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Timber Engineering

hygro-mechanical behaviour

« coupled hygro-mechanical properties
e moisture transport

long-term behaviour

e viscous creeping and creep failure
« mechano-sorptive creeping
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« material structure
e uncertainty modelling
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Timber Engineering

hygro-mechanical behaviour

» coupled hygro-mechanical properties
e moisture transport
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Influence of Moisture Content

elastic potential

1

Q7=§§:C“l(m):c-:

HoOOKE's law
o= g(ﬁf(m) ‘e

elasticity tensor in local material coordinates

[ By Bom ~Em 0 0 0]
“Eo0 B T Eey 0 0 0
(Cd) -1 — - E:‘(r:wl) - E:)(frln) E, (1m) ? 0 0
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Influence of Moisture Content

swelling and shrinkage

volume change due to inclusion/elimination
of water molecules into/from the cell wall

» constrained free swelling/shrinkage
- mechanical stresses

« influence of local material directions

./..-

|n§(m) = g . (m - mrr:f)nOiStul’e 2
content on mechanical properties X g
. Br B~ 2 P %13 52
Bt . N I

. 3, 3 ~ 0.1 3,5 significantl =
. é = 0 [rovy increases g
4+

0 g

> 0 | saturation point 1
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Coupled Multi-Surface Plasticity Model

moisture-dependent strength properties radial

moisture-dependent yield surface

0.06 <m <0.3

-5 o = arctan E,
0 hardening densification
- =~ £
2 elastic range !
10 longitudinal
10 o,
£
W
2 = arctan E
10 softening densification
I 50 -~ 3
> a elastic range
t ScHMIDT [2009]
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m@ﬁ' Hygro-Mechanical Behaviour
Coupled Multi-Surface Plasticity Model
C,-continuous, anisotropic, moisture-dependent yield criterion
f=a:bm):a+q—1<0 51
— reduction of
2(771) — l_)s e I_jf(nl) molsture content
= 10 . S T
1 1 . E compressiveloading |, =T
b,=3-1—-3 sign(agoi) E—— 1 4 !
- 1 - % compressive loading without
W g change of moisture content
Jer(m)=
% E 5F compressive
fe,t(m)? mechanical _| re-loading
1 loading i
b.(m)= fe(m)? '
_J‘ ( ) ’U i reduction of
maoisture content
0 cﬂ 001 002 003 O0D4 005 006 007 008
0 |strain| [-]
SAFT, KALISKE [2011]
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Hygro-Mechanical Coupling

bone shaped spruce sample
KRrAuss [1988]

« swelling pressure in longitudinal direction
» increase of ambient relative humidity
RH-,‘,,_“, = 0001 RHf,‘,L = 099

« clamped top and bottom

V4

SAFT, KALISKE [2011]
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Hygro-Mechanical Coupling

longitudinal stresses
and plastic zones
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Hygro-Mechanical Coupling

0.35

moisture distribution

time t [min]

] 500 1000 1500 2000 2500 3000 3500 4000 4500
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Hybrid Interface-Element

ol{mjt

Tim) |

v "
& = arctan E
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Moisture Induced Tensile Failure

load factor A

displacement u, [mm]
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Hygro-Mechanical Behaviour

Water Transport

0.85 . RH"—w»
o5 Sorption isotherm ™
—
0.25 —
= 0z —
E Desorption -
0.15 .
01 —
0.05 Adsorplion -
A —
% o0z o4 08 08 1 smbicnt
RH[-] air

surface emission
boundary conditions (3D)

n-J,=0

n-J,=k,- (pwf _pgir)

n normal vector

ky, surface emissivity [mm/s]
s, p3"  water vapour pressures

(surface, ambient air) [Pa]
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layer

., desorption

— RH
~=[
_/-
:-\'l--.
_f—.‘

——
boundary

diffusion
Fick’'s Law (transient)

« cell wall (bound water)

