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PRE FACE 

This work was par t of an international rheology program, sponsored by 
the EC, and done by the Timber group of the Faculty of Civil Engineering 
of the Delft University of Technology. 
One of the objectives of the Dutch projects was to develop a general 
creep and damage model based on deformation kinetics. The derivation 
of this general theory, together with the mathematical verification tha t 
this theory may explain the phenomonological laws of the time dependent 
behaviour of wood, is the subject of this thes is . 

The resu l t s of this work were published earlier in repor t s , magazines and 
proceedings, often in a different form and are here extended and brought 
together into one coherent account 
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1 INTRODUCTION 

As for other materials, the time dependent behaviour of wood is non-line-
ar and has to be described by the theory of deformation kinet ics . 
The basic concept of this theory is to regard plastic flow as a mat te r of 
molecular bond breaking and bond reformation, what is the s ame as to 
s t a t e that flow is the result of a chemical reaction like isomerization. 
Until now, the theory was mainly applied phenomenologicaly and in this 
work this is extended to a general theory tha t may predict the time de 
pendent behaviour of materials and may explain the phenomenological laws 
in this field. Further, possible simplifications are derived, in order to 
find the main determining molecular p rocesses . 

The mathematical derivation of this general rheological model is solely 
based on the reaction equations of the bondbreaking and bondreformation 
p roces se s a t the deformation s i tes (i.e. spaces where the molecules may 
move into) due to the local s t r e s s e s in the elastic material around these 
s i tes . The model doesn ' t contain other suppositions and will show the 
consequences of the s t a ted s tar t ing point. 

In the originai theory, the plastic s t ra in ra te was arbitrari ly taken to be 
proportinal to the ra te of change of the flow unit concentra t ion and the 
form of the pa rame te r s in the r a t e equation that determine for instance 
the hardening and the delay time, were also arbi t rary phenomelogical ex-
press ions of the strain. This is avoided in this derivation. By express ing 
the concentration and work te rms of the r a t e equation in the number and 
dimensions of the flow units, the expressions for the strain r a t e , f rac ture , 
hardening and delay time are directly derived without any assumpt ions . 
The derivation shows that time dependent behaviour is a m a t t e r of very 
small s t ruc tu ra l changes and the pa rame te r s of the model a re cons t an t 
and /o r linearly dependent on the variables according to the first , or f i rs t 
two, t e rms of the polynomial expansion of these p a r a m e t e r s . 
Because of these small changes, the s t ruc tu re of the dislocations and 
the order of the reaction is not determinable. So the react ion can be 
regarded to be of the first order or quasi f i rs t order and also the activa-
tion enthalpy, entropy and external work can be regarded a s cons tan t 
a n d / o r linearly dependent on temperature , moisture content and s t r e s s . 
The activation energy and volume will provide however information about 
the type of bonds that is involved and the dimensions of the flow units. 
To obtain simplifications, a general c r eep - and damage model for small 
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s t ruc tu ra l changes is derived by ser ies expansion of the potential energy 
curve, leading to a proof of the generalized flow theory, and showing that 
the hypotheses, on wich this theory was based, are consequences of the 
s e r i e s expansion. This model is a lso extended for a description of larger 
s t ruc tu ra l changes, giving an explanation of the existing damage models 
and phenomenological laws of fracture. 

The theory is able to explain the different power models (of the s t r e s s 
and of the time), giving the physical meaning of the exponents and con
s t a n t s . This applies for instance for the explanation of the Forintek mo
del of the s t r eng th and the Andrade and Clouser creep-equat ions . 
An explanation of the WLF-equation (Williams-Landel—Ferry is WLF) for 
the t ime- tempera tu re equivalence above g lass - rubber transition is also 
derived, showing tha t the change of the concentrat ion of mobile segments , 
and not necessari ly the change of the free volume concentration, is the 
cause of the transition. The theory is extended for cross- l inked polymers 
a t t rans ien t c reep for the component that performs the transition. It fol-
lows from the theory that for the special case of a cons tan t concent ra 
tion of flow units, the tempera ture dependence is according to the Arrhe-
nius equation. For higher values of the activation enthalpy, when not the 
change of entropy is dominating, the theory predicts a shift factor between 
the Arrhenius- and WLF-equation. The WLF- equation is further extended 
for the influence of the time scale of the p rocess . 

It is further shown that a single p rocess may explain the measured, broad, 
nearly flat mechanical relaxation spec t ra of glasses and crystalline poly
mers and an outline of the relaxation spectrum for wood can be explained 
by two p rocesses in s tead of the assumed infinite number of linear pro-
c e s s e s that is regarded to be the basis of the relaxation spectrum. Also 
the los s - spec t rum by forced vibrations and the fatigue behaviour can be 
explained by one process . 
The solutions of the model equations are given for t ransient p roces ses a t 
different loading histories and it is shown that the model can explain the 
phenomenological laws as for instance the linear dependence of the stiff-
ness on the logarithmic value of the strain r a t e in a cons tant s t ra in ra te 
t e s t ; the logarithmic law for c r eep and relaxation and the necessary break
down of the law for longer times; the shift factor along the log-time axis 
due to s t r e s s and tempera ture and the influence on this factor of a tran
sition to a second mechanism. 
As a last application of the model, a derivation of the mechano-sorptive 
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effect is given and the behaviour a t moisture cycling is explained. The der i -
vation throws a new light on the mechanism, being a s epa ra t ed sorption 
effect and not an interaction of c r eep and moisture change or an in t e rac -
tion of loading on the overall shrinkage. 
The aim of the experimental r e s e a r c h was to verify the model and to get 
a first es t imate of the order of the parameters and the dependence on 
tempera ture , moisture content and loading direction. Because data a re 
available for perfect cons tan t humidity conditions, it was decided to use 
oscillating relative air humidity conditions as may occur in prac t i se . Quick 
and low relative humidity cycling may be expected to behave like cons tan t 
moisture content conditions. However the behaviour of the wood polymers 
is very sensitive for t r aces of diluent, the previous history and moisture 
changes and this may cause a different behaviour in comparison to per 
fect cons tan t moisture conditions. 
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2 STRUCTURE AND MECHANICAL PROPERTIES OF WOOD 

2.1 S t ruc tu r e of softwoods 

Timber can be defined as a low-density, cellular (tubular), polymeric fibre 
composite lil, C2L The macro s t ruc ture is cellular and due to the b ran 
ches of the t r ee , there are knots a s main dis turbances of the s t r u c t u r e . 
On microscopic level, most cells a re aligned in the vertical axis and only 
S to 10% are aligned in the radial planes (rays). These rays a re the main 
disturbances of the alignment of the vertical cells. In softwood two types 
of cells are available. The g rea te r number a re called t racheids and have 
a length of 2 to 4 mm with an a spec t rat io of 100:1. These cells have a 
supporting and conducting role. Most cells of the second type a re in the 
rays and are block-like cells of 200 x 30 um. These are called parenchyma 
and have a function for food s torage . The t racheids are thin walled (2 um) 
in the early par t of the seasonal growth (earlywood) and a r e thick walled 
(up to 10 (xm in latewood) in the la ter pa r t of the season. 
The cells a re interconnected by pits (holes in the cell wall) to permit food 

1 c r o s s - s e c t i o n 
2 radial plane 
3 tangential plane 
4 growth ring 
5 earlywood 
6 latewood 
7 rays 
7a ray with res in 

canal 
8 res in canals 
9 pits 

10 pits of the rays 

fig. 2.1.1 S t ruc tu re of softwood 
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passage and these holes a re the main dis turbances of the s t ruc tu re of 
the cell walls. 
Chemical analysis shows four consti tuens: cellulose, hemicellulose, lignin 
and extract ives . The cellulose (C H O ) is formed of be ta-g lucose : 
(C,H O ) with removal of H O (condensation reaction). 

6 12 6 2 

Cellulose chains may crystallise in many ways, but one form, cellulose I, 
is charac te r i s t i c of natural cellulosic materials. Adjacent chains in the 
crys ta l lie in opposite directions. The unit cell (1.03 nm) of crystalline 
repeti t ion is in terpre ted as monoclinic. The molecule is not folded and 
there is no evidence of primary bonding Iaterally between the chains. The 
laterally bonding between the chains is a complex mixture of fairly s t rong 
hydrogen bonds and weak van der Waals forces. 
The length of the cellulosic molecules is about 5000 nm (0.005 mm). The 
crystalline regions are only 60 nm (length) by S nm (width) and 3 nm 
thickness . So the cellulosic molecule will pass through several of these 

fig. 2.1.2 S t ruc tu r e of timber at different levels of magnitude [13 
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regions of high crystallinity with intermediate noncrystalline or low-crys ta l -
line zones. The collective unit passing the crystal l i tes is t e rmed microfi-
bril, having- an infinite length. It is clothed with chains of sugar units 
(other than glucose) wich lie parallel, but a re not regularly spaced making 
the microfibril to about 10 nm in breadth. 
Hemicellulose and lignin are regarded as cementing materials . Hemicellulo-
se is a carbohydrate like cellulose, however the degree of crystal l isat ion 
and polymerisation (less than 150 units) a re low. Lignin is a complex a ro 
matic compound composed of phenyl groups and is noncrystalline; 25% is 
in the middle lamella (the intercellular layer composed of lignin and pectin) 
and 75% is within the cell wall. 
So the cell wall is a fibre composite with s lender microfibrils as fibres 
in a cementing matrix of reiatively unoriented (amorphous) shor t -cha ined 
or branched polymers (lignin and hemicellulose) containing a lso tiny voids 
and second order pore spaces . 
The cell wall is also a laminated composite because of the layered s t r u c -
ture of the wall. To be distinguished are in success ion: the middle lamel
la, a lignin-pectin complex without microfibrils; the primary wall with loose-
ly packed random microfibrils and no lamellation and the secondary wall 
with closely packed parallel layers. The outer layer or S layer of the s e -

Inner layer (S ) 

Primary wa 

Middle layer (S ) 

Outer layer (S ) 

Middle lamella ' 

fig. 2.1.3 Wall layers with orientation of the microfibrils [1] 
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condary wall is thin (4 to 6 lamellae) with 2 al ternating spiral microfibrils 
with a pitch to the longitudinal axis of about 60 degree. The middle layer 
or S layer is thick (30 to 150 lamellae) with fibrils in a r ight-hand spiral 
with a pitch of about 20 degree and the inner layer or S layer is very 
thin and is simular a s S with a pitch of about 80 deg., is however looser 
and contains lignin in a high proportion. Because there are 2 cell walls 
between the adjacent t racheids, a microfibrillar angle deviation from the 
longitudinal axis in a layer is compensated by the opposite angle in the 
equivalent layer of the second cell wall causing the orthotropic behaviour 
and the st iffness and s t rength a t an angle to the grain follow the com-
mon tensor t ransformat ion laws. So the behaviour of a tracheid alone is 
far from or thotropic and the resul t s of t e s t s on separa ted tracheids as 
done for the paper industry cannot be used to predict the behaviour of 
wood. 

2.2 Rheology of wood 

2.2.1 Phenomenological approach 

Because of the complex s t r uc tu r e of wood, complete molecular models 
a re not yet developed and the r e s e a r c h is based on phenomenological s tu 
dies. A summary of the resu l t s [ 3 ] will be given here. 
Like other mater ia ls , wood can be regarded as linear elastic when s t r e s s , 
moisture content and tempera ture are sufficiently low. At higher levels of 
these variables the behaviour is linear viscoelastic and at still higher le
vels, the behaviour is nonlinear. This description applies for not too long 
test ing times. For longer times the nonlinear behaviour is evident and can 
be explained by the kinetic theory. However a linear approach is possible 
by using spec t r a of relaxation t imes. A t e s t of linearity is often done by 
applying a single s tep-function in s t r e s s on a specimen. Then linearity is 
a ssumed when the c reep compliance is independent of the applied s t r e s s . 
Better is to do superposit ion t e s t s . However because of the small amount 
of c r e e p during shor t times, a lso nonlinear models may show a quasi 
linear behaviour. The creep compliance is separa ted into instantaneous, 
delayed elastic, and flow components. The instantaneous or glassy com
pliance is always independent of the s t r e s s . The delayed elastic and flow 
compliances a re approximately independent of s t r e s s below certain s t r e s s 
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limits depending on moisture content and t empera tu re . For tension para l 
lel to the grain e.g. limits of 35 to 80 % are given depending on the s p e 
cies. Mostly the limit is taken between 40 to 50 %. Of course these limits 
depend on the time of testing. These limits are also regarded as the 

, acce le ra ted 
stat ionary "' . . ,. . 

__±_ -̂--r-.rjr.r decelara ted 

c r eep recovery 

time 
fig. 2.2 Creep and recovery 

boundaries below wich there is only decelerated c r eep and above wich 
there is, af ter decelera ted creep , s tat ionary c r eep and acce l e r a t ed c r e e p 
(see fig. 2 .2) . Because wood is a cross- l inked polymer, s ta t ionary creep, 
or c r eep a t a cons tan t s t rain ra te , cannot occur. Accelera ted c r e e p is 
due to a s t ruc tu ra l change process , as will be shown later . Nonlinear 
behaviour is partly at t r ibuted to s t ruc tura l changes. Another pa r t of the 
"irrecoverable" flow can be recovered by an increase of mois ture and 
temperature . This indicates nonlinear behaviour providing a very stiff 
"dashpot" for the low internal s t r e s s e s after unloading, making recovery 
very slow and thus showing a quasi permanent s train. 

Repeated s t r e s s ing may lead to stiffening shown by a decrease in hys te re -
sis and an increase in elastic moduli (crystalization). At sufficiënt high 
s t r e s s , there may also be an increase of the glassy compliance. This 
s t r e s s - induced transit ion is also found in wet cellulose films, indicating 
probably the penetrat ion of water in the (normally inaccessible) more high-
ly ordered regions. For green wood a t a cons tan t t empe ra tu re and a t a 
given time and s t r e s s , the deflection increases exponentially with inc reas -
ing tempera ture (between 5 and 70 °C) as can be explained by the kinetic 
theory as a relative increase of the s t r e s s level and with tha t a shift of 
a transit ion to a second (irrecoverable) c reep mechanism to lower t imes. 
Between transit ion points, the c reep compliance increases linearly with 
temperature . At high t empera tu res (100 to 180 °C) a lso for dry wood the 
exponential increase is measured due to transit ion to another mechanism 
(transition point 140 °C). The transit ion points depend on the moisture 
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content, as will be discussed later, and are close to the g lass- t rans i t ion 
points of hemicellulose and lignin. For green wood, the first transit ion is 
a t about 50 to 60 °C, causing an increase in the c reep rate . For dry 
wood this transit ion tempera ture is higher, above about 70 to 80 °C. In 
an investigation it was repor ted that in the range of 15 to 60 °C, the 
relaxation modulus decreased, but the ra te of relaxation appeared to be 
hardly affected by the tempera ture (lower s t r e s s a t the same s t ra in and 
cons tan t ep if u = 0, see later) . At high initial s t ra ins there are also tem
pera tu re ranges where the c reep r a t e s differ not much. For wet wood, 
the c reep compliance may increase more than linear with tempera ture 
because of the earlier s t a r t of the second mechanism. 

Simple superposition of time and moisture content is not valid because 
of other s t ruc tu ra l changes (shape and volume) assoc ia ted with the chan
ge of moisture content . 
Absorption of water by wood causes swelling up to a moisture content 
of about 28%. The swelling is roughly proportional to the water uptake. 
Although the wate r en t e r s only in the amorphous zones, the s t rength and 
st iffness a re reduced. The tangential shrinkage exceeds the radial shrin-
kage partly by the r e s t r a in t of the rays. The swelling and shrinkage in 
longitudinal direction are very small compared with the other two direc-
tions. It is the smal les t for s t eep micro-fibrillar helixes in the S layer 
as can be expec ted in the direction of the crystalline micro-fibrills. Swel
ling of the secondary wall is much grea te r than swelling of the middle 
lamella. S o the la t ter probably res t ra ins the shrinkage of the wood caus 
ing high internal s t r e s s e s . The planes, wich are the r iches t in hydroxyl 
groups, lie parallel to the microfibril surface and pa r t of the non-crysta l -
line material is oriented in parallel with the cellulose and this material 
is access ible to water . So the planes between the lamellae of the cell 
wall are the places for bond breaking p roces ses due to water movement. 
In fact the cell wall ac t s as one layer for dry wood and the S layer is 
split ted in hundreds of lamellae in the sa tu ra ted s tage . It is to be expec
ted that the high re s t r a in t s for swelling and shrinkage will cause "flow" 
in the gel-like matrix. This flow is directed if a specimen is maintained 
under s t r e s s during a change in moisture content. The moisture movement 
through the wood involves breaking of s t r e s s e d hydrogen bonds and refor-
mation of these bonds in an uns t r e s sed position causing the large c reep 
deformation a t desorption when one of two adjacent layers shrinks, while 
the other swells. This mechanism determines the behaviour a t cycling mois-
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ture content conditions. There is an increase of c r e e p during desorption 
and recovery during the first, or for tension also possible in the second 
absorption period, depending on the initial moisture content . At large 
s t r e s s e s and small moisture content changes there is no recovery but 
a reduction of the c r eep ra te during adsorption. The deformation is usual-
ly devided in three components: overall shrinkage by moisture change; 
t ime-dependent s t ra in by the s t r e s s history and an interaction effect 
between these two. The same can be said for t empera tu re changes. There 
is further an interaction influence of t empera ture and moisture content 
if one of these cycles. As s ta ted above these interact ion effects a re not 
real interactions but can be explained as consequences of the differential 
swelling and shrinkage of adjacent layers. This will be shown later . The 
sorption influence is for a single change linear with the amount of mois
ture change, independent on the moisture content , t empera tu re , r a t e of 
sorption and previous creep-his tory a t cons tan t t empera tu re and moistu
re content, indicating a flow process . The ra te of the deformation is de-
pendent on the ra te of change of moisture content . It is expected that 
the moisture gradiënt is not the cause of the increased deformation (there 
is no influence of the size of the specimen). A s tepwise increase in mois
ture (5% in 7 days) under loading gives a maximal deflection a t the first 
moisture increase and this is the smallest a t the las t moisture jump (being 
above the saturat ion point). The sum of these deformations is probably 
equal to an equal one s t ep moisture increase. Above sa tura t ion there is 
a little influence. The deformation a t changing mois ture conditions is pro
bably independent on the loading, a t least at not too low and not too high 
levels. There is no dec rease in the modulus of elasticity. 

2.2.2 Viscoelastic behaviour of the s t ruc tura l e lements in comparison with 
other polymers 

The cellulose molecules are very long and have very s h o r t side chains and 
are able to be packed close together fprming crystall ine a r e a s . Hemicel-
lulosis has different forms between the linear s t ruc tu re and the very 
strong branched s t ruc ture . The linear form with not regular spaced shor t 
side chains and many polar hydroxyl groups has, 'as cellulosis, good fibre 
forming propert ies and the branched type has good entanglement and filler 
propert ies . Lignin is cross- l inked in all directions and is able to form 



12 

s t rong bonds with the celluloses and has also hydroxyl groups. 
The cellulose is highly crystalline (~ 70 %) and the crystallinity doesn ' t 
change much on straining or drying. Because of the physicaly side bonds 
(hydrogen- and vanderwaals- bonds) it is to be expected tha t the binding 
energy will be t ime- and tempera ture dependent. However the deformation 
of a crystal l i te is energy elastic ( represent ing displacements from equili-
brium positions) and time dependent behaviour is only noticeble in the 
amorphous regions. The modulus of elasticity is 1.1 10 N/mm in chain 
direction and about 104 N/mm perpendicular to this direction. The amor
phous regions of the cellulose a re highly oriented and will have many 
cross - l inks (hydrogen bonds). Because there is no "coiling" s t r uc tu r e , 
an uncoiling p rocess cannot be expected to occur. 

The branched hemicellulose polymers have the function as filler of the lig— 
nin and because the s t rong bonds with the lignin it increases the c r o s s -
linking, act ing a s copolymer. The linear hemicellulose a c t s by hydrogen 
bonds as flexible bridge between the microfibrils, making movements of 
the fibrils possible and avoiding s t r e s s peaks between fibrils on loading. 
Lignin is a random amorph cross- l inked polymer that is able to form 
s t rong bonds with the polysaccharides. Real rubbery behaviour (uncoiling) 
is not possible. 

So the polymers in wood that determine the time dependent behaviour con-
tain densely cross- l inked filled amorphous polymers a s well a s highly 
crystalline and oriented polymers. Although such polymers don't p o s s e s s 
a zone of rubberlike behaviour, there is a transit ion possible to a more 
flexible s t a t e . Crystalline polymers with the amorphous region in the flex
ible s t a t e (above the transit ion t empera tu re of these regions) show a 
quick s t r e s s relaxation loosing 25 to 50 % of the s t r e s s in a few minutes. 
This is foliowed by a slow process and the remaining s t r e s s after 17 d e 
cades (the age of the universe) is above S to 10 %, as follows from the 
t i m e - t e m p e r a t u r e equivalence. So this s t r e s s reduction of about one order 
is much less dras t ic than tha t for the rubbery transition where the s t r e s s 
r educes 5 to 6 o rde r s . This quick mechanism is not measured for wood, 
even not a t high tempera tures , suggesting a very high cross-l inking. So 
the slow p r o c e s s is dominating in wood (at low s t r e s s e s ) and has the 
same proper t ies as for other crystalline and cross- l inked polymers. This 
means tha t the c r eep is recoverable; that increase of s t r e s s shor tens the 
re ta rda t ion time (crystalline materials) and that the c reep ra te on loga-
rithmic time scale is not proportional to the s t r e s s but increases with a 
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power of the s t r e s s a t higher s t r e s s e s with the consequence tha t the 
creep and recovery functions have different shapes . The t e m p e r a t u r e de-
pendence of the viscoelastic propert ies follows the WLF- or the Arrhenius 
equation. The Arrhenius form applies for cellulose. Because the c rys ta l -
linity doesn ' t change much, there are no vertical shifts (due to change 
of the pseudo equilibrium modulus) of the c r eep lines along the log- t ime-
axis. The c reep can be described by the Andrade-equation or is a .straight 
line on a log-time-plot. This mechanism is a t t r ibuted to the mobility of 
the shor t s t r ands in the amorphous regions, probably due to co-opera t ive 
motions of groups of s t rands coupled through linkage points. The thermal 
and mechanical history is very critical for the behaviour as for g lasses 
and also t r aces of diluent have an influence. 

At room tempera ture the amorphous par ts in wood are probably in the 
glassy s t a t e , and only the so called p-mechanism appears ( the « -mecha 
nism r e p r e s e n t s the g lass - lea ther transition due to mobility of the back-
bones of the polymers). The (3- or secondary mechanism is due to local 
readjustment of side groups in glassy amorphous polymers or in the amor
phous s t r ands of crystalline polymers. These side groups can be chemical-
ly a t tached groups or hydrogen bonds wich a c t as side group on the poly-
mer chain and even only polar water molecules. In this l a s t c a se the 
p-mechanism disappears on removal of the water . Dielectric measurement s 
support this model because they reflect dipole orientation due to side 
group motions, showing the same tempera ture dependence a s the visco
elastic behaviour. This tempera ture dependence follows the Arrhenius 
equation and the activation energy lies between 20 and 30 kcal /mole . 
The s t r e s s reduction in relaxation by the secondary mechanism is smaller 
than by the a-mechanism and will be smaller than a factor 0.S to 0.8, 
where 0.S is used as a rule of thumb for wood. The same as for the 
a-mechanism the behaviour is nonlinear for high s t r e s s e s and these pro
perties will be explained here by the kinetic model. 

2.3 S t reng th and time dependent behaviour 

2.3.1 Factors affecting the s t rength 

The influence on the s t rength of the native origin of the wood, determined 
by the charac te r of the soil, the climate, density of the forest , e tc . is not 
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important, because the variability within one area is comparable with the 
variability of the whole population. 
The main features of the macro-structure that may determine the strength 
are the density, moisture content, width of the growth rings and width of 
the latewood part of those rings. Disturbances will also have an influence. 
The main disturbances of the structure are the knots, deviations of the 
grain angle, compression wood, resin channels, growth defects and checks. 
Because timber is selected for structural use, larger disturbances by 
cracks, resin heaps, growth faults, etc. are excluded and only minor dis
turbances are allowed having a little influence on the strength. 
Compression wood will cause twisting and splitting due to differential 
shrinkage by seasoning and also serious grain angle deviations may cause 
twisting. So by selection, this timber will not be used for structural ap-
plications and it appears that for gross wood the regression of the 
strength is nearly totally determined by only the knot area, the density 
and the moisture content (see e.g. the discussion in [4]). 
Knots act similar like holes and the strength dependent on the KAR (knot 
area ratio) can be fully explained by the stress field around a hole [SI. 

An increase in moisture content in wood gives a reduction in strength by 
the weakening of the interchain hydrogen bonds of the cellulosic compo-
nents in the amorphous regions. The moisture effects will be explained 
later by the chemical reaction kinetics of this water binding. At a moisture 
content of about 28% there is no further reduction of the strength and 
also no further increase in swelling of the wood. 

