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Introduction

Layered composite material sheets are widely uselde construction and transport machine-building
industry, where part of the structural elementsua@er variable moisture conditions during the time
of operation and erection. This often leads tod@nges of the initial shape of these elementd@and
structural inadequacy regarding the requirementshefnormative acts. Searching for structurally
better and aesthetically more attractive solutifmrsthe construction of various structures, non-
standard anticlastic elements are used more frégu®vhen the anticlastic composite material sheets
are used in cable roof structures as load-bearvgring elements or isolating elements in interior
decoration, undesirable changes of the shape adlémeents are caused by the variable moisture. The
changes can be prevented partly by using reinfoptastic reinforcement. Therefore, the preservation
of the initial shape of timber composite materia¢eats using reinforced plastic reinforcements has
been investigated.

For modelling sheet deformations, the authors hased a self-developed calculation model to
determine the thickness of rational reinforcementickastic sheet, which provides the changes of the
original bending radius under variable moistureditions [1] within the limits of preferable interga
and the finite element method. The aim is to ewaluend compare results, collected from the
previously developed and approbated calculationahfid and the finite element method using the
software package ANSYS v.11 (henceforth FEM).

Calculation model

The calculation model for an anticlastic sheet elehtonsisting of linearly elastic orthotropic leye
(henceforthshee} has been developed, using the plane stress statenof laminated material
mechanics in matrix form, discussed in the work®][2The sheetlayers are assumed to be tied
together by a thin layer of glue and deform togetfidne threshold of the orthogonal coordinate
system is placed in the centre of the geometrigdtil|m plane of thesheet The sample is given where
the moisture content for evesheetlayer under any moisture changes is identicathtn operating
conditions, the moisture distribution along the ssrgection of the elemems variable, but the
considered case predicts more danger because tH#rger effect on the change in bending radiuses.
The changes of the longitudinal deformations in geemetrical middle plane of theheetand the
bending radiuses of treheetbottom surface are assumed as the main characedétinvariability of
the shape.

Calculation of the shape invariability charactécsunder variable moisture, for the element oleihin
by reinforcement of theheetwith reinforced plastics (hencefortdiemeny, is carried out in several
stages. In théirst stage, the appropriate moisture chang@/ for straightening the anticlastitheetis
calculated. It is assumed that both curvature szdiwf thesheetbecome equal too almost at the
same moment. Calculations are made by choosingpipeopriate moisture change (reducing the



moisture until thesheetstraightens out), or using a definite moisturengfega which has already
provided the required curvature of the flat comfgosiaterial sheet. The longitudinal deformati@ns
caused by moisture chang&$v on the top and bottom surfaces of the sheet aerrdieted in this
stage. To calculate the longitudinal deformatiensf the element which occurs due to the moisture
changeAW = AW — AW , in the second stagea reinforced sheet without any initial curvature
subjected to moisture changawV is inspected conditionally and longitudinal defations € are
calculated. In thehird stage the resultant longitudinal deformatiosg of the anticlasticelement
which has been subjected to the moisture actionchadged moisture content by, are calculated
using relevance:
€ng=En+ &y, Q)

where g — longitudinal deformation;

n—index which specifies the number of layers confahe in the place where longitudinal

deformation of thelemenis calculated. The planes are numbered from theudface, starting

with “0”;

n— Index which specifies the number of layers congdahe in the place where longitudinal

deformation of thesheets calculated.

To define the bending radii on the top and bottamiages of theelement an equation system (2) is
constructed based on the relationship betweennijie and the sides of a right-angled triangle (show
in Fig.1). The system determines the bending raptiy;ml (2) of the bottom surface.
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where h — total thickness of the sheet;
b — width of the sheet;

AIX|Zn_1 — longitudinal elongation in the direction of X axMemberz, specifies the location
where the elongation is calculated.

Fig.1. Calculation scheme of the bending radius in plérAdor theelement

The difference between the bending radiuses oktémentr | andsheetr | characterizes the
n- *lzn

influence of the reinforcement at a definite maistwhange. Analogical relevancies are used to



calculate the bending radiursy‘Z K Detailed description and mathematical proof @f tmodel can be

found in [1]. The interaction of curvatures througtadual moisture changes is not considered in the
developed calculation model, therefore the pregistbeck of this model is done by comparing
analytically calculated results with the resultquiced using FEM.

Calculation using finite element method

One fourth of theelement(shown in Fig.2) was modelled using FEM and apmyiinite element
SOLID45. Layers of theelement were meshed to cubical finite elements, with thegit
corresponding to the thickness of an individuaklayput for the strengthening layers — to the b&lf
their thickness. At the bottom of tiskeetthe support was placed restricting the displacesnenthe
directions of X, Y and Z axis. The support placedtloe top was restricting the displacements in the
directions of X and Y axis.

