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Abstract

A structural analysis method for the long-term response of wood structures is
presented in this report. This method has been developed with the finite element
calculation software ABAQUS and its use requires

— an effective computer
— an ABAQUS licence
— aFortran licence compatible with the ABAQUS CAE version

— the implementation scheme of the stress-strain relation for wood into
the FE-program (UMAT subroutine for ABAQUS)

— the implementation of the equation for moisture flow across the wood
surface (DFLUX subroutine for ABAQUS).

The forth and fifth components of the list above have been developed at The
Technical Research Centre of Finland (VTT).

The material properties of timber in the grain direction and in the perpendicular-
to-grain directions require defining a local cylindrical coordinate system for each
piece of wood of the structure. The moisture transfer in wood is a function of the
moisture flow on the wood surface and on moisture diffusion of wood. The
response of wood to mechanical loading, moisture content changes and time was
modelled by using a rheological model of wood implemented in a subroutine.

The use of ABAQUS for detailed stress analyses of wood is demonstrated with
examples.
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Tiivistelma

Tydssé kehitettiin analyysimenetelmé puurakenteiden pitkdaikaisominaisuuksien
arviointiin. Malli tehtiin elementtimenetelmélld kayttden ABAQUS-ohjelmistoa.
Mallin kaytto edellyttia

tehokasta tietokonetta

— voimassa olevaa ABAQUS-lisenssid
—  Fortran-kéént4jaa, joka on yhteensopiva ABAQUS CAE -version kanssa

—  kéyttdjdn ohjelmoimaa puun jénnitys-venymai-kosteusmallia, jota sovel-
letaan ABAQUS-elementtimenetelméiohjelmassa (aliohjelmat UMAT ja
DFLUX).

Puun rakenne- ja materiaaliominaisuudet syyn suunnassa ja syitd vasten kohti-
suorassa edellyttavit sylinterimiistd koordinaatistoa puun mallintamiseksi. Kos-
teuden siirtyminen on mallitettu pintaemissiolla ilmasta puuhun sekid diffuusio
siirtymisend puun sisdlld. Analyysi perustuu reoloogiseen malliin, jossa mekaa-
ninen kuorma, kosteus ja ajasta riippuvat vaikutukset on mallitettu ABAQUS-
ohjelmistoon sisdllytettdvilld aliohjelmilla.

ABAQUS CAE -ohjelmiston kdytté puun rakenneanalyysissé esitetddn yksityis-
kohtaisesti. Lisdksi mallin antamia tuloksia verrataan joihinkin aikaisempiin
koetuloksiin.
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List of symbols

material constant related to the density of wood,
material constant related to the temperature of wood,
material constant related to the moisture content of wood,

elastic compliance matrix, elastic compliance matrix at reference
moisture content and temperature,

ith elemental viscoelastic compliance matrix,
irrecoverable mechanosorptive compliance matrix,
jth elemental mechanosorptive compliance matrix,
diffusion coefficient,

modulus of elasticity in the direction indicated by the subscript,
modulus of elasticity in the direction indicated by the subscript at
the reference moisture and temperature,

modulus of rigidity in the plane indicated by the subscript,
modulus of rigidity in the plane indicated by the subscript at the
reference moisture and temperature,

irrecoverable mechanosorptive compliance matrix,
moisture flow across the boundary of wood,

compliance of the jth mechanosorptive element in tangential
direction,

mechanosorptive compliance of element 1 in longitudinal direction
given as a factor of the elastic compliance at reference configuration,

viscoelastic compliance of the ith element given as a factor of the
elastic compliance at reference moisture content and temperature,

time instants n and n+1,
temperature, reference temperature,

viscoelastic time function,
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surface emissivity,
moisture content, reference moisture content,

equilibrium moisture content of wood corresponding to the air
humidity,

moisture content on the surface of wood,

moisture content level not attained during previous load history,
shrinkage coefficient in the direction indicated by the subscript,
time increment,

moisture content change,

total strain vector, total strain vector at ¢, ,
elastic strain vector, elastic strain vector at ¢,

part of the elastic strain which depends on &

n+l >

part of the elastic strain which depends on Ao,

hygroexpansion strain vector,

ith elemental viscoelastic strain vector, ith elemental viscoelastic

strain vector at 7,

jth elemental recoverable mechanosorptive strain vector, jth elemental

recoverable mechanosorptive strain vector at ¢, ,,,
irrecoverable mechanosorptive strain tensor,
Poisson’s ratio for an extensional stress in the j direction,

current density, density in absolute dry condition, density at the
reference moisture and temperature,
total stress vector, total stress vector at ¢, ,

ith elemental viscoelastic retardation,

jth elemental mechanosorptive retardation.



10



1. Introduction

The mechanical behaviour of timber structures is strongly dependent on the
surrounding conditions: it depends on the loading, the time, the temperature, and
mainly depends on the moisture variations in wood itself. On the other hand, the
material properties of wood have a strong influence on the mechanical
behaviour, especially because wood is a cylindrically orthotropic material: the
concentric annual ring structure of wood in its cross-sectional plane and the
tubular shape of the wood cells in the grain direction produce different responses
to the loading in function of the direction and the position of the pith. These
different dependences make wood a difficult material to model. It requires
taking into account all the different parameters quoted as well as the geometry of
the studied structure. In the aim of modelling wood structures, many rheological
models have been developed by different research teams all over the world.
Most of them are 1D and 2D models. In this study, a 3D rheological model of
wood developed at The Technical Research Centre of Finland (VTT), has been
implemented in the finite element software ABAQUS using UMAT and DFLUX
user defined subroutines (Fortino et al. 2008). These routines have been
programmed in FORTRAN language.