There is a very general correlation between strength and density even 
when comparing different wood species. The amount of latewood is highly 
correlated with the density. This is not so for the total ring width so the 
density of earlywood varies in every ring. Because of the correlation of 
the strength with the density, it can be expected that mainly the late
wood part determines the strength. This can be true if there is early 
plastic flow in the earlywood transmitting the stresses to the latewood. 
This also explains the higher magnitude of the tensile strength of the 
individual fibres compared with gross wood. In gross wood early crack 
formation occurs at imperfections between the layers due to stress con-
centrations. Because there is sufficiënt overlap of the adjacent fibres, 
these cracks have to propagate through the clear wood layers for total 
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fracture where the amount of latewood determines the s t r eng th . 
Measurements in tension of wet early wood and late wood single fibres, 
indicate a 1.1 to 3 times higher ultimate s t r eng th (at about the same ul-
timate strain) and stiffness of the late wood fibres (from the same spe 
cies) C6L In [7] higher differences between earlywood and latewood were 
measured. Dry late wood was about 6 x s t ronger than early wood, closer 
to the theoret ical expectat ion and wet late wood was about 4 x s t ronger , 
indicating more influence of plasticity for wet wood. It was also found 
that the ultimate s t ra in for failure of latewood was higher than for early
wood. Preparat ion of single fibres t e s t - spec imens will always induce c r ac -
ked sur faces with the possibility of crack propagation, diminishing the 
s t rength differences between early and late wood. Probably this explains 
the differences of the measurements of [63 and [71. 

Elastic models of the mechanical behaviour of cell wall layers (e .g . [8]) 
indicate a much worser loading of springwood in comparison with summer-
wood. The maximum s t r e s s parallel to the microfibril is about 4 times 
higher and the s t r e s s perpendicular and the shea r s t r e s s is about 7 times 
higher in springwood than in summerwood. This indicates early plastic 
flow in the cell wall layers of the springwood with considerable s t r e s s 
redistributions between the layer components because else , the relatively 
high experimental s t reng th of this layer cannot be explained. 
The summerwood fiber has an almost ideal s t r e s s p a t t e r n in accordance 
with the s t r eng ths of the different const i tuents and can be expected to 
behave elast ic up to high s t r e s s e s making probably a descr ip t ion possible 
by an elastic model of the cell wall s t rength. So whatever the mode of 
failure is, the s t rength is close to the fiber s t rength . 

An elast ic model for the tensile s t reng th of the cell wall, [9 3, indicates 
that f racture first occurs in the S layer by a shearing mechanism with 
a very high shear s t r e s s a t failure, suggesting a s t rong bonding between 
lignin, hemicellulose and cellulose. This initial f rac ture of the S layer 
follows al'so from the theory of maximum energy of dis tors ion. 
The model further shows opposite signs of the shear s t r e s s e s in the S 
and S layers indicating also high s t r e s s e s in the in ter face between the 
S and S layers. Microscopic studies have confirmed this interlayer f rac
ture by the puiling out of the S and S layers out of the enclosing shee t 
of the S . - ' 

ï 

As second type of failure, helical break along the direct ion of the S mi-
crofibrils was observed leading to the ultimate rupture of this layer. 



16 

2.3.2 Mode of f racture 

The failure of wood is dependent on the type of s t r e s s . The cleavage be -
haviour of wood was studied by f racture mechanics t e s t s on notched sam
ples (e.g.CIO]). The s t ra in-energy re lease ra te depends on t empera tu re 
and mois ture content and there is a dominating stability of crack extension. 
The slow and s table crack propagation was mainly within the cell wall of 
the t rache ids , e i ther between the primary and S walls, or between the 
middie lamella and the primary wall and was moving through the middie 
lamella to the adjacent cells. So the cell lumina were not in general ex-
posed. The stable crack extension indicates the existance of discontinuities 
with higher f racture res i s tance tha t has to be overcome for rapid exten
sion. In many c a s e s rapid f racture was initiated a t a minor discontinuity 
in the orientat ion of the t racheids such as the points were the ray cells 
c r o s s the line of t racheids . At higher t empera tu res and moisture contents , 
wood is less britt le because there is more viscous dissipation and unstable 
c r acks a re more infrequent and shor t in length. 

Tension t e s t s along the grain on gross wood show mostly failure within 
the fibre walls r a t h e r than between fibres (p.e. along the S microfibrils). 
The overlap of the adjacent cells where the force is t ransmit ted by shear 
in the middie lamella is thus in general sufficiënt long. As mentioned 
before, failure is possible between the S and S layers. 
Tensile failure perpendicular to the grain follows, as in cleavage t e s t s , 
the radial plane a s prefer red plane. Both transwall failure, wich goes 
through the cells and the lumen, and intrawall failure, wich occurs nor-
mally within the zone of the primary wall and S , are possible. An in-
c r e a s e in t empera tu re (0 to 150 °C) resul ted in a high reduction of the 
tensile s t r eng th perpendicular to the grain and a reduction of t r ans -wal l 
failures, indicating a reduction in bond s t rength between adjacent cells. 
In compress ion parallel to the fibre direction, lines of buckling appear 
wich make an angle on the tangential face of the specimen of about 60 
degree to the axial direction, which lie in the radial direction. This is a 
consequence of s h e a r failure between adjacent cells and the angle of 60 
deg. in s t e a d of 45 deg. is due to anisotropy. The failure t akes place 
within the cell wall and only occasionally does separat ion occur along the 
middie lamella mostly in the regions adjacent to the rays. The exis tence 
of microscopic c r a c k s is visible as loosening of the bonding between mi
crofibrils and the implication is tha t the lateral cohesion between micro-
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fibrils of the secondary wall is less than between cells [11]. In [12] and 
[13] it is mentioned that rupture occurs at the cellulose-lignine interface 
(because of the preferentially staining with lignin s ta ins) . 
Besides bond rupture (as follows from the increased chemical reactivity 
with dilute acid) micellar distortion occurs . There is a sequential develop-
ment in types of dislocations (being permanent crinks of the fibrils) with 
increasing s t r e s s . Trust lines, being local thickenings of the cell wall by 
small fibril deformation, develope into slip planes which grow to bands 
of slip planes (creases) leading to failure with considerable buckling and 
delamination of the cell walls. Slip planes develop a t about 25% loading 
level and the number increases about linearly with s t r e s s level. At a level 
of about 50 to 65% c r e a s e s (bands of more than 2 slip lines) a r e formed 
increasing parabolically with s t r e s s level. At 80 to 100% gross buckling 
of the cell walls occur containing about 40% of the total failure strain. 
The developement of these micro-failures is related to time a t a given 
s t r e s s level. At relatively high moisture content or when deformations 
develope slowly a t low s t r e s s levels, the micro deformations a r e widely 
distributed through the specimen. Creep t e s t s on wood show tha t after 
long time, depending on the s t r e s s level, the deformation may increase 
at a higher ra te indicating the development of c r e a s e s after long t imes. 
At low moisture contents and rapid s t ress ing a t high s t r e s s levels the 
micro deformations are fewer in number and localized preferentially a t 
rays. 
For high compression perpendicular to the fibre direction, having a modu
lus of elasticity of about one- ten th of tha t in longitudinal direction, s ide-
ways distortion of cells occur. The whole shape of the cell changes . When 
failure does take place separat ion occurs between the layers S and S 
of the secondary wall. The g rea te r s t rength in radial direction than in 
tangential direction is due to support from the rays. 

2.3.3 Failure of the u l t ras t ruc ture 

Two components of the fine or chemical s t r uc tu r e have a profound influen-
ce on the s t rength and stiffness. The first consis ts of matrix material 
and especially of lignin and the second is the celulosic fibre material . 
To investigate the failure mechanism of the cellulose chains, Ifju [7 ] r e -
ported the effect of reducing the cellulose chain length by gamma irradia-
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tion. The degree of polymerization of the cellulose was reduced from 5000 
down to about 200 by successive higher doses of radiation. If slippage of 
the chains is a cause of failure it can be expected that there will be a 
critical chain length where below failure is caused by slippage and where 
above failure is by primary bond breaking of the chain itself and is inde
pendent on the chain length (or independent of the degree of polymeriza
tion). Based on an assumed very high activation energy of breaking of 
the - C - O - C - linkage and a very low activation energy of breaking of the 
lateral hydrogen bonds it was calculated that this critical length is reached 
a t a degree of polymerization of about 70. The experiments however 
showed a decrease of the s t rength at any reduction of the degree of 
pol}'merization. The conclusion that slippage a t a degree of polizerization 
of 5000 is between micelles or fibrils through the "losely" amorphous 
cellulose (with very few side bonds) seems not to be right, because this 
expected long range interaction would indicate an early occurrence of 
rubbery behaviour. The stiffness is however not proportional to the abso
lute tempera ture , as is necessary for rubbery behaviour, and a lso the 
transi t ion with t empera tu re is different (Arrhenius equation) and the 
molecular models show only a very localized slip of about a cellobiosic 
unit. 

S o the basis of the calculated critical chain length is more complicated 
than assumed. This can be seen by the bonding model of cellulose of Giles 
a s e.g. d i scussed in chapter 4 of [ 8 ] where a special type of bonding is 
assumed in order to explain the high experimental stiffness of cellulose. 

fig. 2.3 Scheme of a cellulose chain linked by hydrogen bonds 

Straightening of the cellulose chain causes lateral s t retching of the hy
drogen bonds causing a four- to six- fold stiffness increase of the chain. 
So if a chain is s t re tched , the hydrogen bonds may fail, reducing the stiff
ness of the chain and so the s t r e s s on the chain. If within the crystaline 



19 

region 4 success ive hydrogen bonds have failed, the maximum reduction 
of the force is reached. The activation energy for this will be less than 
4 x 6 = 24 kcal /mol, while for primary bond breaking the activation energy 
will be about 60 to 80 kcal/mol. This doesn ' t mean that a type of dislo-
cation propagation by cooperative bond breaking of 4 bonds is the neces -
sary failure mechanism. Also possible is e.g. the breaking of 1 hydrogen 
bond with a rotation of 4 to 5 bonds of the glucose-r ings (activation ener 
gy l e s s than: 6 + 5x3.2 = 22 kcal/mol, to releave a high chain force. 
Also for other polymers the flipping of the ring between two isomeric 
chair forms, is supposed to be a deformation mechanism. There is s te r ic 
possibUity for this movement [14] in cellulosis. This mechanism, of break
ing of one hydrogen bond, is in accordance with the measured first order 
reaction and the measured activation energy and volume of the bond break
ing. Further the in [ 7 ] measured dependence of the s t r eng th on the loga-
rithmic value of the degree of polymerization (being a measure of the lo-
garithmic value of the numbers of cuts of the chain or the number of 
sources of dislocations) is explained by the molecular model as developed 
here. As shown la ter the f low-s t ress is: 

ö = l l n ( 2 l ) = i l n(2fe_) = r ♦ lln(D) 

where k is the the strain ra te in a cons tan t s train ra te t e s t , A = A'p = 
p -vexp ( -E /kT) is proportional to the flow unit density p, and D is the 
degree of polymerization being inversely proportional to the number of 
cuts , and thus inversely proportional to p. This leads to the expression: 

2 2 2 

By regress ion analysis, it can be shown that l/<po is constant , indepen
dent on t empera tu re and moisture content and is about 0.11 for latewood 
and 0.17 for earlywood (coëfficiënt of variation: 0 .45) . The values of this 
constant , 1/tpö , indicate a different failure mechanism by irradiation than 
occurs normaly in wood (showing values of about 0.03) . 
The change in molecular a r rangement in the ordered, crystal ine regions 
of the micelles by loading can be measured with the X-ray dif f ractometer 
[15] . Truly elastic behaviour is due to chain straightening, orientation of 
crystal l i tes or reorganisation of the less ordered regions. Cons tan t loading 
t e s t s in tension show immediate orientation by loading and no increase in 
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crystallinity with time (within 24 hours). Because X-ray diffraction shows 
only ordered regions of molecules, these regions only show elast ic beha-
viour. The alignment by loading gives some increase of the length of the 
crysta l l i tes and so of the degree of crystallinity. At unloading (indepen
dent of the loading time) some alignment remains indicating also some plas-
ticity, increasing with increasing s t r e s s level (some of the new bonds reco
ver a t a not noticible low r a t e by the low internal s t r e s s after unloading). 
Time dependent molecular orientation activity in the amorphous regions 
can be observed by the infrared polarization technique. This was done in 
[16] for balsam fir t i ssues strained parallel to the fiber axis. The chosen 
adsorption bands in C16] contained no crystalline band with almost immidi-
a te orientation represent ing the elastic behaviour. So the recorded bands 
gave the activity in the amorphous regions. In the chosen bands for lignin, 
hemicellulose and cellulose, only quick time dependent p rocesses of orien
tation were recorded. The main slow s t r e s s relaxation process was not 
given. The explanation, given in [16], of the shor t periodic p rocesses of 
loading and unloading as a resul t of the ability of the lignin network to 
ac t as an energy sink and to control the energy s e t up of the s t r e s s ing 
is not probable. Obvious all components will be loaded on quick straining 
and because of the shor te r re tardat ion time of the lignin, the s t r e s s will 
be t ransmi t ted from the lignin to the cellulose chains instead of in the 
reversed direction. More probable is therefore that a type of dynamic 
crystall ization occurs like in metals. Also in partly crystallized polymers 
this may occur if the degree of crystallinity increases during the straining. 
So a process of crystallization, flow and recrystall ization may occur. A 
s t rong indication for this supposition is that the time of the p rocess is 
dependent on the kinetics of crystalization and not on the ra te of straining 
or the viscoelastic propert ies and also that the s t r e s s of the relaxation 
t e s t decreases during the orientation because like in the mentioned poly
mers the crystallization lowers the s t r e s s on the ends of the amorphous 
s t r ands . This mechanism is however of minor importance, and need not 
be described, because the crystallization process in wood is very small 
so tha t it resul t s only in a small wavy form of (or around) the main s t r e s s 
relaxation line. It can be concluded that there is a lack of the measure-
ment of the main slow overall relaxation by this method. 
The main relaxation process of the amorphous material and the lignin is 
to be expected to follow the Arrhenius equation in the glassy s t a t e and 
the WLF-equation for the transition to the "leather" s t a t e as will be 
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discussed later . 

2.4 Conclusions 

Timber can be defined as a cellular polymeric fibre composite with slender 
microfibrils as fibres in a cementing matrix of relatively unoriented 
(amorphous) shor t - chained or branched polymers (lignin and hemicellulose). 
The cell wall is also a laminated composite because of the layered s t r u c 
ture of the wall. These layers are: the middle lamella, an amorphous filled 
cross- l inked polymer without microfibrils; the primary wall with loosely 
packed random microfibrils and no lamellation and the secondary wall with 
closely packed parallel layers containing spiral microfibrils with various 
pitches to the longitudinal axis. The microfibrils consis t of parallel cellulo-
sic molecules having regions of high crystallinity with intermediate low-
crystalline zones. 

So the s t ruc tu re is heterogeneous with dis turbances of the s t r u c t u r e a t 
any level and many t rans ien t p rocesses can be expected to occur a t load-
ing. This can be due to plasticity as well as due to c rack propagation. 
Early flow has to occur in the earlywood cells and in the matrix. As 
around the reinforcement bar in concrete , it can be expected t h a t s t r e s s 
redistribution causes mainly shear with compression in the matrix, i nc reas -
ing the tensile s t r e s s in the fibres. The measured negative contrac t ion 
for c r eep in tension is an indication for this mechanism. An indication of 
flow of the earlywood is the correlation of the s t reng th with the amount 
of latewood. Also the elastic layer models indicate early flow of the ea r 
lywood cells . 

The d is turbances tha t cause s t r e s s concentrat ions and thus t r ans ien t 
p roces se s , are for instance the knots, defects , r ay -c ross ings , t racheid 
ends, pits , interlayer imperfections, voids, second order pores and pre-
vious c r acks in the weak layers. If s t r e s s redistribution around these 
disturbances is due to crack propagation caused by mainly hydrogen-bond 
breaking, it is to be expected, by the heterogeneous s t r u c t u r e , tha t the 
delay-time pa ramete r [17] of the kinetic model will be highly random and 
because of the s t ruc tu ra l deviations and deviations of the alignment and 
of the s t r e s s s t a t e s also a random value of the activation volume para
meter can be expected. 
The kinetic models, as usually applied, regard only one p r o c e s s and have 
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to be adapted for the possibility of description of more p rocesses . This 
is done for wood in [17]. However different p roces se s with about the 
same relaxation time cannot be distinguished, for instance fracture due 
to interlayer c rack propagation shows not much prefer rence for a special 
plane and may go through the middle lamella or through the interface 
with the primary wall and also between the P- and S layer. This indicates 
the same type of bonding between these layers (the same strength) and 
the resul t is one apparent determinating process with random pa rame te r s 
due to the different bond densit ies. 

An explanation can be given of the s t rength behaviour of cellulose chains 
depending on the logarithmic value of the degree of polymerization. The 
cu t s in the chain, due to irradiation, reducing the degree of polymeriza
tion, ac t as flow units for a failure p rocess . 
Also a new explanation of the time dependent behaviour of the amorphous 
regions in the fibrils is given as a dynamic crystallization process tha t 
can be descr ibed by the kinetic model by a s t ruc tura l change process . 
However this very small influence on the c reep behaviour can be neglec-
ted. 
The rheologic behaviour of the wood-polymers is comparable with other 
high polymers and is only quasi linear. There are also specific differences 
as for instance the special propert ies of the activation volumes, as will 
be d iscussed later and for instance the special behaviour a t moisture and 
t empera tu re changes. These phenomena have to be explained by the kine
tic model for wood. 

The s t rength is mainly determined by the knot area, the density and the 
moisture content. To determine the parameters of the p rocesses in the 
wood, t e s t s have to be done on clear wood without knots because the 
s t r e s s redistribution p roces ses around the knots will dominate and con-
ceal the t rans ient processes in the wood. As far as possible, measured 
proper t ies of wood components have to be used in the model to be able 
to distinguish the different p roces ses in wood. 
The specimens can be taken from one plank in order to have the leas t 
influence of the variation of the s t ruc tu re and the density. To investigate 
the influence of the different modes of fracture and c r e e p on the activa
tion pa ramete r s , t e s t s in shear , compression and tension, along the grain 
and perpendicular to the grain have to be done. 
Also t e s t s with fluctuating relative air humidity changes have to be done 
because the behaviour of the wood polymers is very sensitive for t r aces 
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of water, the previous history and moisture changes and this will cause 
a different behaviour in comparison to cons tan t moisture conditions. 
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DISCUSSION OF THE BAS IC PRINCIPLES OF THE THEORY OF MOLE-
CULAR DEFORMATION K1NETICS 

3.1 Introduction 

For plastic flow in a material, it is necessary to have "holes" into wich 
the material may move, and a lowered energy potential (energy barr ier) 
by the p re sence of this hole (with a bond s t rength of about a q u a r t e r of 
the bond s t r eng th in a perfect region for all mater ials) . So the number 
of mobile molecules or mobile segments a re determined by the number of 
these holes (flow units). 
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fig. 3.1 Energy surface a c r ö s s an edge dislocation Cl] 

The ra te of flow is determined simularly as the chemical reac t ion ra t e 
of bond breaking and some a s p e c t s of this theory will be d i scussed (fol-
lowing Cl]) to clarify the physical meaning of the cons tan ts of the basic 
equations that will be used for the derivation of a e reep and damage 
model. The s tar t ing points on the react ion order, thermodynamics of the 
free energy change and parameters of the flow units a re derived for use 
in the derivations of the next chapter . 

3.2 Theory of reaction ra tes for plastic deformation in solids. 

The basic concept of this theory is to regard plastic flow as a special 
form of a chemical reaction (like isomerization, where the composition 
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remains cons tan t but the bond s t ruc tu re of the molecules changes) , be-
cause flow is a ma t t e r of molecular bond breaking and bond reformation. 
A simple form of the react ion ra t e equation is: 

d P, d p 
Ïï-T = " T t = ?! c f " e2

 Cb- <3-2» 

where p is the concentrat ion of flow units, that may be kinks and holes 
in the polymers or vacancies and dislocation segments in the crystalline 
regions. 
C= v e x p ( - E / k T ) (where v is a frequency) with: 
E= the activation energy 
k= Boltzmann's cons tan t 
T= the absolute t empera tu re 
Because there is a forward react ion into the product s t a t e and a back-
ward reaction into the r e a c t a n t s ta te , there are two ra te cons tants : 

C f = vexp( -E f /kT) , (3.2.2) 

C^ = v e x p ( - E b / k T ) . (3.2.3) 

The molecules occupy equilibrium positions and are vibrating about the 
minimum of the free energy potential. Every position of the molecules 
with r e s p e c t to each other determines a point of the potential energy 
surface. The molecules must reach an activated s t a t e on this potential 
surface in going from the r e a c t a n t to the product s t a t e . The thermal ene r 
gy is not equaly devided among the molecules and it is a mat ter of chan-
ce for a molecule to get high enough energy to be activated and to be 
able to b reak bonds. 

The explanation of the form of the ra te cons tan t s C. above is given by 
Bolzmann s ta t i s t i c s . 
C = (kT/h)exp( -E /kT) , 
v = kT /h can be approximated to the Debye frequency (about 10 ) tha t 
may be regarded as the number of a t t empts per second of a partiele to 
c ross the barr ier of height E. However, any a t t empt can succeed only if 
the energy of the partiele exceeds E, and the probability of a jump per 
second is: P = v-exp(-E/kT) , where kT is the mean vibrational energy of 
the par t ic les (in tha t direction). 
Mostly not one group of react ing atoms is considered but a moial quantity. 
The molal free energy is then E m = N E and the Boltzmann cons tan t k 
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is replaced by the gas cons tan t R, where R = N k and N is Avogadro's ° m m ° 
Number. So: E / (kT) = NmE/(NmkT) = Em / (RT). 

k = 8.616*10 " s eVK" 1 

h = 4.135*10 ~1S eVsec 
k/h= 2.084*10 10 s ec _ 1 K - 1 

R = 1.987 cal K~l m o l " 1 

N = 6 .02*10 2 3 
m 

1 Joule = INm = 0.618*1019 eV = 0.239 cal 

f 
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E' f 

W 
f 

energy 
C 

b 
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/ / 
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fig. 3.2 Potential energy change for an e lementary react ion [ 1] 

The free energy of the activated complex cons i s t of an entha'lpy term, an 
entropy term and a work term due to the applied s t r e s s (see 3.4) . 
When the molecules a r e displaced from their equilibrium positions by an 
applied s t r e s s , the potential energy is increased. This means that the 
potential energy surface is changed, making the react ion more probable, 
decreasing the bar r ie r height with Wp in forward direction and increasing 
the barrier height with W, in backward direction, where W= Wf + W, is 
the work of the external cons t ra in ts . So: 

k T - Ef+ Wf 
c f -TT e x Pl—kT~ )■ (3.2.4) 

C b = l T e x P ( 
E b - W b x 
kT I' (3.2.5) 
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3.3 Reaction order of deformation and fracture p roces se s . 

The theory is given for first order react ions because nearly all mater ia ls 
appear to follow that law. So the slowest determining bond breaking r e a c 
tions are of f irst order or quasi first order. 
A descript ion by higher order react ions is also possible and is e.g. given 
in [2 ] where a Taylor ser ies expansion of the ra te equation is given for 
hydrogen bonded materials , leading to te rms with increasing reaction order. 
The first te rm of the expansion will not be zero, because it gives the 
f i rs t order react ion that is shown to occur in p rocesses like relaxation, 
f i rs t moisture regain, etc. in dry cellulosic material. The disadventage of 
this approach by Taylor ser ies is, that the ra te equation for these cases 
reduces to a single forward reaction. This is insufficiënt to descr ibe the 
total behaviour of relaxation and a be t t e r approach is then possible by a 
single first order p rocess (with a, for equilibrium necessary, backward 
process) as done by Meredith [2] for the same material. An explanation 
why a first order theory can be used is given below and in chapter 4, 
where we have shown that the generalized Eyring theory can be regarded 
as an expansion into simple parallel p roces se s . Deviations from the first 
order a re due to these parallel acting p rocesses . The same appears to 
be possible even for the complex react ions of decomposition of wood a t 
high t empera tu res tha t can be given by pseudo-f i rs t order react ions , 
(W = weight loss; W = residual weight ) [3J : 

dW/dt = - £ . k . (W-W ). 

The determining (slowest) bond breaking p roces ses must be of f i rs t order 
(or quasi f i rs t order) in this case , because the overall react ion has an 
o rder close to one (at the highest ra te ) . This follows from thermogravic 
exper iments [ 4 ] . 
The possibility of a quasi first order react ion in a co-operat ive bond break
ing p rocess can be shown by the following higher order reaction: 

- j £ = C p n . (3.3.1) 

In the Eyring model for creep, the density of the flow units p is taken 
to be constant , as given by the last te rm of equation (3.3.2). This can 
only be t rue for p roces se s that may approach the steady s t a t e . If p is 
split ted in an initial value p and a small change Ap, eq. (3.3.1) becomes: 
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- ^ A P > = - 4 ^ = C p " ( l ♦ ^ ) ° * C p n ( l + H^P) «, C p " (3.3.2) 
d t d t *o \ p / *o \ p / *o 

It appears tha t the las t two te rms of eq. (3.3.2) are su f f i c iën t for the 

descr ip t ion of f low and f rac tu re . The last t e r m (Cp ), for s teady s ta te 

processes, and the for e last t e rm for severe changes in behaviour l ike 

dislocat ion -mu l t i p l i ca t ion and -breakaway. causing y ie ld drop in a c o n 

s tan t s t ra in ra te test . So i t appears that the theory descr ibes smal l 

s t r uc tu ra l changes, and is l inear in the variable: 1 + nAp /p , being a quasi 

f i r s t order process. To know the order , the f low unit densi ty p has to be 

known and this cannot be found by ind i rec t methods (by measuring creep) . 

So we have shown. tha t as a f i r s t approx imat ion. it is possible to regard 

only f i r s t order react ions for de fo imat ion and f r a c t u r e processes. 