9 _y Dy - Vep) + ¢
ot = b Cp [
e lumen (water vapour)
dc .
a—::V-(D,,-Vc,,)—c

Hygro-Mechanical Behaviour

single Fickian diffusion

Comparison of Diffusion Models

displacements and moisture distribution

a
Boundary-
layer

m [-]

0.238

0.22

-
. . | .
0.0d

0.1d 1.7d
multi Fickian diffusion (FRANDSEN)

0.0d

0.26d 3.0d
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Comparison of Diffusion Models

moisture transport inside the sample
single Fickian diffusion

a I
Boundary-
layer

multi Fickian diffusion (FRANDSEN)

moisture content m [-] stress o, [N/mm?2]
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Introduction
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* made 1506
- Pl
cur, y
* P ﬁ

iSDN Institute for Structural Analysis 18



TEGHMISCHE

Wgﬁu CRANACH Painting

Realisation

discretisation

e 2247 elements
» quadratic shape
functions -
« transient moisture i =
transport simulation ' =
» varying grain directions

single panels (grey)

setup .
e 636x 1214 x 14 mm
* panel depth: 3 mm
» used material formulations:

- frame: spruce

— panels: cherry
« very low permeability of painting surface
» loadcases: change of relative humidity (RH) 55% > 35%

\
\

paint layer
battens (green)
slider (red)
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Results
decrease of relative humidity - Mossnen °°""""‘=’°°'Tp_ __
+ more than 15 days until EMC i
+ concave bending

» realistic distribution of MC

Moisture content [-]

= _ paint
=— panel
———— batten
— e @@

evaluation points
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m&ﬁ' Pianoforte

Moisture Influence

pianoforte
mechanical load: tensioned strings (ca. 52 kN)

hygrical load: increase of relative humidity
RH;s =04 RHp, =07

(thunderstorm)

hygro-mechanical load

displacement u, [mm] 5 0
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Timber Engineering

long-term behaviour

e viscous creeping and creep failure
« mechano-sorptive creeping
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Wgﬁu Long-Term Behaviour

Creeping

failure

secondary

i 1

LL o

t t t
elastic and viscous strains  creeping phases SL-dependent creeping
due to constant stress

e SL: stress level
e LL: limit of linearity
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Stress Level-Dependent Creeping

Long-Term Behaviour

8 A
linear viscoelastic SL < LL

nonlinear viscoelastic-
viscoplastic SL > LL

extended standard-solid body-model

‘
secondary .@

instantaneous, elastic <
deformations

time-dependent,
reversible creeping
time-dependent,
irreversible deformations
for o > oy

tertiary creeping and creep failure

» concept of strain-energy density
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Consideration of Moisture Influence

moisture dependent material parameter

primary secondary tertiary
Poo T1 ﬂW(SL}
E1(m) = ¢ - E°(m) ay(m) = f(m) - LL(m) ecrit(m)

Eel E' nvp

= W 3 -3
3 -
T, a

¥

hygro-expansion and mechano-sorptive creeping
« loading £=¢g" —ght g™

« structural response =% f gve L VP

o
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compression

Consideration of Moisture Influence s

deformation dependent hygro-expansion

ehe = Bnoa (m - ﬂl,.‘f)
.Sm,(u{ =3 (1 +ds (g + 5””")) £l &t

tme t 5]

mechano-sorptive creeping i P

massive increase in time-dependent
deformations during adsorption and
desorption m; m;

g =xk(e):&-|m|

» tensor of mechano-sorptive t t
parameters K
& (¢) = ding () | :

strain development due to moisture changes
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Timber Engineering

inhomogeneities

» material structure
« uncertainty modelling
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Geometrical Model

branches in spruce
+ geometrical shapes

» position branches and pith
by tree model

Structural Inhomogeneities

timber piece
» position in tree
» dimensions

FE-model
direct indirect
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Modelling of Fibre Course

fibre orientation
« undisturbed in direction of stem axis =
« deviation in area of branches
function - model

e load transfer - principal stresses
e transport - fluid mechanics

stream line approach
potential flow
» velocity potential ¢ (z,y)