The aim of this report is to explain how to implement a rheological model in
UMAT subroutine, the equation for moisture flow across the wood surface in
DFLUX subroutine and how to model a wood structure in ABAQUS CAE using
these routines. Some simple structures are shown as examples to help the
understanding of the method.
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2. Background
2.1 Local coordinate system

The characteristic macrostructure of timber is formed by concentric annual rings
(Figure 1). These rings are a consequence of the growth increment during each
growth season (Figure 2). Each annual ring is composed of a layer of earlywood
which develops rapidly early in the season, and a layer of latewood which
develops slowly at the end of the season (Hanhijarvi 1995). Earlywood cell cross-
section is large and its walls are thin, latewood cell cross-section is smaller and its
walls are thicker. The rings are almost concentric and their centre is named pith.

Another feature of wood macrostructure is the formation of sapwood and
heartwood (Figure 1). The outer region of the stem takes part in the conduction
of water and nutritional elements: it is the sapwood. When the inner part of this
sapwood ceases to conduct water, it turns into so called heartwood. Usually,
heartwood is stiffer and dryer than sapwood. These changes of wood characteristics
in the radial direction induce some changes in the mechanical properties and in
the moisture transfer in function of the radius. Unfortunately, these changes are
not very well known because they are variable and strongly dependent of the tree
history, and can’t be easily reproduced in a computational tool.

Figure 1. A section of a Yew branch showing annual growth rings, pale sapwood
and dark heartwood, and pith (centre dark spot), the dark radial lines are small
knots (Wikipedia).
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Figure 2. The appearance of the macrostructure; X - cross-sectional or transverse
surface, R - radial surface, T - tangential surface (Parham & Gray 1982).

The pattern used in the sawmilling process determines the position of the pith on
the sawn timber (Figure 3). In function of the pith position, the sawn timber
characteristics will not be the same and the mechanical response to the loading
will be different. Ormarsson shows that the position of the pith in the drying
process influences the deformations (Ormarsson 1999).

Figure 3. Example of a sawing pattern.
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These material orientations and pith position dependences have to be considered
in the numerical model. The solution is to define a local cylindrical coordinate
system for each section (Figure 4). The position of the Z axis (longitudinal
direction) gives the position of the pith and the directions of R and T (radial and
tangential directions) give the material orientation in the cross-sectional plane.

AL ‘—»R

Figure 4. a) Natural material coordinate system for a wood log. b) local

cylindrical coordinate system for each piece of wood to be defined in ABAQUS.

2.2 Viscoelastic creep and mechanosorptive creep

Viscoelasticity in wood results in that the mechanical behaviour is time
dependent; at any time under load its performance will be a function of its past
load history. When the load on a sample of timber is held constant for a period
of time, the increase in deformation over the initial instantaneous elastic
deformation is called, in general terms, creep (Dinwoodie 1979).

Mechanosorptive creep appears only in varying moisture conditions. In this case,
the mechanical behaviour is moisture rate dependent; at any moisture content
under load its performance will be a function of its past history. The specimens
loaded under varying moisture content show higher deformations than in any
constant moisture content (Dinwoodie 1979).

14



2.3 Presentation of the rheological model

The 3D rheological model used in this study takes into account the material
properties, moisture content, time, temperature and the mechanical loading.

&
¥

Figure 5. Scheme of the rheological model.

The used viscoelastic model is an extension of the 1D model proposed by Toratti
(1992) and consists of a sum of Kelvin type elemental deformations. The total
mechanosorptive strain contains an irrecoverable part plus the series of Kelvin
elements as proposed by Toratti (1992) for the longitudinal direction and by
Svensson (1997a) for the tangential direction. For both creep models, the 3D
elemental matrices are defined on the basis of the experimental results.

The routine for the viscoelastic-mechanosorptive creep is implemented into the
user subroutine UMAT of the FEM code ABAQUS. The equations needed to
describe the moisture flow in wood are implemented into the ABAQUS user
subroutine DFLUX. A coupled moisture-stress gradient analysis is performed
under variable loads and humidities. The analysis is validated by analyzing tests
described in (Leivo 1991), (Toratti 1992) and (Svensson 1997a) by comparing
the computational results with the reported experimental results reported in the
above references.

15



This model is characterized by five deformation mechanisms (Figure 5) which
provide an additive decomposition of the strain. From a computational point of
view, the analysis of creep in wood can be solved by using an incremental
analysis in time which takes into account the coupling of moisture changes and
stresses. At a given time f =17, the solution in terms of strain, stress and
moisture is assumed to be known while the solution at time ¢=¢,, 1is
determined. The total strain can be considered as composed of several parts
which are related to different mechanisms acting in series:

ms (rr)

e=e+&"+e"+e™ +¢ (1)
where & is the total strain vector, &° the elastic strain vector, &" the
hygroexpansion strain vector, &' the total viscoelastic strain vector, & the
recoverable mechanosorptive strain vector and gm“(lrr) the irrecoverable
mechanosorptive strain vector. Equation (1) can be rewritten in terms of finite
increments as:

A’ +Ae” +Ae™ = Ag — A" _Agms(”’) (2)

2.3.1 Elastic strain increment

The elastic strain increment can be given as:

Ag;,, =ACc,,, +C°Ac,,, =Ag +As; (3)

n+l
where C° is the elastic compliance matrix and AC® is the increment of the
elastic compliance matrix due to the moisture content dependence of the elastic
modulus, o, is the stress state at the beginning of the current time step 7, ,
and Ao, is the stress increment to be calculated at the current time step.