3.4 Thermodynani ics 

The thermodynamic system is chosen to be a smal l volume a iound the 

dis locat ions (i.e. around the de fo rma t ion - or f r a c t u r e - s i te) . This volume 

is sur rounded by elast ic mater ia l contain ing the e f fec t i ve s t ress (applied 

and in terna l s t resses) , and the tempera tu re dependence of the e last ic 

constants of this surrounding mater ia l has to be regarded separate ly . 

The local in te rna l s t resses ö at the si tes ac t as ex te rna l s t resses on this 

c losed sys tem. The f i r s t law of thermodynamics, for a c losed sys tem, can 

be given in the d i f fe ren t ia l re la t ion of the change of the in te rna l energy 

U of a process at constant p ressure P, tempera tu re T and s t r e s s o. 

dU = SQ - PdV + SW, (3.4.1) 

where SQ is the heat absorbed by the system; PdV is the wo rk against 

pressure P by an increase of the to ta l volume dV, and SW the o ther reve r -

sible work done by the system. SQ = TdS is the change of ent ropy S by 

changes in volume, v ibrat ional spec t rum and segment o r ien ta t io i i . SW can 

be sp l i t ted here in the work done by the cons tan t ex te rna l s t r e s s o, by 

a jump d\ o f a segment at act ivat ion, sh i f t ing the volume with AdX (A is 

the area of the cross sect ion of the segment) and by other w o r k te rms . 

So: SW = öAdX + SW'. The amount SW' may cons i s t o f the increase of 

elast ic energy s to red in the volume, i f there is any in the smal l volume, 

and a rubber l ike work te rm by uncoil ing bonds, tha t can be given as an 

entropy drop - TdS ,. Real plastic s t ra in (i. e. the s t r a i n by a process 
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with a very shor t relaxation time), uncoiling and s t ruc tu ra l changes will 
be regarded as sepa ra t e parallel acting processes later. In general SW' 
is thus neglectable if there is no elastic material and no uncoiling in the 
small volume. Eq. (3.4.1) can now be written: 

dU - TdS + PdV = öAdX + SW. (3.4.2) 

In this equation is dU + PdV = dH called the change of enthalpy H, and 
dH - TdS = dG is called the change of Gibbs free energy G, both under 
conditions of cons tan t P and T. So eq. (3.4.2) becomes: 

dG = SW, (3.4.3) 
making it possible to calculate AG for an assumed mechanism. For a pro
c e s s in wich only work is done by p res su re , or SW =0, eq. (3.4.1) gives: 

dH = SQ, or AH = Q. (3.4.4) 

Thus for a p r o c e s s a t cons tan t p r e s su re the heat exchanged between 
the sys tem and the surroundings is the difference between the initial and 
final enthalpy of the system. A further consequence of eq. (3.4.4) is that 
the heat capacity a t cons tan t p res su re C is: 

S - (!¥)„ = (Hf), 
or: 

% = ( ^ ) , (3.4.6) 

Thus it is seen that the change of the hea t of a react ion is directly re la-
ted to the differences between the heat capacity of the products and that 
of the r e a c t a n t s (Kirchhoff's law), and depending on the sign of AC , the 
reac t ion is exo- or endo- thermic . If AC = 0, the react ion is thermally 

P 
neutral. 
Because the energy change of a system, passing from one s t a t e to an-
other, is independent of the particular course foliowed, the react ion may 
be split ted in different chemical s teps if p ressu re , t empera tu re and c r y s -
talline form a re the same (Hess' law). The same can be done with other 
s t a t e p roper t i es e.g. volume or energy. As a consequence of this law, it 
is possible to expand the total potential energy curve into sinus ser ies , 
a s is done in the next chapter . Except for the first expanded term, this 
resu l t s in parallel rows of symmetrical bar r ie r s . Beause, at z e ro s t r e s s , 
the forward and backward activation energy is the same for each barr ier 
of the row, the react ion is neutral and the enthalpy change is constant 
independent of the tempera ture for the total row and because , a t con
s tan t t e m p e r a t u r e and p ressure , AC = T(óAS/óT) = 0, is also the entropy 
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change AS cons tan t during passage of the row. So the row a c t s as one 
process with a specivic enthalpy and entropy, (both independent of the 
temperature) and with a specific activation volume. 
If mass is added to the, above mentioned, closed system, for ins tance by 
absorbing moisture, the energy equation (3.4.1) becomes for ze ro SW: 

dU = SQ - PdV + <jd(x, (3.4.7) 

where co is here the relative moisture content, or to = 1 a t s a tu r a t i on of 
all bonds, and ei is the chemical potential or d(i is the change of the in ter -
nal energy by sa tura t ion with water. 
To find the potential energy change for a single p rocess , so without s t r u c -
tural changes and other variations of the energy, a general thermodynamic 
potential E c a n be chosen in the determining variables T,X and co. The p r e s -
sure P doesn ' t perform work for flow at cons tan t volume and can be re -
garded to be constant . 

dE = d(H - TS - oAX - LICO) = dH - TdS - SdT - oAdX - AXdö + 

- (ido) - codti. (3.4.8) 

At equilibrium, or when P, T, X and M are constant , dE = 0, or: 

0 = dH - TdS - AXdö - cod(i, (3.4.9) 

giving the f i rs t law of thermodynamics. 
Subst rac t ion of eq. (3.4.9) from eq. (3.4.8) gives: 

dE = - SdT - öAdX - cidco = 4f=dT + $M-d\ + 4^-dco, (3.4.10) 
^ d l dX du 

being the second law. 
As seen before, the enthalpy and entropy a re constant with r e s p e c t to T, 
(at ze ro s t r e s s ) , and thus dE/dT is constant , and E is linear in T (by ST). 
From the Maxwell relations: d E/dTdX = d E/dXdT, and so on, it can be 
found that: 

- 4f = - A - ^ ; A-4* = 4$ and 4§ = 4fL (3.4.11) 
dX d l dco dX d u dT 

If now t h e p o t e n t i a l e n e r g y c u r v e E, a s func t ion of X (T, co c o n s t a n t ) , is 

a p p r o a c h e d by a s t r a i g h t l ine, t hen , in t he f i r s t e x p r e s s i o n of e q ( 3 . 4 . 1 1 ) 

is d S / d X c o n s t a n t , i n d e p e n d e n t on X and T. S o S or E is l i nea r ly d e p e n -

d e n t on X giving: 

S = Xf (co) + f (co), (3.4.12) 

and the s t r e s s ö will be, according to this first Maxwell relation: 
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öA = Tf^w) + f3(u,X). (3.4.13) 

Because E has the form: E = - ST + f, (co,X,T), 

E = -XTf (G>> - T f j u ) + f (u,X,T). (3.4.14) 
1 z 4 

Also E has the form: E = - öAX + f (u,X,T) or: 

E = -XTf^u) - Xf3((o,X) + fs(a>,X,T). (3.4.15) 

Because eq. (3.4.14) and eq. (3.4.15) has to be identical, E has the form: 

E = -XTfjdd) - Xf (uX) - Tf2(<j) + C, (3.4.16) 
where C is a constant . This equation sat isf ies the other Maxwell relations 
of eq. (3.4.11) and can be written: 

E = C - oXA - Tf (to). (3.4.17) 
2 

S o E is linearly dependent on X, o and T. The value öX is a function of 
(o and can be linearly dependent of T. 

To determine the relations of u, E can be regarded as function of the 
variables o, ö and T, or: 

dE = - SdT - XAdö - udco, (3.4.18) 

giving the Maxwell relat ions: 

4f = A-44; A-̂ T = % and 4£ = 4t. (3.4.19) 
dö d l dco dö du) o 1 

The expansion of wood with moisture content is linear, so dX/du is con
s t a n t and X is linear dependent on u. Also is X linear dependent on T, 
(indicating a cons tan t thermal expansion coëfficiënt of X up to activation). 
So dX/óT is linear with u and also dS /dö and S. Further also u is linear 
dependent on ö, u and T, the same as S. 

It is now shown that E can be assumed to be linear dependent on ö,T and u. 

'E = a + a„cj + a„T + a , u T + ö(a„ + a , u + a ,T + a„o)T), (3.4.20) 
1 2 3 4 5 6 7 8 

and the energy change on activation has the same form: 
AE = Aa + Aa„(j + Aa.coT + ö(Aa„ + Aa,ca + Aa-,T + Aa OJT). 

1 2 4 5 6 7 8 

(3.4.21) 
This can be given by a s t r e s s independent change of enthalpy H and en-
tropy S' denoted by a slash ', and a s t r e s s dependent part: 

AE = AH' - AS'T - oV , (3.4.22) 
a where V is the activation volume XA. a 

Leaving out the A-sign, because misunderstanding is not possible: 
E = H" - S T - öV = E' - öV = E- - W, (3 .4 .23) 
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as used before. In this equation is, with the moisture content to: 
H - = H 0 - H l a , / U m , 
S ' = S o + S i u / ( J m ' 
V a = V o + ^ m ( V J / T m + V2 ) + V 3 T / T m ' 

where T is a scaline tempera ture and co the moisture content of sa tu-m b f m 

ration. 
From te s t s of [ 5 ] , it can be deduced that H = S = 0 and V is con-

i l a 

s tant for fracture p roces ses with r e s p e c t to T for u = 0 (see la ter) . So 
V = 0 in that case . For very quick loading however, f racture is in the 
lignin and follows the WLF-equation above the transition t empera tu re [ 6 ] . 
Then V has a different form, A'X/N, according to a s t ruc tu ra l change a 
mechanism, changing the "constant" N, as will be discussed in chapter 6. 
For tha t case X has to be replaced by l/N in the equations above and A 
has to be replaced by XA'. Because N = N + B(T - T ), the f irst Maxwell 

f J 0 0 

relation of eq.(3.4.11), is then: dS /óN" 1 = - (N2/|3)-dS/c>T = A'Xdö/ÓT, 
or: - S = PA'Xö/N2 + C = (3A'Xö0/N + C (with ö/N = ój, giving the rela-
tionship for this transit ion (see 6). 
E is often taken to be proportional to the modulus of elasticity because 
the height of the energy barr ier must be proportional to the modulus of 
elasticity. This cannot be applied for wood because the elasticity is de t e r -
mined by the crystalline regions and the viscoelastic behaviour is in the 
amorphous zones between the crystalline zones. The d e c r e a s e of the mo
dulus is linear with tempera ture (between transit ion zones) indicating a 
decrease of the free energy or an increase of entropy with t empera tu re 
(increasing disorder) for the crystalline material. Creep t e s t s on celiulosic 
materials, affecting the amorphous material, show a linear increase of 
the free energy with tempera ture , so a high increase of negative entropy 
with tempera ture , although there is no rubbery behaviour. An explanation 
could be tha t movement by activation is complicated and is not very pro-
bable and thus giving rise to a high negative entropy. 

3.5 Pa ramete r s of the flow units 

For the derivations in the next chapter , we may express the react ion 
equations in the dimensions of the flow units. 
lf a segment is moving upwards, the hole 2X in fig.3.5 is moving down-
wards. The activation volume V is 2X times A, and the work when moving 



over a barrier, on one unit is: f. V/2 = f. A. X, where f is the s t r e s s on the 
unit and A is the area . This can be expressed in the s t r e s s o in the mate-
rial by: ö = N.f.A where N is the number of elements per unit area. So the 
force per element, is the force per unit area divided by the number of ele
ments per unit a rea . X is the length of the flow segment or the distance 
between flow-points. So the concentrat ion of flow units p, being the num
ber of activated volumes per unit volume, can be written: p = N.2X.A/X . 

a A 

\ 

fig. 3.S Moving space 
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DERIVATION OF A CREEP AND DAMAGE MODEL BASED ON THE 
THEORY OF DEFORMATION KINETICS 

4.1 Introduction 

In this chapter the mathematical derivation is given of a general c r e e p -
and damage- model that is solely based on the react ion equations of the 
bondbreaking and bondreformation p roces ses a t the deformation s i tes 
due to the local s t r e s s e s in the elastic material around these s i t e s . The 
model doesn ' t contain the hidden suppositions of the other known models 
and is able to explain the phenomenological laws. 

4.2 Basic react ion ra te equations. 

In this paragraph the react ion ra t e equations of [1] a re given with all the 
steps of the derivation in order to see the modifications made in 4.3 to 
derive a generalized flow theory. 
Most models are based on the simple form of the reaction r a t e equation 
eq. (3.2.1) (for activation over a single potential energy bar r ie r ) : 

d p 2 p i " p ? C i h / C i f 
Rate = — 2 = p C , - p C . = —— * 1D - , (4.2.1) 

tj t 1 i r 2 l b 1 / C i f 
being a poor approximation of eq.(4.2.13) and eq.(4.2.1S) and will lead 
to variable activation paramete r s in different c i rcumstances . 
This is so, because for larger, noticible, plastic deformations, the r e a c 
tion occurs over a system of energy bar r ie rs and sys tems of consecut ive 
and parallel ba r r i e r s have to be regarded. 
For a two barr ie r system (fig.4.1) there is an intermediate s t a g e of units 
being in s teady s t a t e concentration. So: 

O-t' = 0 = " P2<C2f+ S b ' + P^l f* P3C2b- ( 4 - 2 2 ) 

The net numbers of units crossing the two barr ie r system is thus: 

p i C i f + p 3 C 2 b Rate = p„C„ e- p, C . = C, --*—— —— - p, C , 
*Z 2 f *3 2 O 2f C + C 3 2 b 

S f Sb 
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(4.2.3) 

■# » - X 

l i g . 4.2 Two consecut ive bar r ie rs [ 1] 

For each obstac le i we have: 

C = x . — e x p f j ^ ) , (4 .2.4) 

~ib 
: i + t f 

exp 
E. F - E . , i+i, F i b > 

kT 

and: 

(4.2.5) 

h / E 2 f " E i b + E i f \ h f E 2, i 
- —PT- e xPl Pf = ~P? expl —p=-

C CC c x k T v kT l xkT r v kT 

' ï b 

- 2 ^ 1 f 

Simi lar lv : 

2,1 
(4.2.6) 

C
l b

C 2 b 
C l f C 2 f 

= expl-
t f l b 2 b 2 f ̂  

kT expl- k T ' 
(4.2.7) 

Thus the ra te becomes: ( E = E' - W) 

Rate 

w i th : 

'1 r 3 

E' - W 
, A l A M 

P,eXPl Pf ) kT 
, / CU + 1/C2,i 

(4 .2.8) 
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C M = x ^ e x p ( - U
k T M)> <4-2-9) 

C2l= x-£exp(- ^ H 1 " 1 ) . (4-2-10) 

and 
E A I = ( E . _ W ) i f _ ( E - + W , i b . ( E . + W ) 2 b + ( E ' - W) 2 f = 

= ( E ; f - E ; b - E 2 b + E2f> - ( w
l b

+ w , f
+ w

2 b + w
2 f ) = E A r w A r 

(4.2.11) 
E2,!= E!f" E l b + E2f= ( E ' " W )!f- ( E ' + W ) l b + ( E ' - W ) 2 f = 

E i r E l b + E2f" ( w
l f

+ w2f+ w
l b > = E

2 > r w2,r < 4 - 2 , 2 ) 

C u = c i f 

In the same way is for n obstacles in ser ies : 

p i " p n + i e X p ( E A i / k T ) 
Rate = - ^ öli ^ i (4.2.13) 

n y n JL 
• C 
1=1 1,1 

kT . / E i , r 

with: 

C ^ x ^ e x p t - ^ j . (4.2.14) 

For m p roces se s parallel: 

«•p p e x p ( E / k T ) 
R a t e

mn=A<- J ^ k É V (4.2.IS) 
m ' n j = 1 2 n ( i / c ) ' 

4.3 Derivation of a general c r e e p - and damage- model by s e r i e s approxi-
mation. 

The general equations can be simplified to süitable forms for solutions of 
the r a t e equations as will be shown here. 
It is possible to expand the total potential energy curve into (Fourier-) 
series and regard the process as a parallel acting system of symmetr ical 
consecutive bar r ie r s . 
Except of the first term, tha t is only symmetrical a t ioading to WQ (see 
eq.(4.3.14), is in all ser ies E' = 0 (see fig.4.2) and because of the sym-
metry of the bar r ie rs in the se r i e s , all E. . ' s and all W. . 's a re equal. 
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E' 

1-th t e rm 2 -nd term 

fig. 4.3.1 Ser ies approximation of E' 

By eq . (4 .2 .9 ) : n " kT ( E'- W^ 

E'- 3W\ By eq.(4.2.10): C2>1 = x ^ l e x p ( . I ^ 3 W ) 

Eq. (4.2.14) becomes: C. = x 

S a £■; 

kT / -h-exp( 

1 

E'- (2i-l)W 
kT 

(4.3.1) 

(4.3.2) 

(4.3.3) 

M x - ^ e x p ^ ^ j e x p ^ j exp^-pj.^ «*W*) 
x£exp( - § ) ■ (exp(^)+(exp(VT))3 "" ' M g O F ^ 

1 " ( x p ( W / k T ) l ' ~ y exp(W/kT) ' ^ \ 
x^jT-exp(- i ^ ) 1 - 1/(exp(W/kT)) 

1 1 1 - exp(- 2iW/kT) ■) 
x^pexp(- ^ ) exp(W/kT) - (expW/kT))"1 

1 - exp(-2iW/kT) 

^ - K - T S ) ) - 2 ^ ^ ) ) ' 
(4.3.4) 

The ra te is from eq. (4.2.11) and (4.2.13), with E 
1 A A l A l A l 

kT 
Rate 

< p r p n+i e x p ( " 2 i W / k T > ) - <2xijpexp(E,/kT)-sinh(W/kT» 
1 - exp(-2iW/kT) 

2xiTrpiexp(--k^)"sinh(-kr)- (4.3.5) 

Equilibrium (Rate= 0) is only possibie for W= 0 for these barr iers and 
from symmetry of E = Er = E. , p has to be equal to p . 
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Calling: 1/((xkT/h)exp(-E*/kT)) = t., the relaxation time of the i- th ex-
panded term, eq. (4.3.S) can be writ ten like a chemical react ion equation: 

dp 
d — = - ar = t s inhlkr)- < 4 3-6 ) 

Now the work W, of a flow unit with area X -X moving over a barr ier 
over a distance 2X, is (see 3.S): 

W= f.X .X .X = fV/2 = öX /N, 
2 3 

where V is the activation volume and N is the number of act ivated flow 
units per unit a rea . The concentrat ion of flow units, or the number of 
activated volumes per unit volume, is: 

p = N. X2.X3.2X/X1. 

Eq. (4.3.6) can now be writ ten (with cp. = X./N.): 

, N.X.X.X,. N.X„.X .X 
ïït( X ) = 2 t.X • «nhtej.9,), (4.3.7) 

1 i 1 

or, for a constant s t r u c t u r e N. X . X : 

or because X/X is a plastic s t ra in E: 

-j-r = 6 = -—sinh(ö..<p.) = TT—sinh(o..(p.), d t t. ï x i t. i i 
i i 

with the apparant relaxation time t'. = t . / s ' (s' = 1 is assumed for cel-
lulosic materials) . So eq. (4.3.6) ge ts the form for no s t ruc tu ra l change: 

s= 1-sinh(9..oi). (4.3.9) 

The form of the first expanded term of the ser ies (see fig. 4.3.1) has 
to be taken symmetrical for the expanded W. So from eq.(4.2.1): 

Rate = x-kf (P l .exp(- l f
k T ')- P w l . exp( - lb*r ' ) ) . (4.3.10) 

For a c reep process , it may be expected tha t the r a t e is ze ro for no 
external force (equilibrium) or W = 0. So (4.3.10) becomes: 

F' F' 
Pi e xp(" k f ) = P n + i e xP(" kT5)' ( 4 - 3 U ) 

and eq. (4.3.10) can be written: 
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W 
Rate = 2x-fj-p1exp(- - j ^ J . s i n h ^ 1 ) , 

or: k = -p-sinhfo .9 ). (4.3.12) 
l l 

For low s t r e s s e s , sinh(ö.tp) *» ö.tp and the behaviour is approximately 
Newtonian. 
For s t ruc tu ra l changes, as in crack propagation, the crack extension force 
must overcome the thermodynamic surface energy. Further energy is need-
ed to change the material near the crack surface (the new surface con-
tains more defects) and to fracture s t rong ordered areas of bonds, c r o s s 
ing the sur face , that cannot be broken by thermal activation at normal 
t empera tu res . So, calling these energies W the crack is in an equilibrium 
s t a t e with ze ro velocity when W = W . Eq. (4.3.10) then gives: 

P lexp(- —KT— ) = Pn+1exp(- — p p - ) . 

So eq. (4.3.10) can be written: 

E ' f - W W - W W - W 
Rate = x - ^ p ^ e x p ^ ' k T °)(exp( \ r ° ) - exp(- \ T ° )) = 

E' - W W - W 
= 2 x y P l . e x p ( - l f

k T °).sinh( ' k T °) , (4.3.13) 

or, for a s teady s t a t e p rocess (p = constant) : 

W - W 
1 - ' sinhf- x.~ °), (4.3.14) -j- a m i ^ j ^ 

with: 

1 

and: 

1 kT / Eif Wô > r kT I Eif+ E i b ^ 
— = x-^-exp^ üx ; h " X e x p ( - 2 k T )), 

Wo = ( E ; f " E i ' b ) / 2 - kT.ln(V(Pl/pn+l)) * (E; f- E;b)/2. 

Because of the long relaxation time t , tha t is to be expected for this 
first expansion term, the influence of W will not be noticed and can be 
neglected for s h o r t term processes . Even a t high s t r e s s levels this will 
be true as can be seen from the following. 
For high s t r e s s : 

sinhUWj - W0)/kT) w 0.5 expüVV^ - WQ)/kT), 
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and: 

■•■ HM- ^° ) - (^) - SM^A 
W , 

xirexp(Tr)- sinh(Tr) 
This is a s s u m e d for t he n e x t e q u a t i o n s . 

If t h e r e a r e d i f f e r e n t kinds of flow u n i t s a c t i n g t o g e t h e r , the t o t a l app l i ed 
s t r e s s is t h e s u m of t h e s e c o m p o n e n t s . S o : 

0 - SOj-Xj 

w h e r e x . is t h e f r a c t i o n of t h e t o t a l a n - e l a s t i c s t r e s s due t o t h e i - th 
i 

g r o u p of un i t s . With W. = ö. cp.: 

x. 
Ö = 2—arcs inh( t .k ) , 

i ^ i 
or: 

x.t. arcsinh(t.E) 
2-= 2 - L i - l—. ( 4 . 3 . 1 5 ) 
£ i * ! t s 

For t h e t e r m s with t. k << 1: ( a r c s i n h ( t . k ) / t . k = 1, 
a n d fo r t e r m s wi th t . k >> 1: ( a r c s i n h ( t . k ) / t . k = 0 . 
S o t h e r e r e m a i n a l imi ted n u m b e r of t e r m s : 

x.. t. x. 
£ = S - * - i + S - ^ a r c s i n M t e ) . ( 4 . 3 . 1 6 ) 
t 9 j <PjE 1 

The f i r s t t e r m of ( 4 . 3 . 1 6 ) c a n be e x p r e s s e d in a m e a n value: 

I ^ t ^ ^ x ^ ^ x / , , , , .. (4 .3 .17) 

and eq. ( 4 . 3 . 1 6 ) g e t s t h e form of t he g e n e r a l i z e d flow t h e o r y [13 c o n s i s -

t ing of s e p a r a t e s y m m e t r i c a l e l e m e n t s : 

x . t x t„ arcsinh(t„£> x, t, arcsinh(t ,s) 
^ = _ i _ L + _2_2- _ L _ + _2_1 . L - . ( 4 .3 .18 ) 
t f, <P2 t2E 9 3 t j 6 

S o , by s e r i e s e x p a n s i o n , t h e a s s u m p t i o n s of th i s g e n e r a l i z e d f low t h e o r y 

have n o w b e e n proven: 

a) The f low uni t s p e c t r u m e x i s t s (as e x p a n d e d t e r m s ) a n d may b e a p p r o x i -

m a t e d by a l imi ted n u m b e r of e l e m e n t s wi th d i s t i n c t a v e r a g e r e l a x a t i o n 

t i m e s . (As e x p e r i m e n t a l y found C2], l e s s t h a n 3 g r o u p s a r e s u f f i c i ë n t for 

a d e s c r i p t i o n of m o s t m a t e r i a l s ) . 

b) The d e f o r m a t i o n r a t e of all un i t s is t h e s a m e (in a c c o r d a n c e w i t h the 

o b s e r v a t i o n s t h a t t h e r e a r e no s t r u c t u r a l c h a n g e s due t o r a t e d i f f e r e n c e s 
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during flow). 
The first term of eq. (4.3.18) represents Newtonian behaviour. The others 
are non-Newtonian, or Newtonian in the low strain rate range. 
The fysical meaning of the expansion of the potential energy curve is to 
regard the total process as a result of parallel acting simple processes. 
For instance, a dislocation may meet different kinds of obstacles and 
the mean waiting time per obstacle at the end of the process is the mean 
of the waiting times at the different obstacles. At higher stresses these 

ö 
, 1 = 

.3 \ \ \ 

1 

è 

\ l +2*3 

X ■ — 

^ = — 

fig. 4.3.2 Viscosity-strain rate relation Cl] 

waiting times may change differently for the different obstacles and the 
apparent activation energy and volume may be stress dependant. Expan
sion means that groups of dislocations are supposed to meet only one 
type of obstacle. Each group meets another type of the same obstacles 
in succession, resulting in a number of parallel acting simple reactions. 
Hereby it is supposed that the interaction between the different mecha-
nisms is not strong. In elementary reactions, the activation parameters 
(enthalpy, entropy) are often constant (for temperature) so that a simple 
description of the total rate process becomes possible. 
An experimental verification (by relaxation tests) of this picture follows 
from [3] for metals. Those metals that where described with single bar-
rier mechanisms, often had a stress dependant activation energy or volu
me. This was not the case for the metals that were described by two 
(so more than one) parallel symmetrical barriers. The enthalpy and entro
py were also constant. 