The calculation was carried out during the thremliog stages by operating with the options of menu
»Solution/Analysis Type/Soln Controls, and windowige step options”. The shape changes of the
elementthrough gradual moisture decreases were takenadotount. The finite elements of the
reinforcement layers were excluded from the catmriamodel by using the command EKILL, and
the starting moisture contelV,,_. was defined for theheetlayers in the first stage. In the second

start

loading stage, FEM calculates the deformationshefsheetat every step by using the command
NSUBST, while moisture increases gradually by 1%il the moisture of layers reachas, ,. In this

stage FEM calculates the shape changes in ca$e i€urvature of thesheetis produced by the
changes of the moisture deformations in the lagétbe sheet Reinforcement layers are reactivated
and included in the calculation model of telementby using the command EALIVE in the third
loading stage. At the beginning of this stage,rtaésture in the layers of thgheetis assumed to be
W,,, = W,,,, by using the command TREF, and the resultant mm@ st/ is prescribed in the end of

the stage by using the command TEMP.

using FEM
analysed only 1/4
of the element

t mat3 =7
tmat.z =1.6mm

tmat.1 =1.6mm

symmetry
plane XZ

symmetry
a) palne YZ

Fig.2.a) sheetand its dimensions b) calculation scheme of FEMpRIpented with the supports,
thicknesses of layers, numbers of layer matersds.(table 1) and numbers of points from which the
values of main characteristics of invariability weead for the case of the sheet strengthenedtbn bo

sides

Discussion of results

During exploitation under variable moisture coratis thesheetfrom composite timber materials is
subjected to undesirable changes of the shape. pfaeention of the changes is analytically
approbated using a glass fibre sheet with oriegtask fibres and epoxy resin (henceforth GFRP). The
characteristic values of GFRP rigidity are foundiihand shown in the Table 1. A sample of sheet



with unsymmetrical structure is used, consistingfieé birch timber layers glued together. The
properties of timber values are found in [8] — sa&l@le 1. The longitudinal fibres of the layer are
oriented at right angles towards the longitudinalefs of adjacent layers (90°/0°/90°/0°/90°). Tagelr
thicknesses arg = t, = t, = t, =1.6mm, §, =1.7mm (see Fig.2b). The moisture change/ = 7% is the
difference between the final and the initial moistlevel of the timber layer, for example, when
moisture in the timber changes within the limitslof6 to 17% if relative humidity of the air changes
from 53% to 82%, with the air temperature ofC{see [9], table 3-4).

Using FEM and the developed calculation model,elrases were analytically approbated: sheet
curved by moisture were reinforced on the concatethce (see Fig.3c), arched surface (see Fig.3d)
and on both sides (see Fig.3b).

Table 1.
Deformative characteristics of layer properties
Characteristics Birch-tree’, Birch-tree?, GFRP S2/3501-5 [0/90Q},
[8] [8] [9]
Notation of materia mat.1 mat.2 mat.3
E«[MPa] 17250 480 32300
E, [MPa] 480 17250 32300
E,[MPa] 645 645 16500
Gy [MPa] 890 890 6760
G [MPa] 1540 230 5670
Gy, [MPa] 230 1540 5670
Vi 0.445 0.013 0.136
Vi 0.341 0.321 0.435
vy, 0.321 0.341 0.435
By 0 0.0034 0
By 0.0034 0 0
B, 0.0028 0.0028 0

X axis is parallel to the direction of longitudirfédres;

2Y axis is parallel to the direction of longitudirfaires.

Indexes shown in the Table 1 indicate the propedidayer in the global coordinate system. If ¥he
axis indicates the direction parallel to the fibfese 2.column in the table 1), index Y indicates t
direction of the property transversally to the éibiof timber layer, but Z — in the radial direction
Declared values for modulus of elasticity E of hiere calculated by dividing the sum of the modulus
of elasticity in tension and compression (found8) by 2. G — shear modulu$he first index of
Poisson’s ratio indicates the direction of load, the other — thiedion of transverse deformations.