16
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where E, is the modulus of elasticity in the direction indicated by the subscript,
v, is the Poisson’s ratio and Gl.j is the modulus of rigidity in the plane indicated

by the subscript (Santaoja 1991):
Ei = Ei,ref (1 + al (p - pref )+ bl (T - Trc)f )+ Cl (u - uref )) (5)
Gij = G[j,ref (1 + al (p - pref )+ bl (T - Tref )+ cl (u - uref )) (6)

where E,  andG,  are respectively the modulus of elasticity and the
modulus of rigidity both at the reference moisture and temperature, p, . is the
wood density at the reference moisture content, 7 s the reference temperature,
u,,, 1s the reference moisture content, a, and b, and ¢, are material parameters.
Finally p, T and u are the density, the temperature and the moisture content at
the current time respectively.

The expressions in equation 3 of Ag; and Ag; are given by:

bl (T - Tref )+ cl (I/l - Z/tref)
" a1(p_pre_/')+b1(T_Tre')+ Cl(” _uref)

Agl =—Co (7)

Agy =C°Ao,,, (8)
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Equation (2) can be rewritten to find the strain increments depending on the
stress increment Ao,,, on the left side and the strain increments depending on
the stress state ¢ ,,, on the right side:

Al +Ae™ +Ae™ = A —Ae' —Ae™" — Agf 9)

2.3.2 Hygroexpansion strain increment
The hygroexpansion strain increment Ag" is obtained by the equation:

Ae" =a,Au (10)

where, is a material parameter and Awis the moisture change at the
beginning of the increment. In longitudinal direction, a strain dependence
of the shrinkage is applied (Toratti 1992). Equation 10 becomes
Agy; = (a,; —1.3e5;)Au.

2.3.3 Viscoelastic creep strain increment
By integrating the equation for viscoelasticity over time for the i-th Kelvin

element, the following increment of elemental viscoelastic strain is obtained by
(Hanhijarvi & Mackenzie-Helnwein 2003)

Agi\ji+1 = C,‘VEATi,nH [%JAO_I’HJ - (EZZ - Cl’V@ila” )[1 B exp(_ TA_VZ;]J (1 1)

i i

with
At 178 At
T |—|=1—-—|1-exp| —— 12
i,n+1 (Tive J At ( p( TZ.VE ]J ( )
Cive_l — Jive C’eef (13)
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where C° and 7,“are the compliance matrix and retardation of the i-th
viscoelastic element respectively, Atis the time increment andgve represents
the elemental viscoelastic strain tensor from the previous step. T”H1 (gg) is a
viscoelastic time function. J;“is a material parameter andC,, is the elastic
compliance matrix at reference moisture content and temperature.

2.3.4 Mechanosorptive creep strain increment

ms (total)

The mechanosorptive creep strain increment Ag). is composed of two

parts
A ms (total) _ A ms (rr) = A ms 14
n+1 n+1 Z j n+l ( )
J=1
) .
where Ag"” is an irrecoverable part of mechanosorptive creep and Ag7, ., is

the increment of elemental mechanosorptive creep strain. Their expressions are:

Aep" =Cro,,|AU| (15)
A j}’l+1 C””Tj n+l Al/z AO— ( 7?:1 _er‘nso-n) l_eXp _@ (16)
J T

where C; is the irrecoverable mechanosorptive compliance matrix, the term U
signifies moisture content levels not attained during previous load history. The
value of AU will then be zero for all moisture levels previously attained when
loaded and equal to U —u otherwise. C;* and 77" are the compliance matrix
and retardation of the j-th mechanosorptive element respectively, and &, is the
elemental mechanosorptive creep strain vector from the previous step. T sl (cf)
is a mechanosorptive moisture content function with

Al - - exp —@ (17)

T
A

Jsn+l ms

J J
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s, T 5,2 .
where m,, J*" and J™* are material parameters.

2.3.5 Implementation for the UMAT subroutine

Taking into account (2), (11) and (16), the increment of stress at the current time
will be

20




Ao, =C, (Ag —As = A —Asf + > R+ ZR_;”SJ (20)
—

with

J

¢, =|c +ZC”GT, HI[N}ZC“T, HI(M] @
T

which represents the tangent operator of the model, and

R” = (Elvj -C’o, ) [1 —exp (— Avi D (22)
Tl'

R™ =(em -cro,) l—exp(— M] (23)
J J.n J n "

J

The term G(k % is defined as the stress at the beginning of the current time step
and o,,,  as the stress at the end of the step. The new quantities at the end of

the current time step will be

(k=) __ (k=0)

O-n+l - O-n+l + AO— (24)
ve (k=D _ e (k=0) ve

8i,n+l - gi,nH + A 1 n+l (25)
ms (k=1 _ms (k=0) ms

gj,nJrl - gj,nJrl A j,n+l (26)

2.4 Calculation of moisture content distribution

Fick’s law of diffusion is used to model the moisture transfer in wood
(Hanhijarvi 1995). The moisture flow from the air to the surface is given by

21



q,=p, S (i, —u,,) 27)

where ¢, is the value of the flow across the boundary, p, is the wood density in
absolute dry conditions, § is the surface emissivity, u, is the equilibrium
moisture content of wood corresponding to the air humidity and u, is the

moisture content on the wood surface.