The same has be done for cotton [4] (that has a similar structure as 
wood). The two symmetrical barriers had constant, stress independant 
activation parameters. 
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4.4 Basic equations for f rac ture . 

Eq. (4.3.18) applies for steady s t a t e p roces se s , when the s t r u c t u r e and 
bond density do not change. Crack initiation and propagation occur when 
the r a t e of bond breaking exceeds the ra te of bond re -es tab l i shment , 
leading to s t ruc tu ra l changes. For this case eq. (4.3.6) does not lead to 
eq. (4.3.8) but can be wri t ten in the form: 

i(«--?^&r). 
l i r 

where the change of N may be due to primary bond breaking. If X can 
be regarded as a cons tan t length of the flow segment, as can be expec-
ted if there is no change in flow unit density, then N can a lso be inter-
preted as the number of bonds along the flow segment and a change of 
N will be the change of the number of bonds along the segment s . So N 
or X may change in eq. (4.4.1) whether bond density changes (N) or change 
in free volume (X) is expected to cause fracture. Both models give the 
same resu l t s because eq. 4.4.1 is for cons tan t X = X (and decreas ing 
N ), according to eq. (4.3.6): 

dNj 2Nj öX0 
■ UT = — s i n h ( N ^ T ) ' 

or: 
d ( 1 / N i ) 1 2 öXo 
a r — ■ Ti^8lnhnqpO- ( 4 4 - 2 ) 

For cons tan t N = N = N and variable, increasing X, eq. (4.3.6) leads to: 

d N „ + 1 - X 2 N 1 X . . / ö X N 
dt = ~^ s ,nKNkTi' 

r ï 
or: 

f = ^ s i n h ^ ) . (4.4.3) 

So eq. (4 .4 .2) in l /N is exactly the same as eq . (4 .4 .3) in X. The choise 
is thus possible to regard X as a cons tant (as done for c rys ta l s and 
metals, (where X is taken to be equal to the Burger 's vector) or to take 
N as cons tan t (when slip of the chains is expected to cause failure). 
A third possibility for fracture is the change of X (by the par t of the 
change of bond density along the segment or change in flow unit density 
that doesn ' t decrease the s t r e s s e d area) . Then eq.(4.4.1) becomes: 

dd/Xj) 2 / Ö X \ 
d t - = Fx;sinKN7r)- ( 4-4-4 ) 
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In t h e fol lowing it will be s h o w n t h a t bo th m o d e l s eq . ( 4 . 4 . 2 ) and e q . ( 4 . 4 . 4 ) 

may give t h e s a m e r e s u l t s . S o t h a t t he s i m p l e s t e q u a t i o n ( 4 . 4 . 4 ) c a n be 

u s e d for a p p l i c a t i o n s . B e c a u s e f r a c t u r e o c c u r s a t h igher s t r e s s e s , eq. 

( 4 . 4 . 2 ) c a n be w r i t t e n : 

dN 2N öX 2N öX 
- - 3 Ï - = — s i n h ( W T ) ~ — e x p ^ j ^ ) , ( 4 . 4 . 5 ) 

r 1 r ï 
o r for c o n s t a n t s t r e s s 0: 

öX/N 0 kT N i r 

w h e r e t p is t h e l i fe t ime of he s p e c i m e n s u b j e c t e d to a c o n s t a n t s t r e s s . 

The i n t e g r a l in eq . ( 4 . 4 . 6 ) is t h e e x p o n e n t i a l i n t e g r a l : - E . ( - ö X / N k T ) r e d u -

c i n g for l a r g e r v a l u e s of t he va r i ab l e to: 

, exp(- Xö /N kT) 
- E i ( - # T ) " oX/NokT ■ ( 4 - 4 - 7 ) 

S o e q . ( 4 . 4 . 6 ) b e c o m e s : 

lf = V"ix-exp(- ÉTTTT) = ïk^m - ïfar)- (4-4-8) 

o o 
or : N h 

ln(V = '"(^x) + ■& " rfkT (4-4-9» 
In t h e s a m e way eq . ( 4 . 4 . 4 ) c a n b e i n t e g r a t e d : 

, y \ m tf . , , , x . 
( d(ln(1/X )) = Y - e x p ( ^ j ? j . ) = I n M 2 - ) , (4 .4 .10) 
i/X. r ° l m 

l i m o" 

h , ( i o \ /■ E oX \ 
l f = TkTHTH-expVkT • NJTT)-

ln(t , = l n f e l n ( - ^ ) ) ^ w - -RTT= ' " V + I r " 4 ( 4 ' 4 ' »> 
lm o o 

giving thè s a m e f o r m a s eq. ( 4 . 4 . 9 ) . 

Eq. (4.4.11) g ives a s t r a i n c r i t e r i o n for fa i lure : 

to = ^ ' " ( > - ) < 4 - 4 . . 2 ) 
lm 

or: 
X.„ E 
X . „ " E 

lm 
^ " « P C T V <44'3) 

F r o m t e s t s [ 5 ] it is found t h a t t in eq . (4 .4 .11) or e q . ( 4 . 4 . 9 ) h a s a d e -
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finite value for the many mater ia ls tes ted , being the rec iproca l of the 
natural oscillation frequency of atoms in solids. It is seen t ha t t is not 
cons tan t in eq. (4.4 .9) being the e r ro r of integrating with a cons t an t (mean 
value) X . This e r ro r diminishes when T approaches ze ro as can be seen 
in eq.(4.4.13): 

X, - > X, when T - > 0. lo lm 
It is seen tha t the bond breaking model in this form, changing only the 
value of N, only applies near absolute ze ro t empera tu re for small values 
of E' and öX/N (because E' = öX/N = h / t for T->0), and so for wood, 
showing higher values of E* and öX/N , there will be always changes in 
1/X. To show the amount of change of N and 1/X, eq. (4.4.1) can be 
written: 

ir^1 - rart -""K-fm) » wi eM-§ü) -> (*■*•«*) 
i r i r 

ïït^TJ-O + UMir) - fe*e(êr) -> < 4 - 4 - >5> 
i r 

(1 + A)f t(ln(-f)) = f e x p ( ^ T ) , (4.4.16) 
1 r 

d(ln(l/X ))/dt 
where A is the mean value of: d(in(x/N))/dt anc* : 

A = 0, when X is constant . 

X / N o 

d(ln(X/N)) f f d t _ > B ( oX \ Jf 
exp(öX/NkT) ~ J TÏÏATt E A N kT^ " WWt 

exp(- öX/NQkT) 
öX/NkT o r o 

t kT 

Or with v = 

exp(|j. -

l/to-

oX \ 
' N kT^ " 

0 

1 lf kT öX 
1+A t hv N kT 

o o 
E o\ _ , (lf 
kT " N0kT_ m U o 

i J k T öX 1_\ 
mV"nVNokT 1+A/' 

According to the measurements , s ee fig. 4 .4 .1 , is, with kT/hv f» 1: 

' "(N^Ü+A)) = ° = ta(» ~' 1+A = ifkY ( 4 - 4 1 8 ) 

Because öX/N kT >> 1 for wood, is: A >> 1 and the change of 1/X domi-
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nates the change of N, and N may be regarded as cons tan t when a maxi
mum s t ra in condition is used for the end s t a t e . 
The improbable r e su l t s of the bond breaking model eq. (4.4.9) shows tha t 
the change of N will be different. It is seen, that eq. (4.4.8) and eq. (4.4.11) 
contain N , the cons tan t initial value of N and not the variable value of N. 
So the resu l t of the p rocess is not influenced by the path foliowed and it 
is possible to r ega rd s t eps in the total p rocess where 1/X changes a t 
cons t an t N , foliowed bij a s t ep where 1/X is cons tan t and N changes. 
These s t e p s may be infinitely small. Then t^ according to eq.(4.4.11) will 
be shor tened by the bondbreaking process according to eq. (4.4.8), and 
the time to failure is determined by the difference of the times of both 
p r o c e s s e s . The resu l t of the subtract ion of both equations gives: 

ïo \ o \ / E aX 
Lf 1-xkT '"(TT") " !Z§x)-exP(kT 

So for this case : 

. ,X „ x N h 
_h . ( ïo \ o x k T ' l n \ X , l ~ XÖX' l m 

N kT 
o 

120 U0 160 ö I N / m m ' ) 

fig. 4.4.1 S t r e s s and tempera ture dependence of the lifetime for some 
materials [S ] 
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4>) ■ 
KkTt N k T o 

öX ' 

and it is seen that there is a necessa ry uitimate s t r a in condition for 
failure, determined by the point where all bonds are failed. Because the 
value of kTN /öX is smali for wood, there is a minor difference with the 
strain condition eq. (4.4.13). 

fraction of unbroken bonds 
ö - 0 - 0 

e f O 

° — l n ( t 

fig. 4 .4 .2 L i fet ime of the bonds [ 8 ] fig. 4.4.3 Long t e r m s t r e n g t h 

In the derivations above it is assumed tha t the initial value of X/NX is 
small. When this initial value is not small and X/NX doesn ' t change much 
with r e s p e c t to the initial value, it must be possible to regard a mean 
value of X/NX in the right hand side of eq. (4.4.14). Integration then 
gives: 

d t X \ ~ X 
— TT e x PU. . . o 

X 
dtVX N ) t x. N „ G X P ( N kf) (4.4.19) 

X _ l f _X / öX N X 
X.N " t ' X.„N e x p l N T 0 7 N ' oXio 

' X X \ o ïo . _Üf_ k l f E ^ ö\ \ _^ 
' ¥ i " W X - t / h v ' e x P l - k T + kTO0J 

& - U R - ^ ) - ^ - 0 - - ( - ? - ) - ^ - . 0 - (4 .4 .20) 
'0 " f "0 "0 

According to fig.4.4.1, the left term of this equation is equal to: l n ( tV t ) 
leading to Np = O.SN , as experimentally found for f rac ture (i.e. the c rack 
length is about the crack distance, or the intact a rea has reduced to 0.S 
times the initial area when instable c rack propagation s t a r t s ) . 
Because X/X is the strain, it is also possible to interprete this a s an 
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ultimate s t ra in condition £ƒ/£. = 2 for this slip model. This slip model is 
the same as d iscussed in 4 .3 . In [6 ] this model was used and as has to 
be expec ted from the derivations above, it was found that a maximum 
s h e a r s t ra in condition has to be applied. This was compaired by other 
t e s t s [7] with the bond f rac ture model. Both models gave almost the same 
resu l t s a s can be expected from the derivations above. 

4.5 Frac ture a t cons tan t loading ra te and at c reep loading 

Numerical integration of the bond breaking eq. (4.4.2) 18] for cons tan t 
loading r a t e is given in fig. 4 .4 .2 , showing also the possibility of a con
s t a n t value of N during the lifetime. This was also shown in 4.4 and it 
is sufficiënt to use eq. (4.4.4) . For a cons tan t loading r a t e o = o-t (with 
b = cons tan t ) this equation is: 

&-<ln<l/X» = -2-sinh(-|jj£). < 4 - 5 1 ) 

r 
or: 

, f X i o \ 2Nkj7 .(aXtf\ ,\ ^ NkT (oXt(\ 
H — ) = TTö-( c o s h l -NkT) " 0 * TTo e x PlNkT) ï m r r 

for higher s t r e s s e s . With b.tc = o this is: 

lm 

. /. NkT\ , / h . /X io \\ E öuX 

u lm 

- taV ♦ I r --HET- ( 4 S - 3 ) 

This equation is the same a s eq.(4.4.11). So the s h o r t - t e r m failure time 
t is equivalent to a c reep failure at level o and life-time t : s r u c 

.NkT _ NkT 
c s Xo Xb ' 

u 
The normalized c reep s t r eng th (creep s t r eng th divided by the s h o r t - t e r m 
s t r eng th ö ) is: 

EN NkT. f lf \ 

ö s EN NkT. / lc \ . E . (lc\ ö s X U c ' 
o o 
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For wood polymers the same applies with: t' = t -exp(-S / k ) and E' = 
= r f - S ' T with H' = H - cco and S' = S + bu giving: 

ÖA = NHo - NCÜ> - NbuT - NkT. In(y-). (4.5.S) 
o 

For wood, eq.(4.5.4) is one line (see e.g. [9] ) for different wood species , 
moisture contents, s t r e s s s t a t e s (bending, shear , compression etc . ) and 
types of loading, indicating one common s t rength determining e lement 
This wijl be the cellulose because the s t ruc tu re of cellulose is the same 
for all species . So o X/NkT = n has to be constant , independent of the 
density and moisture content. Extrapolation of eq. (4 .5 .4) to ö = 0, a t 
t c = t c , shows tha t t c is cons tant because t is constant . Because t r tm rm c s 
is a chosen time of the cons tan t shor t term strength, is t = t / n also 
constant . Extrapolation of eq. (4.5.S) to ö = 0 gives: 

'Vm NHQ - NkT. lr^-jP2-) = New + NbuT. 

Because the left side of this equation is independent of the moisture con
tent c and b must be zero (or there is equilibrium for the s t r e s s indepen
dent pa r t of the free energy due to the moisture content AH' = TAS' ). 
The measured value [9] of the slope of this line, for t ^ 3 s e c , (and 
not too long lifetimes a t 20 C) is: 

d ( ö / ö s ) NkT 
d(ln(t )) ö X " s s 

S°: Ö
S
X 

n = Wr = 38-

1.03 
17.1 ln(lO) " 

1 
38.2 

(4 .5 .6) 

This is comparable with the measured value of [10], if the equation is 
t ransformed to the 5 min. s t rength, giving the right measured value of 
34 then. 

From the foregoing considerations it is seen that more general eq. (4.4.1) 
can be written: 

ife^f/iMw1-^)' (4-s-7) 
or: 

-g£ = CtL sinh(C2öXtL). (4.5.8) 

Including in L the s tar t ing value of L and the not changing fraction of flow 
units with constant s t ruc tu re , L has the form: 
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L = A + BE. 

In eq. (4.5.8) is L increasing and X decreasing, so: 

LXt = ( A + B S ) - ( C - D E ) = AC-(DA-BOBDL)L * <p(l - CE). 

DA > BC because of the more rapid decrease of X . 
Because L is proportional to the plastic s t ra in E, a more general form of 
eq. (4.5.8) is: 

's = (Cj + C2E)sinh(ö(p(l - C 3E)) . (4.5.9) 

As shown before, C can be neglected if a maximum st ra in condition for 
failure is used. The small change of C , follows directly from eq. (4.4.1) 
because the change of X is dominating in this equation and X doesn ' t 
appear in the sinh-function. 

The effect of cons tan t moisture content can be regarded as an equilibri-
um of a transit ion pocess of mechanica! propert ies. As shown before, the 
main influence of a change of the content is the change of the activation 
volume of wood. The activation volume is linear dependent on the moisture 
content to as confirmed by t e s t s in [11]. 
Eq. (4.5.5) can now be written: 

öuX = öu(XQ + X ^ f T - TQ)) = NH - kTN.ln(-p-), (4.5.10) 
o 

in accordance with 3.4 and the data of [11], See fig. 4 .5 .2 , where the 
modified activation volume V = X/N is given. (The deviation of the theory 
a t 100 C indicates that more than one mechanism is acting a t higher 
t empera tu re s ) . 
A first es t imate of the numerical values of T and C /co in: 

o o m 
v = 1 + C o _ ^ ( T . T o ) 

o m 
are : (taken from the picture of [11] without the possibility of correct ion 
of the times to failure, that a re not given and are probably not the same 
in all t e s t s ) : 

T = 265° K and C /to = 0.145. o o m 
With these values, the lines in fig. 4.5.1, given by eq. (4.5.10), are : 

HN - NkT.ln(yt0) 1 9 3 _ 0 , 3 5 T 

° u i H * r> £2 rr_T * ~ ' + 0.145to(T- 265)' V ' o to u 'o ' m 
showing tha t the s t ra ight line for <o = 0, as well a s the curved line for 
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u = 0 .3 , can be given by one equation. 
If it is assumed tha t the time of the shor t t e rm t e s t s is about 10 minu-
tes, giving an equivalent s t ep s t rength of about 20 sec , then: 
<NR/X0Mn(20/10"1 3) = 0 .35, or: NR/X0 = 1.06-10 ~2 and the enthalpy is: 

H' = 193-X / N = 193-1.987-10~3/1.06-IO~2 = 36 kcal/mol. 

n = öX0/NRT «a 93 / (1 .0610 -293) 30 . 

According to [9] and [11], t' = t , or S' = 0 is assumed. 
° o o 
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fig. 4.5.1 Compression s t rength of oak [11] fig. 4.5.2 Activation volume 

The form of the equation of V = X/N indicates a t ransi t ion t empe ra tu r e 
of T = 26 5 K = - 8 C. Below this tempera ture is V = V for tension, 
in agreement with the repor ted values of the tensile s t rength in [12] a t 
low t empera tu re s showing no influence of tempera ture and mois ture con
tent. For dry wood, u = 0, this transit ion disappeares (and is not noticible 
at low m . c ) . Information about the mechanism tha t is determining for 
compression a t low tempera tu res can be obtained by a fit of the m e a s u r -
ed values of p.e. [12]. The s t eep descent of the s t reng th curves for 

u = <o„, indicates a small value of X / N and therefor X /N can be neglec-m o o ° 
ted as a first approximation. (For T — > 0, this is not allowed). 
With X/N = uX T/N, eq. (4.5.2) becomes with u = a> : 

1 ^ m 

HN Nk to X . ö . 

u u X , T to X, m i m i "■MSF") (4.5.13) 

or scaled with r e s p e c t to 20 °C or 293 K (Keivin): 
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HN 
■u " u X 2 9 3 m l 

Nk , f . . V £ \ HN H N 

m 1 
u i \ T "mV 9 3 

°u,20 ( 1 + 37 
HN 

X . Ü ) „ V T 
m 

_L ) 
293/ ' 

(4 .5 .14) 

F r o m the d a t a of [ 1 2 ] , t h e c o m p r e s s i v e s t r e n g t h pa r a l l e l t o t h e g r a i n of 

s a t u r a t e d wood ( s e e fig. 4 . 5 . 3 ) : 

ö. 
u 1 + 845 

S o : 

o r : 

°u,20 

H N 
öu,20G>mXi 

T " 293^ ' 
1 

845, 

2.88. 

„ 1 _ , ^ 2*0 .29 . (fco . H \ 
2 Ü 8 H m U f 2 * 0 . 2 9 3 * 2 . 8 8 / ' 

HN 
ö „ o X 293 u,2o m 1 

Eq. (4 .5 .3) b e c o m e s : 

ö X i -w , t' ö X, u _ . kT, _o u _ \ 
TTN" " ' T ï l n l t f NWT' 

giving a value of H of a b o u t 30 k c a l / m o l e , (if t Q / t f = 1 0 _ 1 3 / 6 0 0 is a 

r e a s o n a b l e e s t i m a t e ) . For d ry wood, X / N is c o n s t a n t a n d eq. ( 4 . 5 . 4 ) is 

n e a r l y a s t r a i g h t line wi th r e s p e c t t o T b e c a u s e the inf luence of the 

t e m p e r a t u r e on t is sma l l in t he l n - f u n c t i o n ( s e e fig. 4 . 5 . 4 ) . The e n t h a l -

py H is a b o u t 3 6 k c a l . / m o l , a s found b e f o r e . 
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fig. 4 . 5 . 3 S a t u r a t e d wood fig. 4 . 5 . 4 Dry wood 
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4.6 Power approximation of the ra te equations. 

As shown in 4 .3 , a range of successive p rocesses can be given by eq. 
(4.3.5): 

Rate = 2x-^p ]exp( : :jJp)- sinh(-^), (4.6.1) 

or for higher values of W (higher s t r e s s e s ) : 

'E = 'EoexPl¥rJ _ > r t
 = exp(NkT " -WV * X + NkT - NkT . ( 4 ' 6 - 2 ) 

The experimental power equation, as used in fracture mechanics, is: 

E (o \n 
S V<Y 

This can be writ ten for high enough s t r e s s e s : 

( ' -

0lx 

1 - 1 0 ) " ' 
l -Ür = ï -• n ( . ö 

a 
i 

(4 .6 .3) 

(4 .6 .4 ) 

" " TïkT' (4 .6 .5) 

It is shown in 4.5 tha t ö X/NkT is cons tan t (for cons tan t T), but depen-
dent on the scaling (i.e. the choise of the l - s e c . - s t r e n g t h or the 5-min. -
strength). It is now shown that the empirical power form of the r a t e 
equation (4.6.3) , is identical to the theoretical expression for activation 
over consecutive bar r ie rs if n is not too low, see also eq. (5 .3 .8) . If there 
is a lower bound of s t r e s s ö where flow can be icnored: k = 0, then 

o ° 
the effective s t r e s s ö - o , has to be taken in eq. (4.6.3) . 
As derived in 4 .5 , the s t ruc tura i changes can be given by adding a linear 
term in s. This is also in conformity with dislocation mobiiity s tudies and 
other experiments . Eq. (4.6.3) becomes: 

'e = (C + Bs)(—^—°)". (4 .6 .6) 

For wood there are probably two main p rocesses for longer t imes: 

•E = C l ( l * B l 6 ) ( ^ - ° ) n
+ C2(l ♦ B 2 £ ) ( ^ - ° ) m (4.6.7) 

In the first process , the term B C e is probably small and a mean value 
may be taken. The second p rocess is only noticeble at low s t r e s s e s and 
after a long time and shows a long delay time. So here C B £ domina-
tes and a mean value of the s t r e s s may be taken (because of the limited 
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s t r e s s range where this p rocess is dominating). So eq. (4.6.7) becomes: 

/° ~ öo\n / 5 " ö o \ m 
£ = C i ( — ) ♦ e q ^ ( _ » ) (4.6.8) 

Because the damage 8 is proportional to the plastic deformation E this 
can be written: 

f ■ <&*)"' c3*. 
being the damage model of [13] . For creep- to-fa i lure t e s t s (o = constant) , 
a fit of the data of [13] gives n = 36 assuming o = 0. For o = 0.48, 
n = 34 is found in [10], giving about the same value of n. This is in ac -
cordance with the previous mentioned values (eq. (4.5.6)) confirming this 
interpretat ion of the power law. 
Shor t t e rm behaviour is also determined by two main p rocesses , as fol-
lows from the experiments of [14], where two values of n are given: 
n »s 62 for controlled crack growth t e s t s , to n « 65 in constant s t ra in 
r a t e t e s t s , and n « 30 in cons tant load t e s t s to failure. In other experi
ments also values of n = 25 to 39 are mentioned. Analysing the c r eep 
values of [15] in [16], the existence of two parallel bar r ie rs was clearly 
demonst ra ted . The quick process had a high internal s t r e s s (forward ac -
tivation) and an activation energy of approximate 50 kcal/mole. The slower 
p rocess was approximately symmetrical and had an activation energy of 
about 21 kcal/mole. 

The quick process , that was determining in the first s t age of the loading 
may be assoc ia ted with the first determining crack propagation process 
of [14] with n w 62 and the second process may be assoc ia ted with the 
slower process with n w 30. The activation energy of this p rocess is 
comparable with values found in [17], where from c reep t e s t s a t different 
t empera tu re s for bending: H= 22 kcal /mole to 24.4 kcal/mole, depending 
on the tempera ture range, have been found. From normal- to-gra in relaxa-
tion t e s t s 23 kcal/mole was reported for wet beechwood in [18]. This 
energy is often regarded to be the energy of cooperative hydrogen bond 
breaking. The activation energy of 50 kcal/mole is high enough for C-O-
-bond or C-C-bond rupture. 

The es t imated value of H' of about 36 kcal/mole in 4 .5 , may be the r e -
sult of a mixture of primary and secondary bond breaking at the same 
apparent activation volume. 
Because the density of the cell wall is about 1.6/.35 times higher than 
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the mean density of wood, an es t imate of the real s t r e s s on the s i tes is: 
f = (1.6/ .3S)-20 = 90 N/mm 2 , and is, for n = 30: 

X-X -X3 = 30-kT/f = 3 0 1 . 3 9 1 0 " 2 0 - 2 9 3 / 9 1 = 1 .34710 - 1 8 mm3 . 
So X is of the order of: (1 .347-10" 1 8 ) 0 3 3 = 1.110"6 mm = 1.1 nm, or 1 
cellobiose unit (see fig. 2.1.2). 
More extented derivations of the theory of chapter 3, 4 and 5 can be 
found in [19] to [ 2 4 ] . 
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5. SOLUTION AND DISCUSSION OF THE DERIVED MODEL-EQUATIONS 
FOR DIFFERENT LOADING PATHES 

5.1 Introduction 

In 4, the mathematical derivation of a c r eep and damage model is given, 
solely based on the reaction equations of plastic deformation a t the de-
formation si tes and the transmission of s t r e s s e s by the surrounding e l a s -
tic material. Hereby, only the end s t a t e or the flow process is regarded 
where there is no more internal elastic s t r e s s redistribution among the 
parallel p roces ses and only the las t s t rength determining process has an 
influence. To describe the whole c reep and damage history, the change 
of the elastic s t r e s s e s on the the si tes has to be regarded. 
This leads to the following equations (with an elastic par t s and a vis-
cous par t E ): 

ds 
dt E . + E . 

ei vi 
•77- + (A. + B.s.)sinh(ö.<pi(l - C .E . ) ) 

N> 1 1 1 1 1 II 
(5.1.1) 

This can be visualized by a parallel system of Maxwell e lements , where 
ö. is the s t r e s s on element i; E. is the s t ra in of the non-linear dashpot 
and K. is the spring constant . The te rms with B and C. give the small 
s t ruc tura l changes. As discussed in 4, CE . is very small and can be ne-
glected. So hardening is due to the influence of the parallel e lements and 
0. has the form of ö., = o - Me, where M is proportional to the spring 
cons tants of the parallel elements and Ms >> Ce., during most of the life-
time, it will hardly be possible to measure C.. 

fig. 5.1 Parallel sys tem of Maxwell units. 