Fig.3. Visualisation of the displacements (enlargemer) S@lculated with FEM for the one fourth of
the sheet. a) Displacements of the anticlagtaet with curvature obtained after the moisture growth

of 7% (from Astartzlo% to Wendz 17%). Displacements of the anticlastiementstrengthened from
b) both sides, c) top side and d) bottom side thithglued GFRP sheet after moisture decrease of 7%
(W=10%)



A case has been analysed when the thickness of @&iRfiercement sheets isck=3.15 mm. Using
double-sided reinforcement with such thickness iples/the invariability of the both bending radiuses
of the elementwith the precision which does not exceed 5% adbiessn engineering calculations
(see Fig.3b and Fig.4). In case of double-sided EF#nforcement with the thickness 3.15 mm (ratio
of reinforcement cross-section area to the totineht cross-section area= 0.44) for the moisture
decrease ofw = 7%, if the developed calculation model [1] is appli¢de change of thelement
bending radius parallel to the direction of X ais-1.19%, in the direction of Y axis -4.97% (see
Fig.4). If the thickness of strengthening is 1.3t rfe = 0.24), the change of ttEementbending
radius parallel to the direction of X axis is -286but in the direction of Y axis -20.10%. The
invariability is provided only for the bending radiparallel to the X axis.

The developed model can also be used if moistuieerh changes of curvature are used for the
manufacturing of elements with anticlastic surfablee best accomplishment of such curvatures can
be realized using one-sided reinforcement. The ature of thesheetwill increase or decrease
depending on the placement of the reinforcemenpeties and thickness. For example, when the top
surface of thesheetis reinforced with GFRP, the curvatures tend twease. If the moisture decrease
is ~1%, the concaved curvature parallel to thectima of X axis changes and becomes arched with
the greater value of curvature; the arched curegparallel to Y axis increases more (see Fig.3c and
Fig.4). When the bottom surface of thkeetis reinforced with GFRP, the curvatures also temd
increase. If the moisture decrease is ~0.5% (sg@driand Fig.4) the concaved curvature parallel to
the direction of X axis increases more, but thdedccurvature parallel to Y axis changes the doect
and becomes concaved with the greater value ofatune. The changes of the direction of curvatures
can be explained with the changes of the placeroénteutral axis following the gluing of the
reinforcement. As the result, the placement ofintternal forces, caused by moisture changes irrdaye
can change and this internal force can induce tisgdé moment in other direction. One-sided
reinforcement is more advantageous because ofamaBulting stresses in the timber laydan in

the case of double-sided reinforcement. The patti@strength left in the timber layer and alsohie
entire hybrid composite material is greater thatheéncase of double-sided reinforcement.
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Fig.4. Change in bending radiuses in dependence of therisdamoisture changes for tsbheet(on
the left side of the graph) and for thiementgon the right side of the graph) if the thicknesthe
reinforcement is 3.15 mm. In the right bottom cortie enlarged part of curve is shown



Stresses are calculated by FEM and picked fromctitgact planes oélementlayers where the
vertical axis intersects the centre of gravity. Biresses in the layers of thleeet whose curvature is
obtained by increasing the moisture content fro®o 10 17%, are shown in the stress diagrams in
Fig.5.
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Fig.5. Stresses &, , b) 6, in the layers of theheetf material moistureV changes from 10% to

17%. Patterns applied in the figure:
— — — - Line of stress diagram if moisture is 1090/ = 0%);
—————— Line of stress diagram if moisture are 1186\ =1%) and 14% QAW = 4%);

1?-77237 Stress diagram with the values of the stress [NfRapisture is 17% AW = 7%)

Analysing the changes in stresses, for the caséiseoAbove mentioned materials, layer thicknesses
and orientations it was concluded that the highzesses in timber layers develop when double-sided
GFRP reinforcement is used (see Figs 6a and 6b}hbishape invariability is provided the best (see
Figs 3b and 4). After regaining initial moisturenddion, only tension stresses remain in the timber
layers. Only compression stresses are presenttinrbmforcement layers. When strengthening the
top side of thesheetwith the GFRP reinforcement, both tension and aesgion stresses develop in
the reinforcement (see Figs 6¢ and 6d). Compressi@sses are larger at any moisture content.
Resultant stresses in the timber layers are smatléhe same as in the case with the double-sided
reinforcement. In this case, compression streseeslap in the two lower timber layers, but tension
stresses — in the other layers. When strengthethiagbottom side of thsheetwith the GFRP
reinforcement, both tension and compression stsedeeelop in the reinforcement (see Figs 6e and
6f). Compression stresses in the GFRP reinforcemmentarger at any moisture content, also for this
case. Resultant stresses in the timber layersnaafles or the same as in the case of the doubkssid
strengthening. In this case, compression stressesap in the two topmost timber layers, but tensio
stresses - in the other layers.