The moisture transfer properties used here are the following:

1
1107075
uy =001 — L ln(l_RH_)é'% (28)
01311
647.1
§=32.10"exp(4u) nvs (29)

where T is the temperature in Kelvin degrees and RH is the relative humidity of
the air.

The moisture transfer in wood is analogous to the transient heat conduction
discribed by the Fourier law. This in not further defined in this work but can be
easily found in the literature.

2.5 Material parameters
The material properties used in the calculations are as follows (Tables 1 and 2).
These were obtained partially from earlier references and partially derived in the

present study. Some of these have been adjusted to comply with earlier test
results.
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Table 1. Material properties used in the analysis.

Value | Value
Z':ngﬁretny Notation Meaning for for Unit
spruce | pine
1 E, .. 600 900 MPa
> E Elastic modu!| at th_e 600 500 MPa
t.ref reference configuration
3 E_ . 12000 | 12000 | MPa
4 v, 0.558 0.558 -
5 V. Poisson’s ratios 0.038 0.038 -
6 vV, 0.015 0.015 -
7 G, 40 40 MPa
’ Shear moduli at the
8 vy reference configuration 700 700 MPa
9 G 700 700 MPa
10 a Coefficient of.m0|sture 013 013 i
uwr expansion
11 a,, 0.27 0.27 -
12 a,. 0.005 0.005 -
Density at initial s
13 Po moisture content 450 550 kg/m
14 T, Initial temperature 20 20 C
15 u, Initial moisture content user user -
16 Pres Reference density 450 550 kg/m®
17 T, Reference temperature 20 20 °C
18 U, Reference moisture 0.2 0.2 i
"9 content
19 a, Parameter relatedto | 5303 | 0.0003 | mikg
the density
20 b, Parameter related to 0.007 | -0.007 | 1/°C
the temperature
1 , Param(_ater related to 26 26 i
the moisture content
Retardation of the
22 7)° viscoelastic element 2.4 2.4 h
number 1

23




Viscoelastic compliance
of element 1 given as

23 Ji a factor of the elastic 0.085 | 0.085 i
compliance

24 7, 24 24 h
25 J 0.035 0.035 -
26 (24 240 240 h
27 J3* 0.07 0.07 -
28 7, 2400 2400 h
29 J) 0.2 0.2 -

Retardation of the
30 2 mechanosorptive 0.01 0.01 -

element number 1

Compliance of the

ms,T mechanosorptive

31 J| element number 1 in 0.003 0.003 | 1/MPa

tangential direction

Mechanosorptive

compliance of element 1
ms,Z in longitudinal direction i
32 /i given as a factor of the 0.035 0.035
elastic compliance at
reference configuration

33 7,° 0.1 0.1 -
34 Jor 0.003 | 0.003 | 1/MPa
35 Jt 0.49 0.49 -
36 78 1 1 -
37 Jrt 0.07 0.07 | 1/MPa
38 Jt 0.25 0.25 -

Parameter for the
39 m irrecoverable part of 0.33 0.33 1/MPa

mechanosorptive creep

24




Table 2. Diffusion values used in the analysis (derived from Hanhijdrvi 1995
and Sjodin 2006).

Moisture Radial diffusion Tangential Longitudinal
content of coefficient diffusion diffusion

wood [-] [m®/h] coefficient [m’/h] | coefficient [m*/h]

0 0.0003888 0.0003888 0.0009

0.05 0.0004751 0.0004751 0.00504

0.055 0.0004841 0.0004841 0.00535

0.07 0.0005137 0.0005137 0.00567

0.085 0.0005461 0.0005461 0.00585

0.09 0.0005572 0.0005572 0.00567

0.135 0.0006690 0.0006690 0.00454

0.18 0.0008026 0.0008026 0.00307

0.23 0.0009690 0.0009690 0.00210

0.28 0.0012029 0.0012029 0.00135
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3. Modelling of wood structures with
ABAQUS

At present, there are no ready made wood models in ABAQUS for time
dependent analysis, however there is a way to create own material models.
ABAQUS uses several subroutines, programmed in FORTRAN language, to
permit the user to define his own material model. In our case, it is necessary to
use the UMAT subroutine to implement the rheological model of wood, and the
DFLUX subroutine to define the flow of moisture on the surface of the wood.
The following scheme (Figure 6) describes the modelling and calculating
processes used for modelling wood in the present study.