In most experiments, one of the p roces se s controls the overall behaviour 
and only three elements (springs K +K; I t ; and dashpot 2) have to be 
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regarded (dashpots 0 and 1 a re then rigid; see fig.5.1). During the defor-
mation, the loading of the springs changes ( t ransient flow) until all Max
well elements flow. Then the behaviour can be described by a single Max
well element. 
In the following the solutions of this equation for the different loading 
types will be given. 

5.2 Constant s t ra in ra te t e s t 

In fig. 5.2, a t h r ee -e l emen t model is given of one dominating process 
controliing the overall r a te . For the Maxwell unit a t cons tant s t ra in r a t e 
E = c, is £ = E + è = c or, when the s t ruc tura l change can be neglected 
(B and C in eq.5.1.1): 

ö 
Ê = è + è = - c - + A.sinMcpö ). (5.2.1) 

e v K. v 

The solution of this equation is: 

ov= —ln(p + ( / t+p 2 ) . tanh(J^-A<pK 1 ( t - C))), (5.2.2) 

with: 3 = -̂  and - Vt+p2- 4 ' 9 K C = a rc tanhP-^JLl , (S.2.3) 
if the initial value ö „ = 0. vo 
In fig. (5.3) , the s t r e s s - time relation of the model is given. For wood 
K and ö are small and the line of fig. 5.3 is approximated by a single 
s t ra ight line. This leads to a mean modulus of elasticity u: 

o K s o . 
m z m . vco v . 1 

m ' m ' m * £ - - - T . _ T . 

m m m T m T m 
or: 

u = K + —L- (ln(2/A) + ln(É)). (5.2.4) r ^ cp£ m 

So the dependence of p. on the strain rate k is: 

v m 
or: 

v 0̂
(1 + , r i ^ ( l n ( è > " Mko)]' {5ZS) 

r o T m 

with: u0<p6m = ^ z m ♦ ln(2P0). (5.2.6) 
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Eq. ( 5 . 2 . 5 ) is e q u a l t o t h e e x p e r i m e n t a l e q u a t i o n given in [13. B e c a u s e 

K<ps is d o m i n a t i n g in eq. ( 5 . 2 . 6 ) , K,9^m is a p p r o x i m a t e l y c o n s t a n t a n d 

■Z=.[ 
r 

& ■ ■ 

" ö . 
" o 

fig. 5 .2 T h r e e e l e m e n t model 

o=l In (p + 1 / 1 +[32 ) 

/ ' * A l n ( 2 B ) 

ö ■- 0 y = k 2 8 

fig. 5 .3 Ear ly flow of w o o d 

cp is i n v e r s e l y p r o p o r t i o n a l t o K E . B e c a u s e U„<PE__ W Ö a> = n, a value r r 2 m M) m m T 

of n * 12 app l i e s for g r e e n wood a n d n R< 36 a t 10 % m.c . a s a l s o h a s 

b e e n found for f r a c t u r e . It c a n be c o n c l u d e d t h a t t h e r e is a s m a l l flow 

p r o c e s s in wood d u r i n g loading a t n o r m a l s p e e d s . 

B e c a u s e use ly 8 is m u c h g r e a t e r t h a n 1, eq. ( 5 . 2 . 2 ) c a n be a p p r o x i m a t e d by: 

ö y 9 R> ln(p + ptanh^AcpK^t-C)) or with: y = §A«pI^ and: tanh(- yC) = — J . 
t h i s is: 

^ .Ja ^ n tanh(yt) + tanh(- yC) \ . ( 1 + tanh(yt) 
V ^ HP ♦ P , + Jnh(yt)tanh(-TyC,) = H , + JjJ^. 

= In- exp(2yt) 
1 l+27j-(exp(2yt)-l) 

V W l nd,2Pe&(-2T t ) ) = ln(2p0t) ' (5.2.7) 

with: 1/oc * 1 + 2Bexp(- PAtpK.^) = 1 + 2(3exp(- «po ), 

because: 6A<pKt = ktpKt = <pKs = <pö . ' T i m T i m l m T i e 

ö = K E , is t h e max ima l p o t e n t i a l e l a s t i c s t r e s s on e l e m e n t 1. ie ï m r 

It is s e e n t h a t t he e x p e r i m e n t a l l aw eq. ( 5 . 2 . 5 ) holds for r e l a t i v e long 

va lues of t when : 26 << exp((po, ) o r for r e l a t ive ly s l o w r a t e s . For e x it! r ie 
t r e m e l y high r a t e s is : ö <p o <p. F u r t h e r : tp(ö - o ) = ln(l oc), or: 

a. = 1 exp(<p(ö o )) = 1 e e x p ( - C P E ^ 

If all Maxwel l e l e m e n t s of fig. 5.1 flow, a d e s c r i p t i o n by a s ing le ( d o m i n a 

t ing) Maxwell e l e m e n t is pos s ib l e ( n e g l e c t i n g t he smal l , a l m o s t c o n s t a n t , 
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s t r e s s in K in fig. 5.2). If B and C in eq.(5.1.1) are zero , then eq. (5.2.1) 
applies, r ep re sen ted by fig. 5.4. 

S (total displacement) 
machine 

kj (total stiffness) 
specimen 

fig. 5.4 Non-iinear Maxwell element fig. 5.5 Flow of all e lements 

For a machine - specimen combination in a test , the c ros shead displace
ment is (fig. 5.5): 

L K* Ev 

and the cons tan t c ros shead ra te S = c becomes: 

^V'v 
S- - r1 - fl- v r1 - f1 A'T(p0 ♦ B'(i - ^)M»«« - 4 ♦ cl»)-

The analogues power equation for this c a s e has the form: 

do 

(5.2.8) 

dS = C (Q C S - C o>-
2 3 

. ö + C E .n 
: ^ r j L - v ) - (5.2.9) 

Both èquations (5.2.8) and (5.2.9) cannot be integrated to a functional 
form. The resu l t s of numerical integration are shown in fig. 5.6 and 5.7. 
Clear wood in compress ion / / shows a behaviour like in fig. 5 .4 , indica-
ting no hardening and no yield drop. So B' and C in eq . (5 .2 .8) may be 
heglected. For. timber (with knots) in compression along the grain however 
the re is a small yield drop, superposed on the behaviour of the clear wood 
between the knots , indicatin-g the acting of another (tensional) Maxwell 
e lement (crack propagation in grain direction a t the knots) . So knots a c t 
like flow units with a low density. 
For wood in tension / / the re is a high yield drop, indicating tha t B' in 



61 

low p (= initial density 
^-' of flow units) 
^ s t i f f machine^.with hardening 

Avithout hardening (C = 0) 

high tempera ture : 
yield drop vanishes 
(also a t very 
ow tempera ture . ) 5 

n=3 
(low activation 
volume or high 
test ing speed) 

— n=S0 

5̂  
L 

f i g . 5 .6 Y i e l d d r o p e q . ( 5 . 2 . 8 ) fig. 5.7 Influence of n, eq. (5.2.9) 

eq. (5.2.8) is dominating by a low initial flow unit density p . Measure-
ments show tha t this is not caused by a low value of n. There is also no 
indication of hardening so tha t the differential-equation for this ca se be-
comes: 

E = -77- + Bs sinh<90 ). (5.2.10) 

Taking the solution of this equation in the form: ö = K E - f(t), or: 
ö v = K ŝ - f, then: 

uv .ff 
£v = s - T^ = £ " £ + ict = Kt' 

(5.2.11) 

and the differential equation is: 

f- Bfsinh(ip(KE - f)) = 0, or for higher s t r e s s e s where f is noticeble: 

Bf f- -7r-exp(<p(I<^:t - f)) = 0, 

exP(<pf)fa^£) = B 
exp(<pK-Et) 'dt 2 — r r - j 

, x 

(S.2.12) 

(5.2.13) 

*o 
Now is: Jexp(x).d(ln(x)) = Jexp(x).d(ln(x)) - ƒexp(x).d(in(x)> = E(x) - E(xo). 

So eq.(5.2.13) has as solution: 
B E«pf) - Efcpf,) - 2 ( p K . -•(exp(tpKl'Et) - 1) - > (5.2.14) 

Ë2ff£fL - 2 W l ^ ^ ^ - » + W * ^ t e x p ^ t ) - 1) ♦ ^ f o » 
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9f = I1K9O + ln( 2 ^ I ( e x P ( t p K l è t ) " ü + - Ê ^ £ f ° > ) = 
1 * o 

= «Pfo + K ^ i ^ ^ Ü " »-exp(-9f0) ♦ $Q) * 

* <pfQ + ln( 2^-(expttpK^t) - 1)-exp(-<pf0) + l). (5.2.15) 

For larger values of the time t this approaches to: 

2èK 
cpf * ln(2^-(exp(<PK1èt)) = cpK^èt - ^ ( -g j r 1 ) 

0 9 = ln(2Poc) with p = Jj, and a = j (5.2.16) 
v 

and the r e su l t is comparable to the ca se with the initial high flow unit 
density eq. (5.2.7). Because the process is small, showing only a very 
slight curvature of the loading line, parameter est imation is not possible 
with ra te t e s t s and a parabolic form of the line will be assumed. 
For small values of 9f, eq. (5.2.14) is approximately: 

ln(<pf) = ln(<pf0) + -2^(exp<9K1èt) - 1) (5.2.17) 

or: 
E v o - e x P ( T 9 T i ( e x p ( * K i è t ) " Ü ) - (5.2.18) ** vn ■ \ XCDI^ w 

For loading a t a cons tan t ra te to a s t r e s s level o a t a strain £ this 0 m m 
equation ge ts the form: 

E = E exp(Co ), (5.2.19) 
v vo K m 

if 9£ is cons tan t for different values of s . So £ increases exponential m m v r 

with the s t r e s s . When exp(Cö) is approaced by a parabola then, neglec-
ting £ ö, this equation can be given as : 

- ï l - - ^ * C(ö, - ö ). (5.2.20) 
°i °2 l 2 

S.3 Constant loading ra te t e s t 

For the th ree - element model of fig. 5.2 is for this case : o = cons tan t 
and as shown before B( and C. of eq.(5.1.1) may be neglected. 
Because: ö = K^E + öy , is: è = b / K - b / K , and eq. (5.2.1) becomes: 
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% = öy(-i + i ) + Asinh(<pöv>, (5.3.1) 

having a simular form as eq. (S.2.1) and the solution is identical if p is 
taken as: 

P = -TÏ> , and: -m is replaced by: -r> = j? + T; . S a 

£ = # - - ^j7 ln(p + ( / l+p 2) . tanh(J^-A(pK(t - C))) (5.3.2) 

with the same value of C as given in eq . (5 .2 .3) . The same approximation 
is possible as for the cons tan t s t ra in ra te tes t . So ö <p = ln(2p). 
Comparing two s t r e s s e s with different loading r a t e s a t the same s t ra in 
this gives: 

Ö, ' °2 - V + °Vi " V " °V2 = i(te(Pl> ' l n ( '32
) ) = i ^ V V = 

, ö t t ■ Ö t , t . 0 
= ^""-r—r- T i = ^rln^'^_r' = ^ln(-r ) + — lm—-) 

9 Ö2t2 ll * V l V \ 9 °2 
or because the last term is neglectable: 

°i 1 1 
- = 1 + -J-ln(t, ) - - ^ l n t t ) = C - C > ( t ) . (5.3.3) 
ö_ <PÖ„ 2 cpÖ_ 1 1 2 1 

"PÖ2 2 <pö2 

This is equal to the experimental equation given in p.e. [2 ] and [33, 
suggesting failure at the same strain. This has to follow from the descr ip -
tion of the end s t a t e . In that case , when all e lements flow (fig. 5.5), the 
elastic strain r a t e is zero and the ra te equation is: 

's RS Asinh(<pbt), or integrated: 

E = -A(cosh(b<pt) - 1). v 0 9 

For higher values of ö<pt this becomes: 

Ev = 7^4 e x p ( b c p t ) - ü (5.3.4) 

or with: o = ot, 

0 = i ln(2 ♦ - ^ £ v ) * ^ l n ( ^ £ v ) . (5.3.5) 

The s t rength is reached for E = s . So o and o at the r a t e s o and ö 
are related by: 



64 

- 1 = 1 + - L ln(t > 
2 T 2 ^wv-vc^), 

what is equal to eq. (5.3.3) and gives an explanation of the exper imen-
tal law given in [ 2 ] , C31 e t c , where ^ = 1.2 to 1.3 and l /C = n = 27 
for compress ion and 31 for bending. If l / n is approximately linear depen-
dent on the mois ture content as sugges ted in [1], then these values indi-
cate a moisture con ten t of 13%. 
The same resu l t is obtained by integration of eq. (5.3.6), where only the 
hardening te rm is neglected. 

£v= (A + Bs )sinh(<pöt) (5.3.6) 

Only the ultimate s t ra in e will have another value. 
The al ternative power represen ta t ion becomes (o = constant) : 

\n 
ï = <A + Bs ) ( - 2 } t n 

v v v 0 . ' (5.3.7) 

o ,i 
n=30 

C ^ _ - n=100 

10"'t 
sec. 

fig. 5.8 Influence of the r a t e of loading or time to loading to the same 
s t ra in [ 4 ] 

This is easy to integrate and the resul ts a re given in fig. (5.8). 
It can be seen from this figure, that for small values of n (n > 1), there 
is a s t rong influence of the loading ra te on the level of the flow s t r e s s . 
For high values of n (e.g. n = 30 as for wood), there is only a small in
fluence and the re is a linear relation between the s t rength and log(time 
to failure) as is a lso derived before. 

For small values of n, the derivation of n in 4 .6 , is not general enough. 
From: 
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it follows that: ln(Ê) = ln(ê ) - ln(ön) + n.ln(ö). 

J / l / * \ \ 

Applying this operation ,ij )[[ t a è = A. sinh(epö) gives: 

-■-safer- (5-38) 

So for small values of ötp is n = 1, and for large values is n * öcp. 
So: n f» ö<p 2; 1. 

For wood there is an indication tha t there is an element with a small 
value of n, as will be shown later . This is only noticeble a t very high 
loading speeds . 

5.4 Creep and c reep recovery 

For the three - element model (fig.5.2), neglecting structural changes, the force 
on the Maxwell element is determined by eq.(5.2.1). 
For the parallel spring K is: 

, \ i dto - ov) Ö " b v 

Ö 

Because for c reep ö = 0, is: 's = 

and eq. (5.2.1) becomes 

o o 
-p- + Asinh(<pö ) = —rr-
h V Kj 

K 2 ' 

V 

öv+ KAsinh((<pov) = 0 (5.4.1) 

where l /K = 1 / ^ + 1/K2. 

With the boundary condition: E = % , is: ö = ö - K„s = K( s - e). 
J oo K v 2 2 co 

The solution of eq. (5.4.1) is: 

ln(tanh(-2-?-(E - s))) = - tpKAt + ln( tanh(-^- (E^- EQ))) 

1 1+x or, because arctanh(x) = -~ln(-r—), this can be writ ten a s : 

£oo" £ = ^ t a ( c o t h ( - ?«n ( t anh(^ - ( e o o - *„>) ♦ ^KpAti). (5.4.2) 

In the early par t of the t e s t this reduces to the logarithmic form: 
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£ co" £ = ' ^ l n ( " |-ln(tanh(-|^(£co- EQ)) + IfcpAt) (5.4.3) 

or: 

For sufficiënt large values of x is: ln(coth(x)) = 2arctanh(exp(-2x) sa 

= 2exp(-2x). 

Eq. (5.4.4) then becomes: 

+ 1 l n(, + RpAtexp(y0vB)\ ( , 

A fit of this equation is not found in literature. Our tests show however 

that the form of eq. (5.4.4) or (5.4.5) is right, also for small times. The 

fit is mostly done for larger times (neglecting 1 in the last term) giving: 

E = Cj + C2ln(t). (5.4.6) 

After longer times, the influence of a second mechanism with a long re-

laxation time is noticeble and because: ln(l + ex) w ex, for small values 

of ex, an additional term: C't in eq. (S.4.6) is sometimes used to account 

for the influence of a slow process. According to eq. (5.4.5) is: C t = 

= K(pAtexp(cpo )/(2cpK). However this only describes the beginning of the 

process. For the whole process at very long times and sufficiënt high 

values of ö n<p/2, as for wood, eq. (5.4.2) can be written: 

£oo~ £ = ■^K.ln(coth(K<PAt/2)) * "fïcexp(" KipAt) 

or: 

E = e'Q + - \ ( l - exp(- KcpAt)). (5.4.7) 

So the behaviour becomes quasi Newtonian after long times. Eq. (5.4.1) 

can be expected to be quasi Newtonian for low stresses, because then 

sinh(x) = x. This equation then becomes: 

öv + KA<poy = 0 

with the solution: 

E - £Q = (E^- £Q)-(1 - exp(- KA<pt)). 

Also from the solution of eq. (5.4.1) this equation follows if the creep 

strain E is very small. It is seen that test results, in not to long time 

ranges, can be fitted by Newtonian equations as often is done. This, how

ever will give an underestimation of the relaxation times because it is 

implicitely assumed that the creep is in the end state within the measur-

ing time t or that the total creep strain is small. 
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When B. s. d o m i n a t e s A. in eq . (5.1.1) a n d A. c a n be n e g l e c t e d , t h e n eq . 

(5.2.1) of t he t h r e e e l e m e n t mode l of fig. 5 .2 b e c o m e s : 

É = j7 + BE sinhltpö ). 

o. o - ö. o K, 

(5 .4 .8) 

B e c a u s e : E 

or: 
\ " ** ~ V1^"^' 

K. + i + I S . 

Ey = „ — É - ^ = BEysinh(cpöv) Rs -^v-exp(<pav) = y v e x p ( i p ( a - l^s) ) , 

E 0 giving: (K + i y E = ö + B ( ( K + K 2 ) f - | J e x p ( c p ( ö - K 2 E ) ) . (5 .4 .9) 

For c r e e p is o = c o n s t a n t , o r Ö = 0, s o : E = - ^ E - i/ .,. v' j exp( tpö - tpK E) 
1 2 

or: 
d ( < p K 2 E ) / VK2° \ Bf , 90K2, 

v*ïle ' l^Kj 
• e x p ^ J ^ E - - j ^ ) = 2 l e x P ( ( P ö " K T i y > d ( t ) ' 

X X A 0 
d(x) , , f d(x) , . fd(x) having t h e fo rm: f S^ 'expfx) = f ^ e x p f x ) - f ^ ' = E(x) - E ( x ) 

o + 1 p - V B t ( v ° * l \ . r f K l K 2 C p £ v o ^ 

(S .4 .10 ) 

(5.4.11) 

eq. (5 .4 .11) S? eq . ( 5 . 4 . 1 6 ) 

— ln( t ) 

fig. 5 .9 Irrecoverable creep (eq.(S.4.11)) 

For I a r g e r v a l u e s of x is: E . (x) fa — ° — , a n d for s m a l l v a l u e s is: E(x) 
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= 0.577 + ln(x). So for small times and small dislocation densities equa-
tion (5.4.10) becomes: 

ln(<pK£v) = f - t - e x p ( - ^ ) + ln(<pK£vo) (5.4.12) 

or: 

So there is a small exponential increase of the deformation during the 
f i rs t s t age of the c reep (delay time), as measured in e.g. [SI , if the 
initial dislocation density is small (see fig. 5.9). At still smaller t imes 
eq. (5.4.12) can also be written: 

' V E v o . ,\ ^ V £ v o B^ ...J<poK\ 
V0 V0 2 

and because (E - s J : ( s _ O = c, this is: s - E = — • TJ vp , | . / j w » • f t - e x p ( ^ ) (5.4.13) 

(c = 1 + IC/K). Because s increases quadratic with ö a t loading to the 
c r e e p level, eq. (5.4.13) shows for shor ter times a small initial quadrat ic 
increase of the c reep with ö as measured in p.e. [6 ] (<po is cons tan t ) . 
Eq. (5.4.10) becomes for larger times: 

exp(9K2(E - ^rK)) 
- — — RI -St-exDl-57—r. 

•"V6 - T^> 
*texp(KTi) + 'n(-P^<%- ^ T c O 

'•S^ - KT^) = l n(-R7\)+ ln(hexp(-K7%)+ K - ^ n f ))• 
So for very small values of: E - ö/(K + KJ = KE / ( K + IC) the doublé 
log-plot applies in s tead of the semi log-plot. For larger values, with 
l /K = l /K +t/IC this equation becomes: 

£ = T ^ + Wln^y> + ^ ' " ( f 1 ^ ^ + Mf**w)). (5.4.14) 

Because <PKE is a small value, ln(<pICs ) is a high negative value. If this 
is replaced by the, during the initial c reep stage, increased value E a c -
cording to eq.(5.4.12), eq.(5.4.14) becomes: 

s = KTK; + ^ f ^ y > + ^ ( f ( t - t , ) - e x p ( ^ ) ♦ W<PKEV1>) 

or: 
6 = X + " ^ K , 1 1 1 ' ! 9 ^ + ^ K K 1 - fc, + | « n ( 9 K e v l ) ) - e x p ( ^ ^ ) ) . (5.4.15) 
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B e c a u s e t h e s e c o n d t e r m on the r i g h t hand s ide is of minor i m p o r t a n c e , 

a m e a n va lue of E (E ) c a n be u s e d a n d b e c a u s e a/K = E + ° y 0
/ \ = 

= e + ( l / tpK) l r i (exp(cpö )) , t h e e q u a t i o n c a n b e w r i t t e n : 

i / «PKBi exp(<po ) 
E = E + - ^ l n 1 + -~ - - ( t - f ) ) ( 5 .4 .16 ) 

where f = t + -gexp(-cpo )• ( -^g- - ln(cpKs )) is not far from t . 
f v 

For long times t >> t , eq . (5 .4 .15) b e c o m e s : 

, cpKBi . 
s = % + - ^ ln(—-=—-) + -Vln( t ) (5 .4 .17) 

or: 
- <po = ln<9KBiv /2) + ln(t). 

S o t he s t r e s s on e l e m e n t 1, ö , is z e r o a t t ime : t = t = 2 / ( < P K B E ) and 
1 m T v 

eq. (5.4.17) turns to : 

E = E + - U l n < 7 - ) (5 .4 .18 ) 
m 9 ^ t m 

w h e r e E = a/K, w h e n all t h e s t r e s s ö is on e l e m e n t 2 a n d t h e m a x i m a l m 2 
s t r a i n is r e a c h e d . (Of c o u r s e E is no t t h e r e a l s t r a i n for t —> t , b u t 

m 
the e x t r a p o l a t i o n of t h e s t r a i g h t line a p p r o x i m a t i o n t o e , s e e f i g . 5 . 9 ) . 

For h ighe r init ial va lue s eq. (5 .4 .10 ) b e c o m e s : 
exp(<pK£ ) exp(<pK£ ) „ , . 

I = lS- + -B-t-expf ^ 1 (5 4 19) 
■pKEv 9 K E V 0 2 t e x K K ^ to.l.li) 

E = s ° + v^t)+ ^n ( l + V^-texp(tp° - *w) 
or , b e c a u s e of t h e minor in f luence of t h e s e c o n d t e r m on t h e r i g h t hand 

s ide : 

E = £ + - 4 ; l n ( l + £<pBs t-exp(cpo )) ( 5 . 4 . 2 0 ) 
o <pK_ v 2 T v K T vo / 

'wha t is c o m p a r a b l e wi th eq. ( 5 . 4 . 5 ) a s c a n be e x p e c t e d for h i g h e r initial 

d i s l o c a t i o n d e n s i t i e s . 

The b e h a v i o u r a c c o r d i n g to fig. 5 .9 is m e a s u r e d for wood . B e c a u s e th i s 

is p r o b a b l y r e l a t e d t o t h e ce l l u lo se , t e s t r e s u l t s of d r y s u m m e r w o o d fi

b e r s of p ine ho loce l lu lose pulp will a l s o be d i s c u s s e d [ 5 ] . 

In fig. 5 .10 , t he a v e r a g e c r e e p c o m p l i a n c e of 5 0 f i b r e b u n d i e s is given 

for d i f f e r e n t initial s t r e s s e s . As fol lows f rom the ve ry d i f f e r e n t va lues 

of t he ini t ial c o m p l i a n c e s and f rom t h e no t d e c e l e r a t i n g c u r v e s , flow wi th -
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o u t h a r d e n i n g m u s t have b e e n o c c u r r e d . The k inked l i nes i nd i ca t e t w o p r o -

c e s s e s a n d a d e s c r i p t i o n is p o s s i b i e wi th t w o Maxwell e l e m e n t s . B e c a u s e 

o n e p r o c e s s is s l o w e r t h a n the o t h e r , a t h r e e - e l e m e n t model a p p r o a c h 

( o n e Maxwel l e l e m e n t a n d one sp r ing ) is p o s s i b i e . The line with t h e s m a l l 

s l o p e is t h e qu ick p r o c e s s a n d a s b e f o r e , s t r u c t u r a l c h a n g e s . c a n be n e -

g l e c t e d (eq. ( 5 . 4 . 0 ) . The line with t h e s t e e p s lope , s h o w s a s t r o n g delay 

t i m e ( s e e fig. 5 . 9 ) a n d will follow e q . ( 5 . 4 . 8 ) . 

mm / N 

log(t) 

1 0 S s e c . 

fig. 5.10 C r e e p c o m p l i a n c e [ 5 ] fig. 5.11 M a s t e r c r e e p c u r v e [ 5 ] 

As s e e n in fig. 5.11, t he l ines c a n be moved ho r i zon ta l l y along t h e log( t ) 

a x i s , t o f o r m o n e c u r v e (giving t h e behav iour a f t e r long t imes a t the l o -

w e s t g iven s t r e s s ) . 

