce, similar dependencies
differ: the beam curvature according to the
results of numerical modeling is greater than the
curvature obtained during the full-scale
experiment.

5. CONCLUSION

The method of self-shaping of glued wooden
structures is a promising technology for design-
ing and producing building structures of unique
architectural forms from wood. This method is
based on rheological processes occurring in ani-
sotropic material, drying and swelling of wood.
Studying the change in the mechanical character-
istics of various types of wood due to an increase
or decrease in its humidity will allow you to more
accurately predict the final form of wooden struc-
tures made by self-forming.

Currently, the rheological model (4), describing
the complete relative deformation of wood as the
sum of five components: elastic and plastic de-
formation, drying or swelling of wood, defor-
mation of viscous-elastic creep and mechanical-
sorption deformation, needs to be clarified. This
was shown by the results of field experiments
and numerical modeling. According to the au-
thors, these discrepancies can be caused by not
taking into account the influence of thickness and
orientation of the active layers in determining the
factors of hygro-expansion coefficients of wood
(6) [10].

Further research on the mechanical behavior of
wood by the authors will focus on refining the
mathematical model of the processes of drying
and swelling of wood and conducting full-scale
experiments to determine the hygro-expansion
coefficients at different thicknesses and arrange-
ment of wooden elements.
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