ABAQUS CAE: UMAT SUBROUTINE: DFLUX
. SUBROUTINE:
geometry, rheological model:
boundary conditions, increment of stress moisture flow
material properties, and tangent operator calculation.
loads, mesh. calculation
v
INPUT FILE:
ABAQUS/STANDARD:
geometry, )
boundary conditions, moisture transfer,
material properties, _ total strain increment
loads, mesh. " and stress increment
calculation
OUTPUT FILE:

solution of the
calculation

Figure 6. Scheme of the wood modelling process.
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3.1 Modelling with ABAQUS CAE

As shown in the previous scheme (Figure 6), the user can define the geometry,
the boundary conditions, the material properties, the (mechanical and humidity)
loads and the mesh with ABAQUS CAE. Applying the following steps, it is
possible to create a model of wood structure:

e Enter the part field,

v

create the part(s), note that to create a glulam beam, it is recommended
to first create the whole beam and then to divide it in several lamellae.
This will avoid the discontinuities in results between lamella.

e Enter the property field,

v

<\

create the material(s); for the wood, create only the name, the
material properties can be given directly in the input file by copy-

pasting the material properties from the previous input file,

create as many sections as materials in the structure, define which

material is used for each section,
attribute to each part of the structure the correspondent section,
create a local cylindrical coordinate system for each piece of wood,

attribute a material orientation for each piece of wood using the

local cylindrical coordinate system.

o Enter the assembly field,

v

instance the part and select all the parts of the structure, cross the

option “independent”.

o Enter the step field,

v

create as many step as needed for the load case, here select the kind
of analyses, because the equations of thermal transfer and moisture
transfer are analogous, select the coupled temperature-displacement
analyses, then define the time period of the step, the maximum
number of increment, the initial, minimum and maximum increment,
the maximum temperature increment which corresponds to the
maximum moisture increment in the moisture calculation case,

define the kind of load (instantaneous or ramp),
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v

create a field output, select the results wanted in the output file and

define the frequency of saving.

e Enter the interaction field (in case of contact between parts only),

v

in case of glued parts, create a constraint, select the “Tie” constraint,

and select the surfaces in contact,

in case of sliding contact, create an interaction, select “surface to
surface contact”, select the finer mesh or the stiffer material as master
surface, select the option small sliding and then surface to surface
(this option permits to adjust the geometry to avoid the initial
overclosure), select the option “adjust only to remove overclosure”
or create a set of surfaces to be adjusted (the slave surfaces for
example) and use the option “adjust slave nodes in set”, select an
interaction property or create one if necessary,

create an interaction property, select “contact”, then, in the mechanical
field, define the tangential and normal behaviour, for simple contact
definition, it is recommended to use frictionless or penalty method
for tangential behaviour, and hard contact for normal behaviour,

select “allow separation after contact”.

e Enter the load field,

v

create a field, this permits to define an initial moisture content, select
the initial step, select the wood parts needed and give the initial

moisture content magnitude ,

create load, select the step and the kind of load, select “thermal” and
“surface heat flux” to define the surfaces of moisture exchange
between wood and air, select the “user defined” option, the
magnitude has to be 1, it will then take the value calculated in the
DFLUX subroutine,

create a boundary condition, select the step and the kind of boundary

condition needed,

to define the initial moisture content, create a field, select the initial
step, select the temperature option and select the whole part which

has an initial moisture content to be defined, and then give its value,
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v' in case of contact analysis, it is strongly recommended to create a smooth

amplitude for the loading, it will help the calculation to converge,
v some techniques can be used to facilitate the convergence of the
analysis, see paragraph “Stability of the analysis” below.
e Enter the mesh field,
v’ seed the part instance,

v’ assign element type, use “coupled temperature displacement” family
for transient analyses, it is recommended to use non-reduced
quadratic element (C3D8T, C3D20T), they permit to obtain a more

accurate moisture calculation,

v mesh the part instance.

e Enter the job field,
v’ create a job,

v in the job manager, create the input file, note that the input file will
be saved in the ABAQUS work folder defined during the installation
of the software.

At this stage the input file is created but not usable in this state, a few changes
have to be done to link the input file to the subroutines.

3.2 Editing the input file
Before editing the input file, it is important to understand the file structure. The
best way to do that is to understand the main key words used by ABAQUS.
Usually, the keywords appear in this order in the input file:
*Node: all the nodes created for the mesh are defined at their initial position,

*Element: the elements are created using the node labels and the element type,

*Nset; *Elset; *Surface: the node sets, element sets and surface sets defined for
the different load cases and boundary conditions are created,
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*Material: for each material, this key word introduces the material definition. It
may be coupled with some other keywords depending of the needs of the calculation,

*Boundary: definition of the boundary conditions,

*Initial conditions: definition of the initial conditions like initial moisture content
for example,

*Step: this keyword introduces a step definition; there is one step definition for
each step, and for each definition the load case and the outputs are defined.

To link the input file and the subroutines, it is necessary to modify the material
and the step definitions. In the material definition, the material parameters have
to be defined, for this it is necessary to use the following key words:
*Conductivity, *Density, *Depvar, *Specific heat, *User material and define
the required parameters. If the steps defined in the previous paragraph have been
followed, it is only necessary to copy-paste the user material parameters from
another input file, and then add *Field key word in the step definition:

*FIELD,NUMBER=1
surface set name, 0

In order to define the surface set name, find the keyword *INITIAL CONDITIONS
and copy-paste the surface set name used for this option.