T h e line wi th t h e sma l l s lope is a c c o r d i n g l y t o eq. ( 5 . 4 . 4 ) and t h e line w i t h 

t h e s t e e p s l o p e is given by e q . ( 5 . 4 . 1 6 ) . It a p p e a r s t h a t in t h e s e e q u a t i o n s , 

1/cpöK is c o n s t a n t or 1/tpIC is p r o p o r t i o n a l t o o, a s a l s o can b e s e e n fo r 

c r e e p of wood a t lower s t r e s s levels . S o o-«p is c o n s t a n t , ind ica t ing t h a t 

t h e n u m b e r of c r e e p i n g m e c h a n i s m s pe r uni t a r e a i n c r e a s e s with i n c r e a s -

ing initial s t r e s s . E x c e p t for ce l lu los ic m a t e r i a l s , t h i s p r o p e r t y is a l s o 

found in o t h e r m a t e r i a l s , like m e t a l s and r u b b e r s [ 4 3 . 

T h e c o m p l i a n c e a c c o r d i n g t o e q . 5 . 4 . 4 is for longer t i m e s : 

1 
ö<PK,' 

l n ( K | A t e x p ( 9 ö v o ) ) = ^k,ln(-?! (5.4.21) 

where 1/otpK, is constant . 
For a horizontal shift of a c reep - line along the time axis due to an 
higher s t r e s s level: o, > o it is necessary that £j /ö. a t time t, has to 
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be equal to s /o a t time t . S o it follows from eq.(S.4.21): n a a a ^ 

a b 
a b 

0 , ,♦ » i rt » ^ ^ f S o a EvobN .n^be xP ( (Pb0vob ln(t ) - l n ^ ) = - g — ^ ( - —)- ln( ( 
1 2 a b a ^ Ta voa 

„/ voa vob\ 
a b 

because the neglected te rm is of lower order a s can be seen from the 
following. According to eq. (5.2.7) for loading to the creep Ie vel, this ne
glected te rm is: 

, ^a *a a\ , / T a a a l ^ , a\ 
"*&&) = 'n( W b } ~ ta(^ 

for loading a t approximately the same strain r a t e k (<x sa 1). Because otp 
is cons tant is: 

and thus neglectable, because öcp >> 1. Thus: 

,E £_ 

: jb 
ln(t ) - ln(t. ) = - o-pKf-r3- - - ^ ) (5 .4 .22) 

a b \ o o, / 

with: öcp = o<Pa = ö.ip,. So the shift is mainly dependent on the relative 
initial plastic s t ra ins . These s t r a ins ar ise during the loading to the c r e e p 
level and because of the faint curved a-t- diagram of this loading, a pa-
rabolic approximation of the diagram is possible or: 

2 
E = C Ö + C Ö 

1 2 

and the plastic s t ra in i nc rease s quadratic with the s t r e s s , showing that 
the shift of the compliance along the time axis is roughiy proportional to 
the applied s t r e s s level ö: 

ln(ta) - lnftjj) « - öcpKc2<öa - ob> = - Ciö^- öb), (S.4.2 3) 

as also found from test ing. 
The same applies to eq . (5 .4 .20) of the second mechanism, that occurs 
directly for c reep without a delay time when loaded to high s t r e s s levels 
and leads to the same relation for the shift. The same can be s t a t ed for 
eq. (5.4.16). Because the shift of the second process is equal to tha t of 
the first p rocess , there mus t be a critical value of the compliance, inde-
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p e n d e n t on t h e appl ied s t r e s s , w h e r e t h e s e c o n d p r o c e s s s t a r t s . S o it 

is p r o b a b l e t h a t the f i r s t p r o c e s s c r e a t e s t he a c c u m u l a t i o n of flow u n i t s , 

n e c e s s a r y for t he s e c o n d p r o c e s s . This a l s o app l i e s for 

w o o d (even for d e n s e r s p e c i e s a s f o r i n s t a n c e Hinoki) and as c a n be s e e n 

in fig. 5.10 by t h e sh i f t of the l ines in p r o p o r t i o n t o t h e s t r e s s , t h e c o m -

p l i ance i n c r e a s e s l inear ly wi th t h e s t r e s s level ( a t a given t ime , a s g iven 

in fig. 5.12 fo r wood) . A fit by t w o l ines wi th pos i t ive s l o p e s would have 

b e e n b e t t e r in fig. 5.12 and t h e s l o p e of t h e line a t low s t r e s s levels is 

s t e e p e r C6] fo r d e n s e s p e c i e s a n d h ighe r m o i s t u r e c o n t e n t s . H o w e v e r a s 

a f i r s t approx imat ion , t h e line for low s t r e s s levels c a n of ten be r e g a r -

d e d a s a ho r i zon t a l l ine. This m e a n s t h a t for th i s p r o c e s s £ is p r o p o r -

t iona l t o ö, a n d the b e h a v i o u r is q u a s i l inea r . S o for loading t o s: 

4 1 K l (s • ln(2p«) , 

s = s + jp-S— - ln (2Pa) v Kcp s ^ e s , b e c a u s e K <p£ is c o n s t a n t . 

For h igher s t r e s s levels (above a b o u t 50% of t h e s t r e n g t h ) , t h e i n c r e a s e 

of £ is m o r e t h a n l inea r d e p e n d e n t of E [ 6 ] , w h a t c a n be e x p l a i n e d by 

eq . (5 .4 .16) (wi th £ (:) s , a s will b e d i s c u s s e d l a t e r ) . 
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fig. 5.12 D e p e n d e n c e of t he c r e e p c o m p l i a n c e on the s t r e s s level [ 7 ] 
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So wood may behave like holocellulose but the filler proper t ies of the 
lignin may reduce e for the p rocess a t low s t r e s s e s . It can be shown 
that 1/cpIC has the form: c + CÖOJ (independent of T) indicating a con
stant <p when u = 0. Because c is small, 09 is approximately cons t an t 
for higher values of <J. 
This behaviour of the main c r eep p rocess in wood may be concealed by 
the occur rence of an other p rocess with cons tan t <ps . This mechanism 
rota tes the c r eep Unes (on log-time scale) in proport ion with the applied 
s t r e s s , because else the relationship according to fig. 5.12 wouldn't hold. 
The pa ramete r est imation for c reep in [ 7 ] , clearly shows the tendency of 
constant ocp a t low s t r e s s levels, while the the re es t imated changing 
spring cons tan ts a t higher s t r e s s levels is the indication of the occur ren 
ce of the mechanism with cons tan t cps . This will be d i scussed later. 
The constancy of c<p can be explained as follows. For compression the 
number of deveioping slip planes N is about linear proportional to the 
s t r e s s level o at lower s t r e s s levels. So 09 = oX/N is constant . At a 
level of about 50 to 65% c r e a s e s are formed, leading to the second me
chanism of g ross buckling of the cell walls where a cons tan t buckling 
s t r e s s f may be expected so öX/N = fX X X = cons tan t , or ö /N = con
stant. Analogous is for crack propagation in tension the real s t r e s s f a t 

a sharp c rack a t any s t r e s s level equal to the flow s t r e s s and is fXX X r ^ 2 3 
constant or is ö/N constant . 
In the analysis above, it is assumed that the t empera tu re is constant . To 
know the shift of the compliance along the time axis due to t empera tu re , 
the same s t r e s s level has to be used in all t e s t s a t different t e m p e r a -
tures. Then: 

ln(ta) - lnd^) = EVkTa - EYkTb 

where E' is the activation energy. This is only true if I /09K is cons tan t , 
independent of the t empera tu re (e.g. for creep). If this is not cons tant , 
reduced s t ra ins are necessary to obtain the right activation energy. 
If all Maxwell elements flow, one is determining for the overall ra te in 
the end s t a t e and the power equation becomes: 

ö - ME n 
s = A'(pQ + Bs)( - ^ ) . (5 .4 .24) 

o 
This equation cannot be integrated. Numerical solutions show that the 
delay time is due to "dislocation multiplication" similar to yield drop, de -
pendent on the initial flow unit density (see fig. 5.13). 
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fig. 5.13 C r e e p dependent on modelparameters 

For c r eep recovery, after long time, the initial conditions are: ö = 0; 
E = £ when t = 0, leading for the th ree -e l emen t model to: 

i , ln(coth(- ^ l„ ( tanh( - f - ) ♦ ^ f ^ ) ) 

analogous to eq . (5 .4 .2) . 

(5 .4.25) 

5.5 S t r e s s re laxat ion 

The three element model (fig. 5.2) loaded to ö a t s t rain E at time t 
o o o 

gets the s t r e s s o - o on spring 2. This remains unchanged when by 
relaxation s t r e s s o on spring 1 d e c r e a s e s . 
For the Maxwell element is: k = 0, or: o 

K.V or: 
- o = KAsinhdpö ). 

Integration gives: ln(tanh(<pc / 2 ) ) A<pKjt + C, 

öy = l a r c t a n ^ U n h f - g ^ l e x p * - Av^t ) ) . 

(5.5.1) 

(5.5.2) 

This equation can be wri t ten with: a = tanh(ö <p/2) and b = A<pK: 

_ 1 ■ f 1 * aexp(-bt) \ _ 1 . / (Va)exp(bt/2-ln(7a))-H(Va)exp(-bt/2)+ln(Va)) 
v " <p V 1 - aexp(-bt) > " <p lnV (y a)exp(bt/2- ln(Va))- (Va)exp(-bt/2)+ ln(Va)) 

i ln( tanh(- | t - iln(a))), or: 
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'A<pK^ 1, ,. u A o * öy = - ^ l n ( t a n h ( — ^ - | l n ( t a n h ( - ^ - ) ) ) ) . (5.5.3) 

For the early par t of the relaxation this is: 

. . A<pK t . o 9 
öv = - i l n (^ i -5- l n ( t a n h (^- ) ) ) 

or: 
öv = " iK^lO " H + ^ A ^ ^ ) - «.5.4) 

Except for very small times this will have the empirical form: 

°v = C i " C
2 ' °g ( t ) -

The total s t r e s s on the specimen is: a = a - o + o (t), or: 

1 / A < p K i t \ 
0 = 0 o - y l n ( 1 + 2-arccoth(exp(yow)))- ( 5 ' 5 ' 5 ) 

or for not too small values of ö cp: 

f 0
= ' " o - ^ K ' + f p ^ f e x p f ö ^ ) ) = 1 - j ^ l n U + f ) , (5.5.6) 

in agreement with our experiments. 
For longer times eq.(5.5.6) becomes: 

4 = 1 " ;r-ln(-rO with- f = . „ 2 r (5.5.7) 
öQ öQcp V t / A9K 1 exp(ö v ( ) (p) 

and for a horizontal shift of this relaxation line along the ln(t)-axis is: 

ln(t ) - ln(t ) = ln(t' ) - In (f. ) = ln(—) + - ^ - - ^ . (5.5.8) 
a ^ a b V<PaV °ob öoa 

For loading to the same s t r e s s level a t different speeds is <p = <p, , and 
the shift is according to eq. (5.2.7): 

/E .OC, 

ln(t ) - ln(t, ) = Inf*-2-?), (5.5.9) 
a b V£aoca; 

where s. is the s t r a in - r a t e for loading to the c reep level. 
This equation can be compared to the t e s t resul ts of [8] on microspeci
mens of latewood and earlywood (Spruce and fir). The measured lines, 
given in fig.5 of [ 8 ] , can be preciseiy described by eq. (5 .5 .6) , giving 
a value of: 

— = 0,026, for early wood and: 0.032 for late wood. So a mean 
value of: 0 .029 or: o op = 34.5, 
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w h e r e t' is d e p e n d e n t on t h e r a t e of loading to t h e c r e e p level, a s p r e d i c -

t e d by the t h e o r y . The de lay t ime f i s : 

t ' = 0 . 1 4 5 s e c . for qu ick load ing a n d is: 4 . 3 5 s e c . for loading a t the 

s l o w r a t e . 

S o t h e sh i f t of t he line eq . ( 5 . 5 . 7 ) is: 

l n ( t a ) - I n ^ ) = I n ( 4 . 3 5 / 0 . 1 4 5 ) = ln (30) = 3 . 4 . 

A c c o r d i n g t o eq . ( 5 . 5 . 9 ) t h e shif t , due to t he d i f f e r e n c e of the r a t e s of 

0 . 0 0 2 and 0 . 2 0 8 m m / s e c . is: 

ln(ta) - Inft^) = ln(104ocb/<xa), ind ica t ing : <xb = 0.29 a g . 

a b ' " e x P ( - f , b K l E vob ) „ f b ^ v o b 
.) 1 « a " 1 - exp ( -<P a K l ï w a . 

if EVOU is v e r y smal t ( f a s t loading) and E is s u f f i c i ë n t l a r g e ( s l o w load

ing). S o : < P , K E , ss 0.-29. With: tpKs * 0 . 2 ö cp = 0 . 2 - 3 4 . 5 = 6 . 9 , is: 
& T b ï vob r 1 0 o 

«> ,KE _. = <p.K£ - tpo . = 6.9 - <pö . = 0 . 2 9 , or: 90 , f» 6.6. ^ b 1 vob r b 1 o T vob T vob T vob 

4> 3.4 
exp(tpövob) 

Mexp(cp0 )) = 6-6 

voa 
tpö , eiving: cpo fa 3.2 . T voa b ° voa 

The v a l u e s of <pö a r e f i r s t e s t i m a t e s b e c a u s e t h e value of K of: K = 

sa 0 . 2 - ( K + K) is a n e s t i m a t e . F u r t h e r , a t t h e f a s t load ing r a t e , t h e r e is 

a s m a l l i n f l uence of a n o t h e r very quick r e l a x i n g e l e m e n t t h a t is n o t n o t i c e -

ble a t t h e s l o w r a t e ( s e e fig. 5 . 8 ) . A c c o u n t i n g for th i s inf luence would 

l o w e r the r a t i o of t h e s t r a i n r a t e s in t he a n a l y s i s a b o v e . N e v e r t h e l e s s 

t h e d a t a of [ 8 ] c a n be fully e x p l a i n e d by the t h e o r y a n d the value of n = 

= ö0<P 3 4 is c o m p a r a b l e wi th t h e va lues of o t h e r e x p e r i m e n t s . 

F r a c t i o n a l S t r e s s Re laxa t ion , ö ( t ) / ö ( t Q ) 

1.0 

0.9 

0.8 

0.7-̂  

0.6 

Loading r a t e ( m m / s e c ) 

(1) E a r l y w o o d 0 . 0 0 2 0 

(2) ,, 0 . 2 0 8 3 

(3) L a t e w o o d 0 . 0 0 2 0 

(4) ,, 0 .2083 Time, min. 

0.01 0.1 1.0 10.0 35.0 

f ig. 5.14 Typ ica l curves for re laxat ion [ 8 ] 
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At relaxation of tropical wood, as measured in [ 9 ] , there a p p e a r s to be 
more plastic deformation increase than for relaxation of the species of 
[7] (different types of ash, hoop pine and blackbutt). 
For paramate r est imation in [ 9 ] , it was assumed tha t all relaxation p roces -
ses were finished a t the same time (8 hours) independent of the s t r e s s 
level. The consequence of this assumption can be seen by the following 
equation. Eq. (5.5.7) can be written, with A= BE , for a s t ruc tu ra l change 

process : 

1=' Ö<P„ 
In 

.«pKjBe, 
t = 

Vo - h '«(f ) (5.5.10) 

Extrapolation of this line to the s t r e s s value that is reached a t the end 
of the relaxation: ö = K.E , gives the in te rsec t t = 2/(cps BK). So the 

^ o b m r vo 1 
assumption of equal times of total relaxaton, is equivalent with the a s 
sumption tha t t is constant , or cps is cons tan t (in s t ead of 9e ). Be-
cause E is proportional to E , it is assumed that cps is c o n s t a n t It can 
clearly be seen from the parameter estimation of [9 ] that Kcps is con
s tan t there and K increases linearly with the s t rain. Because K. has to 
be constant , it follows that <p<E ) is constant . This leads to the re laxa
tion line (with E.,„ = CE„): 

1 ït-G) 1 -
T VO 0 

■"(*) 1 
CEQ]n(t/f) 

x vo 1 V 
(S .S .11) 

o T o 
and a plot of this equation for t = 8 hours is given in fig. 5.15. It is seen 
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fig. 5.15 Relaxation for compression of tropical wood [ 9 ] 

that also the second mechanism, above 2600 (im/m, has this dependency 
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of (f. The constancy of E cp, wich only occurs a t high s t r e s s e s for the 
species of [7 ] , may also appear a t low s t r e s s e s in tropical species . On 
the other hand, the influence of the c r e e p of the s t ra in gauges is not 
known and it is possible t ha t the c reep of the glue is also measured. The 
same p roces s lasted 28 hours in [7] (in s tead of 8 hours in [9 ] ) by 
using a very thin glue layer. Because this mechanism is different from 
those of wood t i ssues (cell walls), wood pulp (cellulose), and for fracture, 
and is dominating in dense lignin rich species , it may rep resen t a flow 
mechanism of the lignin. For high s t r e s s e s also another mechanism may 
occur with a cons tan t cp, as measured for Blackbutt in [7 ] , and as found 
for spruce in this investigation. 

It may be supposed that the parabolic loading line, for loading up to the 
relaxation strain, may be due to a spec t re of mechanisms, or at l e a s t by 
two parallel p roce s se s . Then the relaxation equations for that ca se are: 

ö + K Asinh(tp ö ) = 0, 

ö2 ♦ K2A2sinh(92ö2) = 0 

with: o=o+o (or, if the re is a parallel spring: o = o + o + ö where: 
o = K E rep re sen t s the parallel spring). 
The solution of these equations are: 

ö, = o.„ - T„ Ind + h), and: o, = o, - - ln(l + £ ) 
1 10 cpi t ( 2 20 <p2 t 2 

or with: o = ö + o and for longer t imes: 

o = o - -L ln(t) - i ln(t) + i ln(f.) + -̂  ln(t ) = o - (4; + ̂  )M\.) (5.5.12) 

w i t h :
 ( ^ 'P2 /(V<P2> / ^/tosvJ 
f = ( t ' j 2 - ( t j ) • (5.5.13) 

If one of these mechanisms is comparable with those of wood t i s sues and 
or wood pulp (cellulosis), then for mechanism 1 is: E co = c is cons tan t 
or o cp is approximately cons tan t and for the other is <p E = c is con
s tant . Then eq. (5.512) becomes: 

- . " ' " V " ^ + ^ ■ ) , n ( ^ ) ' 
and this equation doesn ' t approach the value o/a = 1 for E approaching 
zero. So this is not probable as can be seen in fig. 5.15. 
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The influence of t empera ture on s t r e s s relaxation is p.e. given in C103 
for wet Hinoki wood. It appears that <ps is cons tan t and is independent 
of the t empera tu re below and above the transition t empe ra tu r e (about 
50 " O , being smaller above the transit ion t empera tu re . 
For a horizontal shift of the line along the ln(t)-axis due to t e m p e r a t u r e 
difference is: 

(-) - (-) = o 
leading to the so called Arrhenius equation. This is derived in 6 .3 , see 

1.0 LJ-LU 
5 10 

fig. 5.16 S t r e s s relaxation curves for wet Hinoki [10] at various tem-
pera tures . 
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fig. 5.17 Master s t r e s s relaxation curves and shift diagram [10] 
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eq.(6.3.14). So: 

.n(v)= MtJ - M^) = ln(£) « (-£)h- (-£)a 
a or: 

d(ln(v» _ H , c . . . . 
dUTT) " R (5.5.16) 

The shift of the relaxation lines have to be done for both slopes of the 

lines separately. If this is done on the data of [10] an apparent activati-

on energy H of about 46 kcal/mol is found above and about 28 kcal/mol 

below transition (as also found for creep in [7]). In the transition region 

(between 40 and 60 C) also vertical shifts are necessary because of 

the temperature dependence of <ps in this region (also possible is a WLF-

transition for the small element). So there is a transition to a different 

mechanism with a smaller value of <p, or with an increased number of 

activated sites N and a higher activation energy. 

For the mechanism with a constant, stress independent value of tp, there 

is an indication that <p is also independent of the temperature as follows 

from our investigation. 

As mentioned before, the non-linearity of the time dependent behaviour 

is not strong and there is no well defined point of flow at loading and 

the loading line can be regarded to be parabolic and the plastic strain E 

is therefor proportional to E . In the foliowing it will be shown that this 

is a possible approximation. 

For loading up to the level of creep or relaxation is: 

öy9 = ln(gf) or: cpK̂ E - sy) = ln(2B/sv>. (5.5.17) 

Substitution of £ = CE gives: 

i T i c a E 

1 = « + ^ ( ' " ( ^ F ) - 2-ln( | ) . (5.5.18) 

a is a constant that is chosen in such way, that (E - a)/<x is sufficiënt 

small with respect to 1. Then: 

'"(I) = '"O + Hr) - ^ a ■ a- - !■ (5-5-19) 

Eq.(5.5.18) then becomes: 

cp£Kx = tp£KtcE + ln(23/ca2) - 2E/OC + 2. 
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In this equation the terms with E have to disappear and because 9e is 
constant is: 

cps^ca = 2, and: <ptK - 2 = ln tp tpE^/a) . 

So an es t imate for c is: 

c = 2P -exptcpsK, - 2) . (5.S.20) 
( t p E ^ ) 2 ' 

The same can be done when cpe is constant . Eq. (5.5.18) then becomes: 

i = c + ^ _ ( l n ( 2 J L ) + 2 . l n ( f ) ) 
K eps ca 

or with eq.(5.5.19): 

K1<ps2/E = cKtps2 + l n (23 /ca 2 ) + 2<X/E - 2. 

SO: 2 'VS» 2 

2oc = lOpE2 and: c = * v e x p ( 2 - \<pty)- (5.5.21) 

As mentioned in 5.4, there is also a possibility of an approximate Iinear 
relationship between E and E (influence of lignin). When oc is c lose to 1, 
eq.(5.5.17) can be written: 

êv = £(' - 4 K / l n © ) = «• (SS'22) 

An example of this relationship is mentioned in 2 .3 .2 , where the number 
of slip lines increases linearly with the s t r e s s level. 
When 9 is constant , the shift of the c reep line (and not the compliance 
line) or the shift of the relaxation line (and not the line of relative re laxa-
tion) has to be regarded to see the dependency of E on E. 

5.6 Conclusions 

For many materials there is a dominating mechanism with a cons tan t va-
lue of <pE (independent of the tempera ture and initial s t ra in s a t con
s tan t moiture content) . Probably this is the case for slip-line formation, 
local buckling, and crack initiation and propagation, but it a lso applies for 
short segments movements of rubbers in the glassy s t a t e . Until now it 
was not recognized that this also applies for wood. Coupled to this me
chanism is another mechanism with a lower value of cp£ and a long delay 
time (flow unit increase) tha t occurs after some critical v isco-elas t ic 
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s t ra in (0.4% [6]) of the f irst mechanism and possibly this first mechanism 
c r e a t e s the room, or the flow units, for the second mechanism. The ad-
ditional c reep s t ra in of this second mechanism is irreversible [ 6 ] . This 
mechanism did not occur in cell wall experiments, even not at high s t r e s s 
levels. Because in high loaded wood, the earlywood is higher loaded than 
in these cell wall experiments and thus flows, this mechanism can pro-
bably be related to flow of the earlywood and load transmission from the 
earlywood to the latewood. 

The dependency of this mechanism on the moisture content to follows 
from strain ra te t e s t s , where it was found that l / n is proportional to u 
(or the density of flow units N is proportional to G>). The same was found 
in c r eep t e s t s . 
Besides these dominating mechanisms, that are related to the cellulose 
and hemicellulose, there is a small mechanism with a low value of oep 
(n = 1) and a shor t relaxation time that is only noticeble at very high 
loading r a t e s . 
Of minor importance and mostly neglectable is a primary bond breaking 
p rocess with n * 63 and an activation energy of about 50 kcal/mol (con-
trolled crack growth). 
With the property of cons tan t tps (or constant n), it is possible to explain 
experimental laws as , for instance, the linear dependence of the stiffness 
on the logarithmic value of the s t ra in ra te in a cons tant strain r a t e tes t ; 
the logarithmic law for c reep and relaxation; the shift factor along the 
log- time axis due to s t r e s s and temperature; the different power models 
(of the s t r e s s and of the time) as the Forintek model and the Andrade 
and Clouser c r e e p - equations; the constant of the WLF-equation and the 
height of the relaxation spec t r e as shown later. 

For clear wood in compression there in no indication of hardening and 
yield drop, showing the influence of a amorphous polymer (lignin). For 
wood in tension there is a high yield drop, showing the influence of a 
crystalline material (cellulose) dominated by a low initial flow unit density 
p . There is also no indication of hardening, showing that the change of 
one model-parameter (X ) dominates as also follows from the high value 
of ö<p. 