The longitudinal deformations of treElementare calculated in the plane which correspondshéo t
middle plane of thesheetusing both FEM and developed calculation modeé (6&@.7). As the
developed calculation model is applicable onlyhia tase of the uniform distribution of stresses and
deformations, the edge effects were not taken awosideration during the calculation with the
developed model. To compare the results, the valbi&mngitudinal deformations calculated by FEM
were derived from the zone where the distributibsteesses and deformations between adjacent finite
elements are uniform, i.e. where the distance fiteenedge of theheetis equal to the length of one
finite element (2.5mm). For example, the valuestltd longitudinal deformations used for the
calculation of the longitudinal deformation in theddle plane of thesheetmiddle layer are derived
from the points 22, 23, 61, 463, 464, 502 (see2big.The difference between the longitudinal
deformations calculated using the developed cdiomianodel and FEM in all listed cases does not
exceed 3.3%. Therefore, it can be declared thatd#heeloped calculation model is sufficiently
accurate and does not give errors larger than S#ieifstiffness of the anticlastic surface and stres
distribution between the layers of the compositéenia layers are not taken into account.
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Fig.6. Stresses in the layers of the anticlastieetcurved by moisture and strengthened afterwards, if

timber moisture W changes from 17% to 10%. Streabegsouie D) Oy.douniein the layers of theheet,

strengthened from both sides. Stresses g), d) 6, iN the layers of theheetstrengthened from the
top side. Stresses @) notiom f) Gy.notiom N the layers of theheetstrengthened from the bottom side.

Patterns applied in the figure:
= = == Line of stress diagram if moisture is 17%/ = 7% or AW = 0%);
ffffff Line of stress diagram if moisture are 16&W =1%) and 13% AW = 4%);
7 Stress diagram with the values of the stress [NfRabisture is 10% AW = 7%)
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Fig.7. Longitudinal deformations calculated with FEM &hd developed calculation method in the
plane which coincides with the middle plane of sheet

Conclusions

Two variants for the determination of the reinfanemt thickness, which provides invariability of the
sheets shape, are proposed for the anticlastic @sitepmaterial sheet under variable moisture
conditions. Both the developed calculation modégldid the finite element method (ANSYS v.11)
can be used.

An opportunity has been demonstrated how to prothdeoriginal shape, not exceeding the difference
of 5% for an anticlastic timber composite matesiaéet, which consists of five glued together birch-
tree layers, which are oriented at right anglesarol the longitudinal fibres of the adjacent layers
(thickness of four top layers are 1.6mm, but oftdrot layer 1.7mm) using glass fibre reinforced
plastic reinforcement with thickness of 3.15mm lre tcase when moisture content of the layers
decreases from 17% to 10%.

The comparison between the analytical results®ptioposed variants has been carried out, and it ha
been established that the difference does not X888 in none of the inspected three cases for all
of variations — if timber composite material isnfeirced on the top, bottom or both sides.
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Baikovs A., Ro@ns K. Hibridas shpainas kompoatmateriala loksnes formas izmaau prognozsana

Darba peétita izliekti-ieliektu kompammateriala lokS;u sakotrgjas formas sagladBanas iesgia izmantojot
stiegrota plastika pastiprifiumu. Lokgu defornaciju modebSani izmantots autoru izsidatais apekina
modelis izliekti-ieliektu lok&i raciormila pastipriczjuma biezuma, kas nodroSinakstreja loksnes liekuma
radiusa izmagas \elama intervala mairniga mitruma apstk/os, noteikSanai [1] un gao elementu metode,
izmantojot datorprogrammu ANSYS v.11 (tugRriGEM).

Par formas galvenajiem raksturlielumiem ir peamtas loksnes liekumadiusu un garendeforaciju izmakas
nepastiprigtas loksnesgeometriskaj vidusplakid. Ar GEM apegkinatas spriegumu un garendefofoiju
vertibas hibfda kompozmaterizlu elementa @izos pie daZzda mitruma satura. Tika veikts GEM un izsl#ta
aprékina modga iegito rezultitu saldzinoSs ptijjums, kas patdija, ka rezulétu atZiriba apskatajos trs
gadjumos, ja koksnes kompwomateriils pastiprinits augg, apak& un akis pugs, nevienam no variantiem
nepirsniedz 3.3%. Paidita iesggja, nepirsniedzot 5% aidribu, nodroSiat szkotnzjo formu izliekti - ieliekim
koksnes kompidmaterizla loksrem mainga mitruma apsgik/os izmantojot stiegrota stikla plastika
pastiprigjumu. Piedvats izstadato aprekina modeli izmantot izliekuma progr8ani, ja izliekti-ieliektas
formas elementu i@ganai tiek izmantoti mitruma izmai raditie parvietojumi loksnes ghos.