3.3 The user subroutines for ABAQUS

A subroutine here is a small algorithm written by the user in FORTRAN
language. It uses ABAQUS state variables to calculate user’s variables and to
modify the ABAQUS state variables if necessary. This algorithm runs in parallel
to the ABAQUS solver. At each time increment there is an exchange of
information between them.

For wood modelling, two subroutines are used: the UMAT and the DFLUX
subroutines. The first one calculates the stress increment and the Jacobian matrix
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for each time increment. The second one calculates the flow of moisture between
the air and the wood surface.

The two following sections give some information about the state variables used
and/or modified by the subroutines for wood modeling.

3.3.1 The UMAT subroutine

According to the ABAQUS documentation (ABAQUS 2003), the UMAT subroutine

e can be used to define the mechanical constitutive behaviour of the material
e can be used with any procedure that includes mechanical behaviour
e can use solution-dependent state variables

e must update the stresses and solution-dependent state variables to their

values at the end of the increment for which it is called and must provide

. ) . OAo
the material Jacobian matrix

Ae’ for the mechanical constitutive model.
&

For modelling wood, it is necessary to access and/or to modify the following
variables at each time step (see chapter 2.3.):

STRESS: array of the stress vector at the beginning of the time step, must be
updated in this routine to be the stress vector at the end of the time step,

DSTRAN: array of strain increments. If the *Expansion option (thermal
expansion, not used in this case because the hygroexpansion is calculated in the
UMAT subroutine) is used in the same material definition, these are the
mechanical strain increments (the total strain increments minus the thermal
strain increments),

DTIME: time step,

TEMP: temperature at the start of the time step. Here it is used as the moisture
content at the start of the time step,

31



DTEMP: increment of temperature, here increment of moisture,

PROPS: array of material constants entered in the *User material option for the
material. It refers to the material properties listed by the user in the input file,

STATEV: an array containing the solution-dependent state variables. These are
passed in as the values at the beginning of the time step or these are updated in
the user subroutines, in which case the updated values are passed in. In all cases
STATEV must be returned as the values at the end of the time step. The size of
the array is defined on the *Depvar option associated with this material,

DDSDDE: Jacobian matrix of the constitutive model Zio-
&

stress increment and Acgis the strain increment. DDSDDE(LJ) defines the
change in the I™ stress component at the end of the time step caused by an

, where Ao is the

infinitesimal perturbation of the J™ component of the strain increment array.
The DFLUX subroutine

This subroutine will be called by the solver at each time step in order to calculate
the moisture flow on the wood surface. Then, based on the result, the solver will
be able to calculate the moisture transfer in the material using the diffusion
parameters given in the input file.

User subroutine DFLUX

e can be used to define a flux as a function of position, time, temperature,
element number, integration point number, etc. in a heat transfer or mass
diffusion analysis

e ignores any AMPLITUDE references that may appear with the
associated *Dflux or *Dsflux option

e uses the nodes for first-order heat transfer and mass diffusion elements
as flux integration points.
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The following state variables are used in the moisture transfer calculation:

FLUX: the magnitude of flux at this point. If the magnitude is not defined,
FLUX(1) will be given as zero, this flux is not available for output purposes,

SOL: the estimated value of the solution variable (temperature in a heat transfer
analysis or concentration in a mass diffusion analysis) at this time at this point,

TIME: current value of time (defined only in transient analysis).

The moisture diffusion property of wood is given in the input file with the key
word *Conductivity.

3.4 Defining the relative humidity

There are two main ways to define the relative humidity in the DFLUX
subroutine: creating an expression, which will give the relative humidity in
function of the time, or giving a list of predefined relative humidity values for
different times.

The first solution is very practical when defining cyclic relative humidity. Figure
7 shows the curve of a cycling relative humidity defined with a SINE function.
In this case, the time function is the same for all the test period, only the
amplitude and the mean value change in function of the time.

Relative humidity and load case

RH

0.6 1
05 [ P + 0.9
- T 0.8
S04 T 0.7]
= 0.3 0.6
S5 02 T 0.5
T 0.4
0.1 7 103
0 T T T T 0.2

0 500 1000 1500 2000 2500

Time (h)

— Load (MPa) —RH

Figure 7. SINE function used to define cycling of air relative humidity.
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The second solution is suitable for example for monitored relative humidity as
shown in Figure 8. In this case, the six hours measured values of relative
humidity inside a building are given by the blue curve. The data are given in the
subroutine by two variables, one for the time and one for the relative humidity.
The data are given every six hours and the intermediate values are interpolated.
This solution may make the DFLUX subroutine very big in size, which means
that ABAQUS needs time to load it the first time, but after that it is very fast.
The other solution is reading a text file containing the data from the DFLUX
subroutine, but in this case, the file has to be opened at each increment of each
node and this process is very heavy from the computational point of view and
thus very slow.