The viscoelastic and viscous flow strain a t loading to the c reep or rela
xation level, is approximately proportional to the quadrat of the strain: 
s sa es2 for holocellulose (wood s t ruc tu re without lignin) and for flow of 
the earlywood. For wood a t low s t r e s s e s E is about linear dependent on 
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e and the viscoelastic behaviour is quasi linear by the influence of the lig— 
nin wherefor Bs & A is cons tant (by the high initial flow unit density and 
no s t ruc tu ra l change) . 
The exis tence of another mechanism in wood is repor ted in [7] and [ 9 ] . 
For this s t ruc tu ra l change mechanism, the relaxation time is independent 
of the s t r e s s level and thus it is not related to the holocellulose. It can 
be deduced that for this mechanism <ps or <pe is cons tant . So the num-
ber of creeping mechanisms N increases with increasing plastic s t ra in 
(n = oX/NkT = o U / X ^ / k T N ' = ös^kTN' , with N' = N/X^ being the num-
ber of flow units per unit volume). Half of the s t r e s s was relaxed in 
about 10 minutes in [ 9 ] , but the process occurred only a t high s t r e s s 
levels and lasted much longer in [7] (halve of the c reep in about 3 hours) . 
Possibly there is an influence of c reep of the glue of the s t ra in gauges . 
The thin glue layer of C7] may then explain the much longer relaxation 
time. However also measured in [71 are mechanisms with cons tan t <ps at 
low s t r e s s levels and constant <p at high s t r e s s levels (with s = es) in-
dicating a right behaviour of the s t ra in gauges. So a b e t t e r explanation 
is that this is a mechanism in the lignin. Tropical woods a re much denser 
and contain much more lignin (about twice as much) than the nordic 
species. Especially the nordic hardwoods have the l e s s e s t content of 
lignin and will not show this mechanism. 

The constancy of cpe applies only for cons tan t t empera tu re and moisture 
content. Probably 1/fps is linear dependent on u and T. In our investiga-
tion an approximate cons tan t <p, independent of the t empera tu re and mois
ture content , was found for high s t r e s s levels (and probably this is due 
to a dominant influence of diffusion on the creep by the small cycling 
humidity conditions as discussed in 7.2. In tha t case , the s t r e s s indepen
dent pa r t of the activation energy is linear dependent on u) . 
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6. OTHER ASPECTS OF THE DERIVED THEORY 

6.1 Introduction 

The derived general theory must be able to explain the different pheno-
menological methods and to give a physical meaning to the cons t an t s of 
those methods. This will be d iscussed here for frequently used models. 
As shown before, the relat ions, containing the power of the s t r e s s , as 
the Forintek model and as used in f rac ture mechanics, can be explained. 
The same is possible with the relations containing the power of the time, 
as the Andrade and Clouser equations. It will be shown tha t the Clouser-
type equation is equivalent to the theoret ical logarithmic creep behaviour. 
The derived deformation kinetics model also gives an explanation of the 
WLF-equation (Williams-Landel— Ferry is WLF) for the shift factor of the 
creep line a t different t empera tures along the log-time axis. The theory 
explaines why this equation also applies for cross- l inked polymers a t 
transient creep. 

Often, the nonlinear viscoelastic deformation problem is linearized by 
spliting up the contribution to the rigidity in numerous linear viscoelastic 
p rocesses giving a relaxation spectrum. It is shown here tha t a single 
process may explain the measured, broad, nearly flat spec t r a of g lasses 
and crystalline polymers, giving a physical meaning to a spec t rum. This 
also has to be so for the spec t rum of energy loss at forced vibrations, 
and the activation volume will have to obey a special relationship. 

6.2 Mathematical explanation of the Andrade c reep equation or of the 
power model for c reep 

The Andrade-type equation for the description of c reep is often used for 
wood and wood-products . The "cons tan t s" of this equation depend on the 
chosen time scale. To explain this equation and this behaviour, a deriva-
tion of the cons tan t s is given, showing the physical meaning of the "con
stants',' by comparison with the theory of reaction kinetics as given in 
chapter 4. Andrade divided high t empera tu re c reep into three regions: 
primary or decelerat ing creep, secondary or s teady s t a t e c reep and t e r -
tiary or accelerat ing creep. For the description of low t empera tu re creep, 
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that is considered to have only a decelerated stage, Andrade suggested 

the following equation: 

1/1 
T = Y0 + c t t Ui + c2t (6.2.1) 

where y is the deformation, c , c are constants and t is the time. For 

the cross-linked polymers in wood c is negligible and eq. (6.2.1) becomes: 

T = T0
 + c t^3. (6.2.2) 

For wood, c is proportional to y (constant n as will be discussed at the 

end of 6.2) and eq. (6.2.2) can be expressed in the relative creep 8: 

C t l / 3 (6.2.3) 

or more general: 

8 = C t m . (6.2.4) 

This equation is known as the "power-model" or "Clouser" equation. To 

explain the meaning of this empirical equation it will be compared with 

the theoretical equation for decelerated creep behaviour as given before 

in 5.4. From this theory it appears that decelerating creep can be des-

er ibed by: 

T = c - c2 ln(coth(c3+c^t)) (6.2.S) 

where the constants c. are known expressions in the molecular parame

ters. In the early part of the process this reduces to: 

Y = Y + c ln(l+ct) (6.2.6) 
0 2 4 

or for not too short times, comparable with the range where eq. (6.2.1) 

is applicable: (1 << e t ) 

S = B lnft/tj). (6.2.7) 

So eq. (6.2.4) has to be compared with this expression. Eq. (6.2.4) can be 

written like: 

8 = A,(t/t1)m= A'(t/t0)m(t0/t1)m= A,(t0/t1)m(exp(m ln(t/t0») (6.2.8) 

or in Taylor series: 

8 = A"(^)/t1)m(l+ mln(t/t0) + |(m ln(t/t0»2+ |(m Mt/tQ))3+ ) = 

* A'(t0/tl)m(l + mln(t/t0) + 41), (6.2.9) 
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where t is a scaling time providing that m-ln(t/t ) will be smaller than 1 

and I}J is the small influence of the higher order terms. 

Eq. (6.2.7) can be written: 

S = B ln(t/t ) + B ln(t / t ) 
o o i 

and compairing with eq. (6.2.9), the conditions to obtain the same values 

with both equations are: 

mA(to/t1)m= B and A M t / t ^ d + qV) = B lnft/tj) 

leading to: 

l+i)j= ln(B/mA') = m l n ^ / t ^ . (6.2.10) 

The value of <\> can be taken at some intermediate time t, between t and 

the maximum time of observation t . 
m 

1+4) = exp(m ln(tb/to)) - m ln(tb/to) = (tb / t0)m- ln(tb/t0)m (6.2.11) 

or with aid of eq. (6.2.10): 
expd+4)) = it^t^/Mit^t}"1). (6.2.12) 

Now is m in eq. (6.2.13) not constant: 

A ,(t/t l)m= B lnft/tj). (6.2.13) 

If in this equation m is regarded as a function of time then the change 

of m with time is minimal for B = A1 and eq. (6.2.10) becomes: 

1 = m exp(l+4)) (6.2.14) 

or with neglectable ty: 

1 = me or: m = l/e = 0.368 (6.2.IS) 

or better, if ip = 0.1 is chosen for curve fitting, m = 0.334 being the ex

ponent of Andrade. 

From eq. (6.2.10) and eq.(6.2.12) it follows that <j> = 0.1, t / t = 27, t f e/t t = 

= 93 and t / t f» 195 can be taken for not to high deviation at t . Accor-m 1 ° m 
ding to eq.(6.2.9), t / t < S40 to maintain convergence of the series. 

For larger time scales m will be different. For instance, if t , / t = 100000 

to 1000000, than m is about: m = 0.2. 

The meaning of the constants of the Andrade equation can now be given. 
Becase A' = B, A' is equal to the inverse of the initial creep s t ress times 
the activation volume parameter: 

l/A' = öV/RT (6.2.16) 
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where o is the c reep s t r e s s , V the activation volume, R the gas cons tan t 
and T the absolute tempera ture . For not to high s t r e s s levels A' can be 
regarded to be cons tan t because V is inverse proportional to ö. As mea-
sured in Cl], C = 0.02 for m = 0.31 for timber, indicating a value of A' 
of about A' = 0 .03 . The value l /A' has the sa me meaning as the exponent 
n (n = l /A ' ) of the experimental power law of the c r e e p ra te è = c(ö) . 
The time t is for wood the delay time of the main process where the 
c reep levels off to higher r a t e s . It is a function of the activation pa rame
t e r s and is dependent on the initial flow unit density. 

It can be concluded that the Andrade-type equation is equivalent to the 
theoret ical logarithmic c r eep behaviour and that the cons tants have a spe 
cial meaning and can be compared with the theoretical pa ramete r s . Because 
these " c ons t a n t s " are not really constant but functions of many factors 
it is recommended to use the logarithmic representa t ion instead of the 
power-model. 

6.3 Derivation of the WLF-equation for the t ime- tempera ture equivalence 
above g lass - rubber - t rans i t ion 

Like o ther polymers, wood may show a disconcontinuity in the specific 
heat t ha t is known as glass transition. Below the glass transition tempe
ra ture the configuration of the chain backbones are largery immobilized 
and viscoelastic propert ies a re determined by side group motions. So the 
flexible chain theory is not applicable and energy s torage is not according 
to an entropy spring (proportional to the temperature) . After transit ion 
to rubberlike consis tency the viscoelastic behaviour is due to cooperative 
motions of individual chains. This is not appearing in wood because of the 
cross-l inking, and the transit ion is to a leathery s ta te . The slow t ransi t i 
on p roces s having a long relaxation time is explained by a high negative 
entropy of activation because for a long chain the probability of coordina-
ted segments motions is small. Thus a segment may be supposed to r e -
quire no bigger hole to move into than the molecules (small activation 
heats) . However a flow segment will frequently be prevented from flowing 
by the a t t ached segments , thus giving rise to a high negative entropy, or 
a long relaxat ion time. Compliance curves e tc . measured a t different tem-
p e r a t u r e s can be shifted along a logarithmic time or frequency axis (cal-
led t ime- tempera tu re equivalence). The shift factor of the displacement 
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of the curve along the log-time axis: ln(v) = ln(t ) - l n ( t ) , is given by 
the so called WLF-equation (Williams- Landel—Ferry is WLF): 

C , ( T =, - Th] 

ln(v) = - 1 / f % , (6.3.1) 
2 a b 

with c = V /p , where V is the volume fraction of free volume a t T, and 
3 is the difference of the thermal expansion coefficients below and above 
the transit ion tempera ture , represent ing the increase in free volume above 
transition. 
This equation is explained by the Doolittle viscosity equation or by the 
free volume model. The disadvantage of this explanation is tha t the theory 
predicts flow dependent on the dilatation invariant of the s t ra in tensor , 
while it is known tha t flow is dependent on the isovoluminal deviatoric 
invariant. With a flow criterion there is no principal difference of flow 
depending on the s t r e s s s t a te . Further p is much smaller for cellulose 
derivatives and for wood than the cons tant in eq. (6.3.1) and the thermal 
expansion in grain direction can even be negative. So a be t ter descript ion 
is neces sa ry and this is possible by the theory of deformation kinetics 
as will be shown below. 

For uncross- l inked polymers s teady flow viscosity is possible. For that 
case is ï = 0 and eq. (5.2.1) becomes the same as eq.(4.3.12): 

E = A-sinhttpOy) wi<pö v = f v R k T (6.3.2) 

and the relaxation time is: 

°V X 2 > l 2 X 3 C T | 

V = i 'T^rr= w r <6-33) 

where the viscosity: TI = ö / k , the concentration: p = NXX.X/X and c is 
1 V v 2 3 1 

cons tan t for a cons tan t s t ruc ture X.. So it is seen tha t the shift v = t / t 
ï r o 

for t empera tu re s T and T is: 
r o 

- - ^ P » ( 6 . 3 . 4 ) T)0Tp 

in accordance with the Rouse theory and experiments. The relaxation time 

is also known from eq. (4.3.5): 

t = E0v-1exp(E/kT) = (c/kT)exp(H/kT)exp(-S/k) w 
^ (c/kT)exp(-S/k)( l + H/kT) w (c/kT)exp(-S/k) = C/kT 

where c and C are cons tan t s . This is in accordance with the Rouse theory 
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implying t h a t S / k i s a large negative value and H/kT is small or t exp(H/kT) 
is independent of the t empera ture . Further there may be a s p e c t r e of 
relaxation times where every deformation mode of the s t rands will have 
a specific value of S. 
For s teady flow of entangled polymers a t higher s t r e s s e s is: sinh(x) & 
= 0.5-exp(x) and eq. (6.3.2) becomes, with l / t = v'-exp(- E/kT): 

s= % exp(- ^ ♦ fa) (6.3.S) 

A horizontal shift along the time axis is performed when s at t empera tu re 
T and time t is the same as E at t empera tu re T and time t . So for load-
ing to the same s t r e s s o is: 

4) = " 0 - KT0) -"-e ♦ ft ♦ ik - T̂ N < 6 - 3 - 6 > 
o o o o o 

Because E = H - S-T with a dominating entropy t e rm S 'T and with öX/kT= 
= oX / kT , eq. (6.3.6) becomes: o o ^ 

Wv>=ln(£)*-f^( i - l ) . (6.3.7) 

In this equation: - H / k T + H/kT is neglected. To c o r r e c t for this , a r e -
duced value of s can be used as can be s een in eq. (6 .3.6) : 

- 1„(V) = ln(^) - I n M ^ £ ) ) = ^ , m(Y) 
0 0 0 

with: s = s-exp(H/kT- H / k T ) , being a vertical shift of the line on a ln(e)-
- ln(t) - plot. According to eq. (6.3.2) this can be assoc ia ted to a reduc-
tion: £ = s-pT/p T as often done but only applies for uncross-l inked 
polymers. 
With: n = öX/kTN0 and: N = NQ + p(T - TQ), eq. (6.3.7) becomes: 

1 n(T-T f l) 
•n<v) = " n(l+p(T-T0)/N0" 0 = (N0/p) + t-t0- <6-3'8) 

In this WLF-equation is N the concentrat ion of mobile segments and not 
necessar i ly the free volume concentration. For most polymers is a t t r an-
sition N <* 0 .02S. The value of n is around 40 for mos t polymers and 
the value of p is in the range of 2 10~4 to 10-10-4. The equation is also 
used for high polymers where p may be some o rde r s lower and it is seen 
tha t p needs not to be identical to the thermal expansion coëfficiënt for 
creation of free volume. 
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When the WLF-equation is compared in l i tera ture with the theory of defor-
mation kinetics, in order to determine the activation energy, the viscosity 
a/k is always taken to be proportional to: exp(E/kT) . According to eq. 
(6.3.5) this implies t h a t ö X / N k T i s taken constant , independent of t empera -
ture. It is seen from this derivation that this is not a right assumption. 
The WLF-equation is also used for cross- l inked polymers a t t r ans ien t 
creep although a theoretical explanation is lacking. For the derivation of 
this case the same procedure can be followed as given a t eq. (5.4.21), 
however now with different t empera tu res T and T. a t the same s t r e s s 
ö. According to eq. (5.4.1) and further is for creep: 

^ v = ^ v o + l n ( 1 + F ' * f°vo * MT] (6.3.9) 

for not to short times. So for a shift along the time axis is: 

»a (ova- "VBO* " *b (ovb- övbo> = ^ W " ^ W < 6 - 3 ! 0 ) 

or with eq. (5. 2.7): 

1>ao- <pKo . - l n ( . a a
A

b ) = Mt/tJ - ln( b . b b ) (6.3.11) 
a v a b Vb VbV a ^ V VaV 

g'v'ng= 

to(VV = *aöva" V v b " *"( .2 2 ' ) ( 6 3 - 1 2 ) 

' bVb** 
Now is: ö = ö - KE and ö . = d - K,E, and for a horizontal shift along 
the time axis is: E = E,, so: a _ = o , = ö and eq. (6.3.12) becomes , ne-a b va vb v M 

glecting the las t term: 

ln(v) = ln(ta) - lnft,̂ ) « öy(<pa- 9b) (6.3.13) 

and this equation is equal to the WLF-equations (6.3.7) and (6.3.8) how
ever based on the s t r e s s on the element that performs the t ransi t ion ö 
in s tead of the total s t r e s s as is the case for s teady flow. 
From eq. (6.3.12) it follows that for cons tant <p = cp = <p, and for a con
stant r a t e of loading to the c reep level E = £,, the equation is: 

• 2 2 

■ " W = - ^rrr) = 21"<V*a>+ln(VTb> - I r + Ir* - YT + Trh ' b W * * a b a b 

or: 
ln(v) = ln(ta) - ln(tb) * - - ^ + ^ y (6.3.14) 

a b 
and this is the Arrhenius equation. It is seen that this is the amount 
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tha t is neglected to obtain the WLF-equation. For higher values of the 
activation enthalpy H it is to be expected that the value of ln(v) lies 
between the Arrhenius- and WLF-equation. 
For wood the t empera tu re ranges of stable behaviour above the transition 
t e m p e r a t u r e s is to shor t to be able to decide whether the Arrhenius equa-
tion applies or the WLF-equation for creep. As mentioned in [2] , hemicel-
lulose begins to sof ten at SS, and lignin a t 120 °C. However the re are 
s t ruc tu ra l changes in this region. First the s t ruc tu re of lignin is altered, 
then t r ansverse shrinkage of wood begins (at 70 °C) and next the lignin 
s t a r t s loosing weight. The transit ion tempera ture for amorphous cellulose 
is a t 210 °C. The changes in the region 120 to 210 °C are in succession: 
hemicellulose begins to dec rease and cellulose begins to increase; bound 
wa te r is freed (140 °C); lignin melts and begins to reharden; rapid weight 
loss of hemicellulose and then of the wood; Cellulose dehydrates, Above 
210 C, cellulose crystallinity dec reases and recovers ; cellulose weight 
loss s t a r t s and increases ; hemicellulose is completely degradated; wood 
is carbonized. 
Moisture content lowers the transit ion tempera ture T linearly for poly-

o 
raers: T' = T - ka), where a) is the weight fraction diluent, and the time-

g g 
moisture content superposit ion is possible. This implies that: N = N + 
+ P(T - T0) + Y", (with T = Pk). 
From table 1 of the torsional pendulum t e s t s of [31 , giving the relation-
ship between the moisture content of wood and the tempera ture of the 
maximum of damping, it can be deduced that: 

T' = T - 180u> (6.3.IS) 
g g 

where T is 132 ° C or 405 K. 
There is an indication that this also applies for the wood components. 
Because the "powder collapse" t e s t s have a shor te r time scale than the 
dilatometry t e s t s on dry wood, the transition t empera tu res must be higher 
than those of the dilatometry method and if the t ime-moisture content 
superposit ion is applicable than the resul ts of the dilatometry method for 
dry wood must be the same as for moistened wood according to the pow
der collapse method. The mentioned transition t empera tu res by the dilato
metry method a re for dry hemicellulose SS °C, for dry lignin 120 °C, and 
for dry cellulose 210 °C [23 . According to the graphs of [43 for the 
transi t ion t empera tu re s of the powder collapse method, these tempera tures 
indicate a moisture content of 40% of the hemicellulose a t a relative air 
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humidity of about 80%; a moisture content of 6% for lignin a t a relative 
humidity of about 75% and no moisture effect on cellulose powder. So 
there is a transit ion to about 75 to 80% relative humidity or to air dry 
wood and a correlat ion of the transit ion with the humidity is a l so probable 
for wood components. It has to be remarked that the behaviour of the 
const i tuents may be of minor importance in wood. Probably the hemicellu-
lose is bonded to the lignin, and if the lignin is able to prevent moisture 
uptake by the hemicellulose, than the transition t empera tu re of the copoly-
mer is highly raised. The powder collapse method [ 4 ] showed only two, 
in s t ead of three , transition points a t 140 °C and 218 °C for spruce a t 
23% moisture content (relative humidity about 95%). 

Although the stable t empera tu re ranges for wood a r e shor t , making it 
difficult to decide what type of t empera ture dependence is act ing, the use 
of t e s t s with different time scales may extend these ranges . The influen-
ce of the time scale of the p rocess may be derived a s follows. 
Because cp Aa/<PuA, is a measure of the ratio of the r e t a rda t ion or re laxa-
tion t imes t , / t (see p. e. eq. (5.4.7)) of the p r o c e s s e s at t e m p e r a t u r e s 
T and T. , eq.(6.3.12) can be wri t ten more generally: 

ln(vr) = l n ( ^ ) = a y ( 9 a - <pb> - l n ( ^ ) . (6.3.16) 

So this equation gives the shift along the time axis when the time sca les 
of the p roces ses t and t . a t T and T, differ. This explains the shifts r ra rb a b 
as given in [5] and fig. 6 .3 . For instance the frequency a t the maximum 
of damping in a torsional pendulum tes t cor responds to the relaxation 
time and the shift of this maximum is given by the equation above. The 
equation can also be used in the reversed form. If the t e s t s a r e not done 
in the same conditions a t the different t empera tu res , then the relaxation 
times determine the lengths of the p rocesses a t different t e m p e r a t u r e s 
and the shift is: ln(t / t u) = ö (<p - <p.) - l n ( t / t u ) , where t a t T and ra rb v Ta Tb a b a a 
t, at T, are the different, not tempera ture dependent, tes t ing t imes. 
The WLF-equation of fig. 6.3 has the "universal form" being an average 
of many polymers. According to this equation: n = öcp on ln-sca le (in 
stead of log-scale): n = 2.3 x 17.44 = 40. As mentioned before in 4.6, 
the pa ramete r n is equal to the exponent in the power law for damage 
and is the inverse of the slope of the c reep line on the semi- logarithmic 
plot also in the glass s t a t e . So it appears tha t h is essential ly a s t r u c -
ture cons tan t and is probably unaffected by moisture and t e m p e r a t u r e . 
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fig. 6.3 Glass transit ion of lignin C5] 

6.4 Relaxation and re ta rda t ion spec t ra 

The nonlinear viscoelastic deformation problem is often linearized by split
t ing up the contribution to the rigidity in numerous linear viscoelastic pro-
c e s s e s . S o the contribution: fdi is assoc ia ted with relaxation times in the 
r ange t and t + dx. Mostly a logatithmic time scale is used and the con
tr ibution of the range ln(x), ln(t) + d(ln(x)) is Rd( ln( t ) ) with H = fx. 
The time dependent rigidity or relaxation modulus is then: 

. r 
00 

r G(t) = Gro+ J Hexp(-t/x)d(ln(x)). (6.4.1) 

Because this has no physical meaning the equation can be regarded as a 
mathemat ica l definition of the relaxation spec t rum H. For the solution of 
H, the intensity function exp ( - t / x ) having values between 0 and 1 for x = 0 
to x = c°. can be approximated by a s t ep function from 0 to 1 at x = t so: 

G(t) = G + f Hdün(x)). 
ro Jln(t) 

(6.4.2) 

Differentiation of this equation with r e s p e c t to the limit ln(t) gives: 

(6 .4 .2) d(G(t)) I tó H M 
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So the re laxat ionspect rum at x = t is as first approximation the negative 
slope of the relaxation modulus. This approximation is accu ra t e if H chan-
ges slowly with time. 

|H(log t) kgf /cnT 

2.0 
•103 

1.0 

fig. 6.4 Master relaxation curve G(t) and relaxation s p e c t r u m [83. 

Except for the very beginning and the end of a kinetic process in wood, G(t) has 
the form: 

G(t) G - Cln(t) 
oo 

(6 .4 .4 ) 

and H= C (where C is proportional to l /n) for a wide time range due to 
a single p roces s . This explains the measured, broad, nearly flat s p e c t r a 
of g lasses and crystalline polymers. 
As mentioned before a second process is s tar t ing in wood and in o ther 
highly crystalline polymers after a long time depending on the s t r e s s level. 
At the transit ion to this second process the change of H is not slow and 
H can be approximated by: 

„ , > d(G(t)) x dpGit) j 
H ( x ) = " dUHlU) + dÏÏn7t>)2lt=2T (6.4.5) 

leading to the outline above of the relaxation spec t rum for wood in fig. 
6.4 that is due to two p rocesses in s tead of the assumed infinite number 
of p rocesses that is regarded to be the basis of the relaxation spec t rum 
of H. 
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6 . 5 S p e c t r u m of e n e r g y l o s s a t f o r c e d vibrations and fat igue behaviour 

For a f o r c e d vibration on a s ingle Maxwell e l e m e n t by an applied strain: 

e = a-s in(27tvt ) , the s t r e s s is: ö = b-s in(27tvt + $ ) . With t h e s e e x p r e s s i o n s 

for ö and s the a b s o r b e d e n e r g y is: 

Z = ƒ Cöd(E) = rcab-sintö) (6 .5 .1) 
o 

w h e r e t is the period of the vibration l / v and $ is the phase angle . 