Baikovs A., Ro@ns K. Prediction of the shape changes of hybrid lamated composite material sheet

The preservation of the initial shape of anticlastomposite material sheets by using reinforcedstma
strengthening has been investigated in the work.tk® modelling of sheet deformations the calcaotatnodel,
developed by the authors, has been used for thermdietation of the thickness of anticlastic shedtorzal
strengthening, which provides changes of the oalgbending radius within the limits of preferablateérvals
under variable moisture conditions [1], as wellthg finite element method, carried out by softwaNSYS v.11
(henceforth FEM).

The changes of the sheet bending radii and longitdddeformations in the geometrical middle plane o
unstrengthened sheet are assumed to be the mairmatbastics of the shape. Stresses and longitudina
deformations have been calculated in the layershef hybrid composite material element under vagabl
moisture conditions using FEM. The comparative aesie of the results calculated with the FEM and the
developed calculation model showed that the diffegebetween the results in the inspected threescadeen
the composite timber material are strengthenedhantop, bottom and both sides, does not excee&e3&
none of the cases. An opportunity has been denadedthow to provide the original shape of antidasimber
composite material sheets by using glass fibre foeted plastic strengthening under variable moistur
conditions, thus not exceeding the difference of B& developed calculation model is proposedHeruse in
the predicting of curvature if the elements with #nticlastic shape are obtained by using the dispinents of
moisture changes in the layers of the sheet.



BaukoBc A., Pouenc K. IIporHo3smpoBaHue u3MeHeHHMii (opMH THOPHIHOTO CJIOMCTOIO0 JHCTA W3
KOMIIO3UTHOI0 MaTepHaJia

B pabome uccnedosana 603moxiCHOCMb UCNOIL306AHUSL YCUNEHUSL U3 APMUPOBAHHO20 NAACMUKA OIS COXPAHEHUs]
NepeOHAUANbHOU  (POpMU Y  UCKPUBIEHHO20 JUCMA U3 KOMHO3UMHO20 Mamepuania. B modenuposanue
Odepopmayuii 1ucmos UCNOIL308AHA ABMOPAMU PA3PADOMAHHAS MOOETb ONpedeleHUsl PAYUOHATbHOU MOAUJUHBL
yeunenust, Komopas obecneuam u3MeHeHUs. NePEOHAYANbHO20 PAOUYCA KPUBU3HbL UCKPUBTEHHO20 TUCMA 6
arcenamenvrom unmepsane [1] u memood koneunvix snemenmos, ucnoavsys komnvromepuyio npoepammy ANSYS
V.11 Panee MKD).

Xapaxmepuvlmu Gerudunamu NPUHAMbL USMEHEHUsl pAOUYCca KPUSU3HLL U NPOOOIbHBIX Oehopmayuil aucma 6
NIOCKOCU 2e0MEeMPUYeckoll cepedunu He-ycuienno2o aucma. Hcnonvzys MKD eviuucienvl HanpajiceHus u
npooonvbHble Oeghopmayuu 6 CLOsX SUOPUOHO2O INIeMEHMA U3 KOMHO3UMHO20 MAmepuanda OJsi pPAa3HbIX
enadicnocmax. Buimonnenvr cpasnumensuvie uccneoosanus MKD u paspabomannoii mooenu 6blyucieHus,
KOmMOpble NOKA3GAU YMO PA3HUYA MedcOy pe3ylbmamamu 60 6CeX Mpex PACCMOMPEHHbIX CAYHasiX, eciu
KOMNO3UMHUL Mamepuan u3 OpegecuHvl YCUNEeH HA 6epXy, 6HU3Y U HA 0Deux CMOpPOHAxX, O1si He-00H020 U3
sapuanmos ne-npegvicuna 3.3%. I[lokazana 603modcHOCMb He-npeeviuias pasuuyy 5%, obecnewums
NePBOHAUATLHYIO (POPMY OISl UCKPUBTEHHBIX OPEBECHBIX TUCHO8 U3 KOMNOUMHBIX MAMEPUATIO8 8 NEPEMEHHBIX
VCIOGUSIX  GAJICHOCMU, — UCNONb3YSL  VYCUNEHUe U3  ApMUpO8AHHO20  cmekioniacmuka. IIpednosiceno
PazpaboOmanHylo pacHemuylo Mooeib UCHONb308aMb 0I5l NPOSHOUPOBAHUS KPUBU3HDL, €Cu OISl NOLYYeHUs.
e/leMenma ¢ UCKPUBNIEHHOU (POPMOIL UCIONbIYEMC sl NepeMeetus GbI36AHHbIe USMEHEHUAMU 6LANCHOCU 8 CLOSIX
aucma.