100 20

) Wf\ A'AV'MV""\ 18
80 - 16
A /\,,/""/ 14

70

A4
60 +—— RHulk \
RHsis \_‘ /J‘/ tsis=20C _
50 {——u(ulk) AN 10
=)

RH [%]

] S u v
—u(sis)
40 + 8
30 6
20 1 M’\/\/.’/ \-V\/\’\"’\ 4
10 A T2
0 T T T T T T T T T T T T - 0
0 28 56 84 112 140 168 196 224 252 280 308 336 364
Aika [vrk]

Figure 8. Example of monitored air relative humidity (Koponen 2002).
In both solutions, it is necessary to define the changes of relative humidity as

smoothly as possible, especially for analysis with contact calculation. Instantaneous
changes of relative humidity often create instabilities in the calculations.
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3.5 Stability of the analysis

In order to facilitate the convergence of the analysis, a few alternative methods
can be used. The most important is the smoothing of the applied loads, which
includes the mechanical loads and the relative humidity. The ABAQUS Analysis
User’s Manual (ABAQUS 2003) gives good advices about curves smoothing;
refer to the chapter named “Amplitude curves” in this manual. It presents how
ABAQUS changes an instantaneous load change into a ramp load change or into
a so called smooth load change. The same methods can be used in the DFLUX
subroutine to define the relative humidity. There are no precise rules on the use
of smoothing technique, the only advice is that the more the analysis is
complicated the more the load case has to be smoothed.

Another way to facilitate convergence of the calculations, in contact calculations
particularly, is to start the analysis with a small time step and then increase it, if
necessary. The critical point for the contact calculation is when the contact
between two surfaces initiates, which corresponds generally to the time when the
load is applied. If this load is applied smoothly and if the time step is small
enough, the probability of convergence is much higher.

3.6 Running calculations using subroutines

When the input file and the subroutines are created, the calculation is run using a
MS-Dos window with MS-Windows System or a command window with a
UNIX or LINUX station. It is necessary to save the input file and the Fortran file
in the same folder. The command to run the calculation is: ABAQUS
job=input file name user=Fortran_file name.

It is possible to add int at the end of this command line; it permits to display
some informations in the command window for each increment.
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4. Validation of the implementation

As a check of the used implementation, some simple cases have been modelled
with ABAQUS CAE. The calculated results have been compared to earlier
experimental results from literature.

All the following simulations use ABAQUS 6.5-3 and are run with
ABAQUS/Standard. The hexagonal 3D elements C3D8T have been used to
mesh the wood parts, 2D shell elements S3 and a rigid body option have been
used to model the steel plate. The contacts have been modelled by a hard contact
pair with a penalty method in the tangential direction using a 0.4 penalty factor.

Note that the purpose of these comparisons is to validate the methods used. The
improvement of this model and of its parameters is a future task.

4.1 Test 1: constant load, moisture content
and temperature

Since the mechanosorptive creep is solely moisture rate dependent, it is necessary
to study constant moisture content cases to check the viscoelastic creep part of
the model.

In this example (Figure 9), a wood cube has been loaded by a constant 5 MPa
load in the longitudinal direction with constant moisture content (Relative Humidity
35%) and temperature (20°C). The relative creep [(¢)/1,, (where I(t)is the
specimen’s length in function of the time and /, is the elastic length after load
application) has been monitored during a period of 1 year and has been
compared to relative creep curves obtained by Leivo (1991) (Figure 10). For this
calculation, Scots Pine material parameters were used.
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Measurement point

Figure 9. Scheme and numerical model, constant 35% RH and constant 5 MPa
load (125 elements).

Leivo (1991)

=
w

Relative creep
s
N

I
N

0 50 100 150 200 250 300 350 400
Time [days]

= 350%RH 5MPa % 35%RH, 10 MPa + 90% RH, 5MPa
£ 90% RH, 10 MPa===- Model 90% RH ——Model 35% RH

Numerical tensil relative creep in grain
direction

Time (days)

Figure 10. Relative creep, constant 35% RH and constant 5 MPa load,
experimental results (Leivo 1991, Toratti 1992) and numerical results.
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We can see from Figure 10 that the numerical viscoelastic relative creep in the
longitudinal direction is the same order as the experimental results (see curve
35% RH 5 MPa).

4.2 Test 2: varying load and cyclic relative humidity,
constant temperature

In test 2 (Figure 11) the experiments done by Svensson (1997a, b) have been
used, where a small wood specimen has been loaded to a 0.5 MPa constant load
during 168 hours in the tangential direction with a cyclic relative humidity and a
constant temperature (20°C). The load was removed for the next 168 hours. The
strain was measured in the tangential direction. For this calculation, Scots Pine
material parameters have been used, but the experimental results showed an
unusual high stiffness, therefore the radial and tangential Young moduli were
multiplied by two for this simulation. The free shrinkage strain has been
substracted from both the tensile and the compressive strain results (shrinkage-
corrected strain).

Symetry ™ -
0.5MPa I Pl

Moisture
Mow

; 0.5 MPa
length + pith 5 0 g
(1,=36 mm)
Measurement
point
50 mm

R

xR
0.5MPa l 18 mm > 1;\/
T T
T
R L. R

Figure 11. Test 2, scheme and numerical model (168 elements).
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Figure 12. Test 2, load case (stepwise RH and tension load), experimental results
(average curve, expl, exp5, expl3 and expl7 from Svensson 1997a) and numerical
results.
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The same test was done for a 0.5 MPa compressive load. The results are given in
the Figure 13.

TENSILE STRAINS: EXPERIMENTAL & NUMERICAL RESULTS
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-0.006
Time (h)
‘ average — numerical results

Figure 13. Test 3, experimental results (average curve, from Svensson 1997b)
and numerical results.

The results demonstrate (Figures 12 and 13) that the model gives good results in
the tangential direction at least up to the second wetting cycle in the unloaded
state. After the second wetting cycle, the recovering part is not complete as
compared to the experimental results. Svensson (1997b) found the same
behaviour of his model during the recovering time.