. streamlines discrete meshing regular meshing
+ stream function ¥ (z,y) _ e SIPEREE DL P
o v [ FARK
Vg = 5—, —Vy = —
dy dx

« stream lines by

¥ (x,y) = const

- fibre course
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A Structural Inhomogeneities

Brittle Failure Analysis

segment of board No. 3 (SM, knot type 3)

Tyz
[1077]
1.5
-1.5
(10x scaled)
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Uncertain Material Parameters

relative frequency distribution
YOUNG’s modulus of ash wood (1546 samples)
16

randomness

f’x' T T AFG)

KOLLMANN [1982]

SRS

v=

A fix)

relative frequency 4, [%]

Y=

40 60 80 100 120 140 160 180
YOUNG’s modulus E| [10° kg/em?] e.g. WEIBULL distribution
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UMIVERS Material Inhomogeneities

Uncertain Material Parameters

relative frequency distribution
YOUNG’s modulus of ash wood (1546 samples)
16

KOLLMANN [1982] Fuzziressdomness
14 i T l u(m,)
12 l | %
10 ' % - 0 mé
' m .

relative frequency h, [%]

X<

40 60 80 100 120 140 160 180
YOUNG’s modulus E| [10° kg/em?]

iSDN Institute for Structural Analysis 32



TECHMICHE
ThT

DNIVERSITAT Material Inhomogeneities

Face Staggered Joint

system data geometry material
\1\}:\_‘_ \f“l:“\' L =100 mm [N/mm?]
4 il - —
,T"f\ . \’\-\ \ B 150 mm E, = 820
- \ H =30 mm |E =430
-
E, = 13200
G = 40
Gy = 730
G = 660
[-]
Ver = 0.24
v = 0.45
Ve = 0.45
~multi-surface plasticity in front wood
L— cohesive elements in shear plane
contact elements
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ERS| Material Inhomogeneities
Face Staggered Joint
fuzziness
) 0.35 . : -
compression strength max. load factor
£, = (20,35,50) N/mm?® o3} (J*® po = 1 N/mm?> ]
p=Apgy
0.25¢

<

j =

Q02

(8]

&

D0.15
shear strength o
fo = (2,6,8) N/mm* 0.1p
Aut)

0.05¢
N 2 i I
0 Jy [N/mne] 5 0.2 0.4 0.6 0.8 1
2 6 8 displacement u [mm]
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Face Staggered Joint

failure uh) =1

local compressive stresses in shear failure front wood
fibre direction

oy [N/mm?]
0
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Timber Engineering

outlook
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Outlook

material models
hygro-mechanical coupling

plasticity formulation
large strains
adaptive meshing of
cohesive elements

determination of . . . .
crack path analysis of historical keyboard instruments

u, [mm]

structural investigations

» experimental
validation

» timber connections
» molded wooden tubes

» dynamic analysis

TU Dresden, ISH [2015]
analysis of formed wooden structures
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motivation

spruce specimen tests

uncertain structural analysis

numerical example

conclusion and outlook
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Outline
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Uncertainties in Wood

wood construction

— design rules

— inhomogeneities indirectly captured
— complex material models

structural inhomogeneities
— growth inhomogeneities
— modelling of knots

material inhomogeneities
— variation of material parameters

— spatially dependent uncertainties

- numerical simulation of wooden
structures considering uncertainty
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spruce specimen tests
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Outline
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Material Specifications

b, %
"%ﬁ/
e
= ib,
[DIN 52 188]

- Norway spruce specimen

r ... rtachal
- material strengths o gl —fson
o lomgitudinal I ] ]I;“ |_:I}.| [[ |I
f"m, f‘,l, fc”" fc‘t' fc’" fv ’?1||IIMI>I“|.‘I-”I 160 (270) ’Tmlnu.’
6 () 1520}
— elasticity moduli — s eio Y o @D
ompressio .
Er’ E‘, El f? compre IlLI Ir_..

.= 0Ol mm

—
300 mm

— all tests according to DIN and DIN EN
- 45/30 samples for each test mode
— standard climate conditions

T=20+£2°C, RH=65+%

iSDN Institute for Structural Analysis
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Evaluation of Test Results

0 T T T
o, [Nmm?] | i I
5 i H Y5 T

— stable experimental conditions

- constant temperature & humidity

— no strong correlation between

geometric/climate conditions

and test results

iSDN Institute for Structural Analysis
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Wgﬁu Spruce Specimen Tests

Evaluation of Test Results

- stable experimental conditions

- constant temperature & humidity

- no strong correlation between
geometric/climate conditions
and test results

freguency

— experimental data for
material parameters with outliers

J H
o, [Nmm?] |
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Utilized Data Base

— considerably reliable circumstances
- constant temperature & humidity

— no strong correlation between
geometric/climate conditions
and test results

— experimental data for
material parameters with outliers

parameter E, B E Fon  Jea Jor Ffx Ju K

atamdard DIN DIN DIN EN DIN DIN DIN DIN EN
52192 52192 52185 408 52188 52102 52192 52185 408

gamples 41 44 23 o 30 45 45 30 30

m[N/mm 656 208 17132 284 12164 300 364 4360 577
#[Nfmmd 107 36 2211 033 1820 023 043 207 0.73
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Data Models for Uncertainty

p-box unknown cdf
many imprecise unvalued data

fuzzy randomness unknown cdf
many imprecise assessed data

fuzzy probability known cdf
based randomness small amount of precise data

iSDN Institute for Structural Analysis
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> probability
models
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Data Models for Uncertainty

p-box unknown cdf
many imprecise unvalued data

fuzzy randomness unknown cdf
many imprecise assessed data

fuzzy probability known cdf
based randomness small amount of precise data

properties of experimental data
— average sample size: 32.3

— “precise” data measurements

— probably random

- fuzzy probability based randomness
(known distribution type with fuzzy parameters)

iSDN Institute for Structural Analysis

imprecise
> probability
models
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uncertain structural analysis
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Fuzziness

— characterizing function £(-) for precise

l,zec A
R s 1 ?
£a:R— {01}z 0.z¢A

iSDN Institute for Structural Analysis
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Fuzziness

- characterizing function £(+) for precise set A CR )

l,zc A 1
:R—>{0;1}z ¢
‘e {0;1}2 {0, E Y-
— extension to non-precise data set 0
A= {(z,p;(2)) | z € X, nz{z) > 0} a, x b,

= (a(hzlhbl]>
~membership function g(-)

s:R—[0,1] ﬂ(l\.)l
Jazg eR: pl{zg) =1
Ag = {z €R| p;(z) > a} = [a, ba

a, a b, b,
E= (a(): a1, bl! bﬂ)

51
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) e Uncertain Structural Analys
e ncertain Structural Analysis

Fuzzy Randomness

- random variable X unsuitable
for statistical population

— introduction of fuzzy probability
P= (P l‘1")«6(!];1]
and fuzzy probability distribution

Py =((P x)e)ac(oia] y

- fuzzy cdf with uncertain parametersf

1
&

"~
=

in

F; X = ((F X )a)aE(D.II

Fx = ({Fo,x0, | 01 €01 0,02 € é?,a})ae(l),l]

=

probability density [10”

in

12 14 16 18 20 22 24
E,[10" Ninini']
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Computation with Uncertain Inputs

workflow for polymorphic uncertainty analysis

1. data analysis

2. uncertainty modelling

fuzzy analysis

3. uncertainty analysis stochastic analysis

4. decisions l

iSDN Institute for Structural Analysis 53
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Computational Procedure

— three loop computational model

fEZZy a_nalySIS_ outer loop inner loop fundamental solution
ei = (91',' x 92',') r randomincss dctcrministic | f
aoy sl ey
stochastic analysis IA_, — ‘/— » A - >
‘ - - - —.—-
fuzzy stochastic
fundamental analysis analysis
solution fier randominss Jeterminisiie
n m i n FA g 4 -
fz: R R A, e LL, s
Fi(2)