4.3 Test 3: varying load and cyclic relative humidity,
constant temperature

In test 3, the experiments done by Svensson (1997a) have been used. The
specimen geometry and the loading conditions are the same as for the test 2. The
specimen was loaded to a 0.5 MPa constant tension load for 1400 hours in the
tangential direction with a cyclic relative humidity and a constant temperature
(20°C). The load was removed for the next 900 hours. The strain was measured
in the tangential direction in function of the time. The same material parameters
have been used as in test 2. Figure 14 gives the results for this load case.
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Figure 14. Test 3, load case (cycling RH and tension load), experimental results
(average curves, expl, exp5, expl3 and expl7 from Svensson 1997a) and
numerical results.
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The same test was done also for a 0.5 MPa compressive load. The results are
given in the Figure 15.

COMPRESSIVE STRAINS: EXPERIMENTAL & NUMERICAL RESULTS
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‘ exp1 exp2 —exp3 Average — numerical results‘

Figure 15. Test 3, experimental results (average curve, expl, exp2 and exp3 from
Svensson 1997a) and numerical results.

In both cases, tension and compression, the numerical results show good
agreement with the experimental results. The global shape of the curves is the
same and the values are very close.

4.4 Test 4: varying bending load and cyclic relative
humidity, constant temperature

In test 4 (Figure 16) the experiments done by Leivo (1991) are used. In this case,
a wood beam is loaded to a 10 MPa bending stress under cycling 35-90%
relative humidity and a constant 20°C temperature during one year. The
deflection was measured. For this calculation, spruce (Picea abies) material
parameters have been used.
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Figure 16. Test 4, scheme and numerical model, beam 45 x 90 x 2000, bending
stress 10 MPa (F = 1000 N), 70 days period cycling 35-90% relative humidity
(7207 elements).
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Figure 17. Test 4, relative creep, experimental (Leivo 1991, Toratti 1992) and
numerical results.
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This bending test comparison has been done mainly to test the proposed model
of wood in longitudinal direction. The results above (Figure 17) show that the
numerical relative creep is close to the average of the experimental relative creep
curves.

4.5 Test 5: calculation of moisture content and internal
stresses in a glulam beam

This comparison case is used for studying the internal stresses perpendicular to grain
in glued laminated (glulam) timber beams. The described beam section was
experimentally analyzed by Jonsson (2005). The tested glulam beams (90 x 270,
quality L40) contained six lamellae of Norway spruce. The glulam was sawn
into 16 mm thick plates perpendicular to the beam axis, so that the specimens,
free from knots, had the dimensions 16 x 90 x 270 mm.

The specimens were further sawn in eleven slices at a specific time and, on each
slice, two markers were glued along each short side.

The wood boards were first seasoned at a constant relative humidity RH = 40%
and constant temperature T = 20°C during four months and then the relative
humidity was changed to RH = 80% during 38 days. The results were given for
each slice at the end of the four months and 38 days, respectively.

The length between markers was measured before and after sawing by an optical
method. The mean stress was determined from the mean released strain for each
slice:

Gmean = E(u) gmean

where the elastic modulus E(u), depending on the moisture content, was
measured with a dynamic method. For the numerical simulation by ABAQUS,

396 quadratic elements C3D20T were used. Figure 18 shows the geometry of the
Jonsson glulam beam section and the model analyzed by ABAQUS/Standard.

The computational results in terms of moisture content (Figure 19) and vertical
stress (Figure 20), show a good agreement with the experimental data.
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The 3D distribution of stresses and moisture are shown in Figure 21.
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Figure 18. Jonsson’s glulam beam. Left: geometry of the beam. Right: ABAQUS
model. (Jonsson 2005.)
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Moisture content: wetting at RH80% (initial moisture content: 4 months at RH40% )
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Figure 19. Jonsson’s glulam beam. Results after 4 months drying. Average of the
humidity per each slice. Comparisons between computational and experimental
results. (Jonsson 2005.)

Internal Stress: wetting at RHB80% during 38 days (initial meisture content: 4
months at RH40% )
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Figure 20. Jonsson’s glulam beam. Results after 4 months drying. Average of the
vertical stress per each slice. Comparisons between computational and
experimental results. (Jénsson 2005.)
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Figure 21. Jonsson’s glulam beam. Results after 4 months and 38 days. Top:
tangential stress in material coordinates. Center: tangential stress in global
coordinates. Bottom: moisture distribution. (Jonsson 2005.)
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5. Conclusions

A structural analysis model for the long-term response of wooden under variable
load and humidity conditions has been developed with the finite element
calculation software ABAQUS. The material properties of timber in the grain
direction and in the perpendicular-to-grain directions require defining a local
cylindrical coordinate system for each piece of wood of the structure, glulam for
instance. The moisture transfer is composed of the moisture flow from the air to
the wood surface and on the moisture diffusion in wood. The moisture flow has
been implemented in a DFLUX subroutine. The response of wood to mechanical
loading, moisture content changes and time was modelled by using a rheological
model of wood implemented in an UMAT subroutine. Some simulations have
been performed with this method. The comparisons to earlier experimental
results from literature demonstrate that the implementation and models used
function well.
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