& = {Omin,a; Omax,a)

iSDN Institute for Structural Analysis 54

27



TECHMISCHE
UNIVERSITAT

LR Outline

Content

numerical example
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Timber Board

— timber board with 4 knotholes regular mesh: 2 x 12 x 30

tx bxI=18 x 150 x 350 mm empty knotholes: kygpe =1

- computation of ultimate load knotholes filled: ktmz =2
Pu= (‘p) with branches
e HEh
__.:-_-_'_'_'-'-::-' " Jf(ﬂ.) L
- uncertain knothole size 1
Jfa: =(0.9,1.0,1.1} ‘ap ©
& = fa; - dos :thi 050 T 11 O
i={1,2,3,4} , 7 " | 3
1 ! |
% = d=f, d, s s
-;-_:2':'-:-' ) L__—F-“’f#
ax
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Modelling of Material Behaviour

— multi-surface plasticity with hardening and softening rules

— TsAI-Wu criterion for failure "rg
fley=a:0+o:h:a—1
yield condition

fl@y<o
WY =[7rt7r Act7 Tatia
-50 ]III'5 a,

o _
T dar o o o 0 0 0 rsnaweio71

a Tﬁﬁ [ (] 0 0 0

Te, 1

v 0 Tl 90 00

B = 0 0 o - 0 0 o

0 0 0 f'éﬂ =— 0 0

o,

o o (4] 1] —— 0

L 'fu,rt m
iSDN Institute for Structural Analysis LY
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Modelling of Material Behaviour
— multi-surface plasticity with hardening and softening rules

— TsA1-Wu criterion for failure o0
fl@)=a:a+0:b:0-1
yield condition

fle)<o

- seven failure modes .
-50 ]III'5 ﬂﬂl

Tsar & Wu [1971]

— tension in radial direction

— pressure in radial direction

— tension in tangential direction
— pressure in tangential direction
— tension in longitudinal direction
— pressure in longitudinal direction
— shear failure

iSDN Institute for Structural Analysis 58
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Sensitivity Analysis

preliminary investigation

— preselection of input parameters
based on sensitivity analysis

— evidently no significant influence
of knothole size (‘I'.

- trapezoidal interval distribution parameters
Eh fi,h .fnr

- triangular distribution parameters
fl,sﬂ! fc,f! fc,l
fd.la fd.?: fd,S: fdA

- mean values

-Er, Eh fl:,t

iSDN Institute for Structural Analysis
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Results

- 7¢- levels

a= {U! %1%! %1%! %11} .i

— uncertain ultimate load
Pa

- multiple level values g
i = {1,5,25, 50, 75,95, 89}

- apparently filling type
minor effect to Py

- further information
reduction necessary

iSDN Institute for Structural Analysis
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Numerical Example

=
o

k_=1 _—p.
A )

=
in

=
i

=
[

=

0.0

E, B By Jufoy S S fu fo oo fir S Jun

k=2 = p,
— )

0.0
E E E [, [ fofow o o fis fos S
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Numerical Example

VA ’
B0 i /
7 I-'. Gy
0 fof
‘—f—?—" ag

40 ! i

!

i

e 77
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! )
25 30 35 40 45 50 55 &0 65 TO
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Content

conclusion and outlook
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Outline

Q) CniveRsiTaT Conclusion and Outlook
DRESOEN onciusion an utloo

Summary

— fuzzy probability based randomness
utilized for structural analysis considering uncertainty

— material properties determined by physical experiments

— anisotropic material model for homogenous timber

— information extension compared to deterministic design value
— result strongly dependent on provided data

- further interpretation of polymorphic uncertain result variables
necessary

outlook
— spatial distributed uncertain material parameters (fuzzy fields)
— correlation consideration

iSDN Institute for Structural Analysis
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