For the t h r e e e l e m e n t model a t small values of <pö we have: 

Ö = O + Ö = - T - + K E ( 6 . 5 . 2 ) 
v 2 A<p z 

or also: 
o = K^E - Ey) + I^s. ( 6 . 5 . 3 ) 

Elimination of E in the l a s t t w o equat ions g ives : 

A<pKtö + ö = (Kj + KJ,)E + AtpKjKjE. ( 6 . 5 . 4 ) 

S u b s t i t u t i o n of the e x p r e s s i o n s for ö and E g ives: 

AtpKbsin(2Ttvt + #) + 27tvbcos(2rcvt + &) = (1^ + K )27rva-cos(2itvt) + 

+ AcpK^a-sinöitvt). ( 6 . 5 . 5 ) 

This m u s t be true at any time, s o the s u m of the t e r m s containing c o s (2nv t ) 

h a s to be z e r o and a l s o the sum of the t e r m s containing s in(27tvt) . This 

l e a d s to: 

27 tav(K+K) „ - i 
b = (—^k~H s M & ) + ^ c o s ( ö ) ) (6-5-6) 

and: 
27tvaIC (Acpf1 

sin(ö) = 1— ■ . ( 6 . 5 . 7 ) 
bK2 + 47t2v2b(A9) - 2 

S o from e q . (6 .5 .1) we find: 

(6 .5.8) 
27c2va2K2(A<p) -1 

Kj2 + 47ï2v2(A<p)"2 

The e n e r g y of absorpt ion is maximal a t the f r e q u e n c y v . where: -r— = 0 . 

So: v n = K^y/Zn. 
For a r e l a x a t i o n time distribution: 

Z = Tta2)» — ! — - . (6 .5.9) 
i 1 + (v/v.)2 
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Usually this is given for an infinite number of p roces se s as : 

1 + (J X 

where t is is the relaxation time: 1/ai and u = 2KV. 
n 

The natural frequencies v are far apa r t and it can be expected that Z 
between two natural frequencies v and v is mainly determined by these 
two p roces se s : 

Kv/v Kv/v 
Z = 7 t a 2 ( — l - !— + —? - J . (6.5.10) 

1 + (v/v}2 1 + (v/v,,)2 

For v = v : 

na2 

Z 
K, 2 K v / K v 
— (l + J * 7ra2K1(0.S + V l / K i V (6.5.11) 

1 ' ' 1 + W 
because v << v . In the same way, for v = v , Z = Z : 

Z2 * 7ta2l^(o.5 + I^v1/K2v2) (6.5.12) 

and because the spec t rum is flat [61, or Z is about constant , is Z «* Z 
and the s t i f fnesses must be equal or: K «* IC. If for an intermediate 
value of v, v = (v + v ) / 2 , Z is equal to Z and Z then v fa O.lv . So 
there will be a range of relaxation t imes: t = (1/10 ) - t . So: t / t = 
= exp(Ej /RT - E0 /RT) = (0.1)' = exp(- iln(10)) or: 

Ej = EQ - RT-iln(lO) = Efl - L35i (6.5.13) 

and this will show a long range of activation energies in kcal . /mol . of 
for instance: 23 - 22 - 20 - 19 - 18 - 16 - 15 - 14 - 12 - 11 - e tc . 
However measured by other methods a re p.e. 23 and 11 kcal . /mol . (p -
mechanisms). So it is probable that in eq. (6.5.8) in a wide range: 

<p/v = cons tan t = C 2 T I / K A = c27tt / K (6.5.14) 
T r 

and the flat spec t rum is determined by only one process with relaxation 
time t . The analysis shows tha t e is al ternat ing and thus is reversible. A 
particular solution of eq.(6.5.4) is: 

ö = C-exp(-A9K (t) = C-exp(-2jtvt) , (6.5.15) 

showing that a disturbance d isappears within a pa r t of the period. For 
instance in half the period time is o = C-exp(-Tt) = 0.04-C. 
For high loading: 
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So: 
e 

"v = j M P ) = V * - «v> or- 2Éy - A - e ^ V " ' V , 

(9K1e<PK iEv)dsv = ( l ^ . e ' , K i s ) - d t . 

' V v - e ' V v o = f ■J9K1A-e'PKi s-dt = n-C, 

where t is the time of high s t r e s s ing within the period and n is the num-
ber of cycles. So: 

9Kj£y = «pKjE^ + ln(l + C j - n - e ' ^ V v o ) . (6.S.16) 

For higher values of n: ln(l + C -n-e ^ i£vo) f» ln(c - n e ^ iEvo) = 
= ln(n/n ) and eq. (6.5.16) becomes: 

«pK^ = vKleyQ + ln(n /n 0 ) . (6.S.17) 

Outside the high s t r e s s region the s t r e s s and E resumé quickly, accor-
ding to eq. (6.5.15), the low s t r e s s values (as described by eq. (6.5.1) to 
(6.5.8)) , but e has increased according to eq. (6.5.17). At high frequencies 
this increase is small and e is mainly determined by sin(#) of the low 
s t r e s s region. If now the s t r e s s and s t ra in in the high s t r e s s region are 
approached by a half sinus form with the same area as the real s t r e s s 
and s t ra in curves, then the top-values of these ö and E are almost the 
same and close to the real maximum values. The top-value of the sinus 
approach of the almost cons tan t t will be n/2, so the relation between 
the top-values is: 

'° " V = ö"v = K t ( i " S < * ' 2 » or: o = (K l+ K2)i - K l ï v o - ^ l n ( ^ ) 
or: 

o t 1 ln(n/n J . (6.5.18) ö f0 ( 2 / 3 ) o 

For low frequencies, sin(ft) is small and the increase of s is curvilinear 
and now the top values of the sinus approach of E,o, and e have a com-
parable factor with r e s p e c t to their maximum values and the relation be 
tween these top values becomes: 

4" = 1 " IZZ-inin/n). ( 6 . 5 . 19 ) 
ö„ <PÖ0 o 

Although these equations give the s t r e s s relaxation for a cons tan t strain 
amplitude, the resu l t is the same for a constant s t r e s s amplitude and 
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with a maximum stra in condition E = E , the equations give the number 
v vm H & 

of cycles until f racture . 
Eq. (6.5.18) applies for wood at frequencies above about one Hz (up to 
10 Hz). For c a s e s where p e a k - s t r e s s e s play a role, as a t knots , in par
tiele board and at finger joints, it can be deduced from the regress ion 
lines, given in [7] , tha t the empirical fatigue equation is: 

-* j - = 1.14 - 0.1031og(n) (6.5.20) 
o 

Eq. (6.5.19) applies for wood below about 0.1 Hz. Depending on the frequen
cy, f rac ture may occur in a few cycles. However, this equation can be 
wri t ten in the total time to failure t: 

-£- = 1 l— l n (v t /v t ) = 1 - - i - . i n ( t / t ) (6.5.21) 
ö 0 cpö0 o <po0 o 

and this equation is identical to the long duration s t r eng th of a specimen 
loaded by a cons tan t load, equal to the top value of the fatigue loading. 
The equation of this long duration s t r eng th is: 

- | - = 1.17 - 0.0701og(t) , (6.5.22) 
o 

showing tha t the slope of the high frequency line is indeed about a factor 
1.5 s t eepe r . Or more precise: 0 .103 / .070 = 1.47. If the re is a s t r e s s 
level where below there is no fatigue or no failure for long t e rm loading, 
then the maximum stra in condition predicts that this level will be a factor 
1.47 lower for high frequency loading. Beause the s t r e s s level for no da-
mage a t long term loading is supposed to be 0 .5 , the fatigue level is a-
bout 0 .5 /1 .47 = 0 .35 . This is in agreement with the expectat ion from 
t e s t s on rotorblades (NASA). 
For very low frequencies (lower than about 10 Hz), recovery may occur 
a t the period of unloading and only the sum of the loading t imes have to 
be taken for t in eq. (6 .5 .22) . So it is seen that a t l eas t half of the "per
manent" s t ra in a t higher s t r e s s levels is recoverable. 
For a small initial flow unit density: A = BE , the analysis is comparable 
as done before and as done for s ta t ic loading. 

(e ' , K i ev)-dln(9K18v) = (-f- e ^ i ^ - d t . 

So: 
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E.(<pKl6v) - E ^ K ^ ) = f - j B % , p K i e - d t = n-C, 
or: ° 

9K t£y = E71(n-C1 + 0.577 + l n t t p K ^ ) ) (6.5.23) 

and there is a delay time for fatigue. The fatigue line s t a r t s with a small 
slope and bends down a t higher values of n to a s t r a igh t line on log(n)-
scale. Because for higher values of s and n, this equation becomes: 

exp(<pKs ) = cpKs -(n'C + 0.577 + ln(<pK.E )) 
r T 1 V I V 1 I V O 

or: 
<pKl£y = I n d p K ^ ) ♦ l n ( c i - ( n - n 1 ) - e " , p K i s v o ) + v K ^ or: 

»Kiev " ' V v o + '"(V1-1)' ( 6 - 5 ' 2 4 ) 

o 
the same fatigue equations occur as given before, however in a shifted 
position on the log(n)-axis. 
A delay time is not to be expected for partiele board, because of the 
high concentra t ion of holes. Knots in timber ac t however as flow units 
with a low density, as can be seen by the yield drop in a cons tant s t ra in 
r a t e t es t , and timber will show a delay time for fatigue. 
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AE MECHANO-SORPTIVE EFFECT 

of moisture content at low s t r e s s e s 

oisture content or moisture gradiënt, moisture ac ts a s lubri-
ng the relaxation time of wood. At changing moisture content , 

our of adjacent layers can be very different because one layer 
ink and the other may elongate, causing high internal s t r e s s e s . 

.e description of the mechano-sorpt ive effect the s t ra in ra te is split-
nto a pa r t that ac t s by the cons tan t pa r t of the moisture content : s 

V .ld an additional pa r t k that ac t s due to the changing p a r t of the mois
ture content . For relaxation of the th ree -e lement model s = 0 and for 
the Maxwell element: 

k = ' V V k m = 0 - ( 7 1 ) 

At changing moisture content conditions there is a rapid reaction of wa te r 
with the hydrogen bonds. So a low activation energy and volume can be 
expected and the equation for relaxation may be approximated to: 

ö + KAsinh(tpö ) + K'e « t) + KA'wcpö + Kk = 0. (7.2) 

s is proportional to w, when u is changing and proportional to the load-
ine o. So a t low s t r e s s e s is: è = co KcpA'u and the equation becomes : 6 1 m ï v M 

ö + aKA'utpö = 0, with a = 1 + c (7.3) 

and it is assumed tha t there is no swelling or that the s t ra in ra te is d i r ec -
ted in such a way that it follows the free swelling ra te in o rder to ge t 
true relaxation. For c reep the same equation applies with K rep iaced by 
K ( l /K = 1/Kj* X/KJ. The solution of eq.(7.3) is: 

ln(^- ) = - K^Acpt = - KaAuept (7.4) 
o 

where cu is the suddenly applied difference in moisture concentra t ion . 
This equation is based on the bond breaking p rocess and can a l so be ob-
tained by the s tar t ing ra te equation of bond breaking: 

p = - kpo> (7.5) 

where p is the concentra t ion of mobile bonds, ha ving as solution: 

ln(£ ) = - kut (7.6) 
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and it is seen that this resul t is identical to eq. (7.4). So the s t r e s s sup-
ported by the reactive bonds is proportional to the number of bonds and 
the ra t io p /p n can be determined from the s t r e s s relaxation t e s t (or from 
a c r eep t e s t s ) . 
These equations apply for very thin specimens. For thicker specimens the 
moisture has to diffuse into the specimen. From Fick's second law the 
concentrat ion ra te for a long, round specimen is: 

£ = D ( ^ + if?). (7.7) 
dr 

4^ J o ( *n r ) / 4D+n \ £ = 1 - 5 

The solution of this equation is [1]: 

V S W - d 
n=i 

where CJ is the concentrat ion surrounding the specimen, D is the diffusion 
coëfficiënt, ib is the n- th root of the ze ro -o rde r Bessel function, d the Tn 
diameter of the specimen and J is the Bessel function of the order n. 
Because the s t r e s s relaxation in tension or compression depends on the 
mean s t r e s s in the specimen, only the mean concentrat ion is of importan-
ce. So the average concentrat ion is: 

d/2 °° 4DibZ 

«= j - J 2™rd(r) = "oD - 2 V X P ( - —rt)']- (7-9) 

" '- » n=1 .. 
Substi tuting u in eq. (7.3) or eq. (7.5) will give the measured s t r e s s - or 
bond decay. Because only the first te rm of the summation is of importance 
and the other terms may be neglected: 

■»(£)-- k%b+ TTITM- - ^ T 1 ) + ci)]' <710) 

^o D<k ar 

or for the s t r e s s with c = -1 as boundary condition: 

/ „ \ f- A2 r / 4Dlk . , - , 

ln(fo) = - V'^oE1 + ^iM" ~7^ ' ^ {?AU 

where ij) = 2 .405 is the first root of the Bessel function. 
For long times the exponential function is approximately zero so this line 
becomes: 

o 

ln(£ ) = - KAVpu [ t - ~ \ . (7.12) 
V V Dip4 ■ 
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The intercept of this line with the time axis is thus: d / Dib showing the 
time lag due to diffusion. This equation applies exactly for p.e. human 
hair [1], where there is no swelling or shrinking during wetting and drying. 
At moistening the s t r e s s quickly dropped to about 1/3 of the applied value. 
At drying the s t r e s s totaly r e s t o r e s to the initial level before wett ing in 
the relaxation t e s t s . So this work is due to the chemical energy of bond 
reformation and there is no need to sea rch for any other source of ener
gy as is done for wood, where the slight res tor ing of the s t r e s s a t mois
tening is a t t r ibuted to the heat of diffusion. 
Tests with alkali hydroxide solutions on cotton, tha t has a comparable 
s t ruc tu re as wood, showed an instantaneous relaxation as rapidly as the 
solution could be added. After that, a slower process occured of conver-
tion of the crystalline regions into an amorphous s t r uc tu r e . The instan
taneous s t r e s s reduction indicates a very fas t react ion where equilibrium 
is directly reached according to the reaction: 

kf 

u + p <_^: (pQ- P) 
k b 

or: 
- p = puk* - k. (p - p) = 0 (7.13) 

kh Pn~ P kh AP7Po o) = T-2—2 = - r - £ - i — r r (7.14) k f p k f 1 - Ap/p0 

where Ap/p = (p - p)/p.- So Ap/p is about proportional to co (Ap/p <<1), 
but this relation bends off to a limiting value a t high values of u accor 
ding to the measurements [1] and eq. (7.14). The limiting value for alkali 
hydroxides a t high concentrat ion seems to approach unity according to 
eq.(7.14), indicating tha t the s t ruc tu re of cotton may be completely a c c e s -
sible for alkali r eagen ts . This react ion with both the amorphous and c rys 
talline regions followed also from X-ray diffraction exper iments . Because 
Ap is not noticeble dependent on the tempera ture , the enthalpy will be 
small. 

For s t rong acids Ap/p approaches a limitting value well below 1, being 
of the same order as the quantity of disordered regions as follows from X-
-ray measurements . So (Ap/p 0) i i m can be expected to be a direct measure 
of the accessibility of the amorphous regions. The linear increasing value 
of (Ap/pQ) j j m with the tempera ture increase shows the equilibrium between 
ordered and disordered regions. The equilibrium cons tan t K is: 
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(Ap/p ).. 
K ^ ( k f c o m / k b ) M _ ( A p ; p ^ m (7.15) 

and the energy of cellulose conversion is: E r - E, = - RT-ln(K), what was 
found to be 4 kcal/mol. The same can be expected for wood. Because 
acids effect only the amorphous regions and because the limiting value 
of the ins tantaneous reduction is far below 1, there is no c r o s s sect ion 
totally d isordered and the ordered region is the continuous phase . 
The nature of the reagents and the rapidlity of the reactions indicate an 
a t tack of secondary bonds, so probably the hydrogen bonds between the 
cellulose chains. After removal of the reagen ts , some types of bonds a re 
inable to move back against the force to assume their original positions, 
but combine with new neighbours in a relaxed position. 
The influence of water on the hydrogen bonds is comparable with the in-
fluence of acids because only the amorphous regions are effected and 
Ap / p will be proportional to co. Although there is an immediate react ion 
with water , there is no instantaneous s t r e s s drop in a relaxation t e s t 
because the water has to diffuse into the s t ruc tu re and the ra te of diffu-
sion determines the reaction ra te with the hydrogen bonds. There is thus 
an equilibrium and any change of moisture content gives a reaction close 
to the equilibrium a t the ra te of the moisture supply. For the react ion 
near equilibrium (after longer times for wood), eq. (7.13) becomes: 

- p = pukc - k. (p - p) = p M w - co ), (7.16) 

where: to = k, (p - p) /(kpp) is the equilibrium moisture content (where 
p = 0). 
Eq. (7.9), for a moisture increase from z e r o to co , is, for the f i rs t expan-
ded term, with a rounding off to account for the other terms, to be ap-
proximated to: 

có = u s ( l - exp(- at)), (7.17) 

where a = 4Dib / d 2 = 23D/d , and co is the maximal amount of adsorbed T i s 
water. 
For a loaded t e s t specimen with a moisture content co that is placed in 
a dry environment causing a moisture content of co■ - to after long time, 
eq. (7.17) modifies to: 

to = co0 - <os+ tosexp(- at) (7.18) 

and the solution of eq. (7.5), tha t applies in the first s tage, becomes: 
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k ( \ 
ln(p/p„) = - k(co - co )t + — IJ (exp(- at) - 1) 

or with eq. (7.18): 

(7.19) 

ln(p/pQ) = MQ/QQ) - - (u0 - co) (7.20) 

where: ln (p ' /p ' ) = - k(u - co )t is the relaxation (or creep) a t the con
s tan t equilibrium moisture content co - co . The same solution is obtained 
from eq. (7.3) and the equations can be read by replacing p by ö and with 
k = KA'ipa for relaxation and k = KA'cpoc for c reep . So eq. (7.20) for de-
sorption becomes: 

ln(a/ö„) = Ma'/o' ) - -(co - co). o o a o (7.21) 

It is seen that: ln(—■■■— ) = c(to - o>) is a s t ra ight line, that is the same 
o 

as given in [2 ] and fig. 7.1. Here: co - <o the amount of desorbed water . 

Moisture content change (%) 

Time (min.) 

fig. 7.1 Comparison of the theoret ical equation (7.21) with measu remen t s 
of [ 2 ] 

For adsorption, when a loaded t e s t specimen with a moisture con ten t co 
is placed in a wet environment causing a moisture content of co after long 
time, eq. (7.17) modifies to: 

co = co - (co. - co )• exp(- at) 

and the solution of eq.(7.5) is: 

(7.22) 
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ln(p/po) = - k ^ t - ^ ( " j - u0 ) - (exp(- at) - l) (7.23) 
or : 

ln(p/po) = - kc^t + | ( u - co0) (7.24) 

or : 
ln(p/po) = ln(pYp'0) + f (u - co0) (7.25) 

where: ln(p*/p' ) = - ku t, is the relaxation a t cons tan t maximum moisture 
content w . This equation is identical to eq. (7.20) if the adsorbed amount: 
<o - co can be regarded as a negative desorption. Eq. (7.20) shows that 
the re is an increase of deformation on drying and eq. (7.31) shows a r e 
storing of the bond s t r u c t u r e on rewetting. So there is a t least one domi-
nating element with an opposed behaviour to other materials. 
For the derivation of this effect a three element model was used consis-
ting of a Maxwell element (i. e. a spring with a dashpot) and a parallel 
spring. The possible nearly total unloading in a relaxation tes t by a high 
moisture change a s shown in fig. 7.1 (for a low change), demons t ra tes 
tha t both springs have dashpots . There may be another very weak parallel 
spring if there is hardening, but this can be neglected as a first approxi-
mation and the behaviour can be described by two parallel Maxwell ele-
ments . The small deviation of the measurements from the s t ra ight line 
eq. (7.21) in fig. 7.1 a t very low moisture changes shows that there is a 
second process besides the dominating p rocess . The deviation a t higher 
moisture changes shows the depar ture from the linear approach eq. (7.3). 
This will also be so for high s t r e s s e s . 

7.2 Influence of high s t r e s s e s and moisture changes 

Interest ing for mechanosorptive effects is c reep loading a t sufficiënt high 
s t r e s s e s where sinh(x) can be approached by (exp(x)) /2 . The s t ra in ra te 
equations for the two nonlinear Maxwell e lements 1 and 2 are then: 

b 
£ = - j j - + A-^ ^-expfcpjöj) + s (7.26) 

'e = T£ ♦ A'i f « v ^ V " V (7,27) 

where the material is devided in two types of layers, one with mechano
sorptive slip s at desorption and recovery a t adsorption, and one with 
the more common reversed behaviour. 
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Elimination of k from eq. (7.26) and eq. (7.27) gives: 

£ ♦ AYf-expfo^) - A'2-f - e x p ^ ) ♦ 2em= 0 (7.28) 

where l /K = l /K + l/K, and 2'e is the relative s t ra in ra te of the layers 
k . Because the p rocess is a mat te r of side bonds breaking it can be a s -
sumed tha t the s i tes of the par ts a re the sa me as for the compound layer 
for the mechano- sorptive effect, or: 9 = 9 = 9, and eq.(7.28) becomes 
(02 = ö - ai ): 

f i + ^ e
t p ö / 2 c f e < p ö r 9 ö / 2 + l n ( P ) - e _ < p ö i + t p ö / z " ^ M + 2k = 0 K 2 V l m 

where C = / A ' A' and p = / A ' /A' . So: 

_i +e<pö/2 „yA^A^ ■ s i n h ^ - <po/2 + M-jK)/Xz )) + 2km= 0. (7.29) 

The mechanosorptive ra te of bondbreaking has the form: k = Asinh(<pö) = 
«< A90 for small s t r e s s e s as used before. For high s t r e s s e s is: 

A k *f Trexp(cpö). This ra te is z e ro for constant moisture con ten t and is m 2. r 

proportional to the ra te of change of the moisture content. 
So 2k can be eiven in the form: m b 

2k m * f /A;A 2 ^ e x p ( ^ + c) «. f / A 1 A 2 - e x p ( ^ ) s i n h ( c ) . (7.30) 

With: u = u„ + (o) - w„) ( l - e " a t ) is: w = u - - , and eq.(7.29) can be o e o e a M 

splited in a c reep equation for the par t of cons tan t moisture conten t u : 

_ ! + e'pa/2.oye-/A' A ,
2 - s inh(9ö l - 90 /2 + l n t / A ^ / A ' )) = 0, (7.31) 

and in a mechanosorptive change: 

1 eVa/29JK K -sinhf^o - 90/2 + lnfi/AV/A',)) + 2k = 0 . (7.32) 
i*w a ' i 2 * 1 1 2 - ' m 

Substitution of eq. (7.30) in eq. (7.32) shows tha t a particular solution of 
eq. (7.32) is: 

■Pi0! = f" " I^A'/A-J ♦ c. (7.33) 

The general par t of this equation is: 
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and the integration of this equation has the form: 

SmL -+ fX"d(t)- or with: f =" H " "e
)( e"at): 

w - u 
ln(tanh(x/2» = c ( ° a

 e e a t ) + C 

or in t e rms of eq. (7.32) this becomes: 

l n ( t a n h ( ^ - *£ ♦ f MAyXj)) - ^ - . ^ ^ / ^ ( ^ e " a t ) . 

(7.34) 

Calling p = <pKea'p/2
1/Al A, ■<«„ - « e > f = 9Keö<p/VA'1 A'2 -(u - a>e), 

eq. (7.34) becomes: 

"Y"1 " ' T + 5"ln(A,i/AV = arctann(exP<P + c
t » (7.3 5) 

and the total solution is: 

■y ' " 4 + i I n < A ' i / A ' 2 ) = arctanh(exp(p + Cj)) + | . (7.36) 

The value of C. follows from the initial value ö = ö „. For this c a se is: 
1 1 10 

ln(tanh(-2-10- ^f ♦ j - ln tA ' /A, ) - f )) - pfl = C^ (7.37) 

Substitution of eq.(7.37) in eq.(7.36) gives: 

^ - ^ + l l n ( A 7 A V - f = 

. a r C t anh( tanh( V °»- ^ o + ^ A 7 A V ' ^ K / y y . ^ ' f o - „ , „ . ) . 

(7.38) 

Calling: q = - s - - -£- + T-ln(A' /A' ) - -K-, then this equation becomes: 

q = arctanMtanhfq/ eV^A^^-e^2^ - c ^ / a , 

T- ii i c . . I L <pKi/A' A' - e " (u - (j )/a 
For small values of q this becomes: q = q • e r ' 1 2 o 
or: 

i = ^10 + H ^ a o " «P0»" ln(A7A'2) + 2c)-(l ♦ 

- e
, p K / A ' i A 2 e<PÖ 2 ( ( J " w o ) / a ) . (7.39) 

For high values of q is tanh(q) Rs 1, and: 

q * a r e t a n h ( e , P K / A \ A V e 9 0 / 2 < w " < V / a ) , 
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and because: arc tanh(e x ) = 0.51n( 1 + e ) = 0 .S ln ( co th ( -x /2 ) is: 
1 - e x 

V - T + ïMAi/A
2
) - f = - |ln(tanh(<PK/A^AY-e tpö/2((Jo - <o)/2a)). 

(7.40) 
For not to high moisture changes this becomes: 

-y-1 - - ^ + ^-lnfA'/Ay - f = - fln(9K> /A1A2-e< p ö / 2(c J o - w)/2a) (7.41) 

and for high values of: «pKj/A' A' -e?0 2(io - <o)/2a, eq.(7.40) turns to: 

cpö * 
-y-1 - - ^ + ^ln(AyA-2) - f « 0. (7.42) 

This is also the limit of eq. (7.39) for high moisture changes a t small 
s t r e s s e s q .̂ 
According to eq. (7.30) is: 

2 " 4 ~ 2 
" " 2 ' " / A ' J A ' J 

and the maximal mechanosorptive s t r e s s ö of eq. (7.42) is: 

cpö, = l n ( - r - ^ - j . (7.44) 
i v I Ü A ' 

For high moisture changes (p.e. co maximal and to *» 0) this is (s = 2s ) ° r o e r m 
4|kml 

cpö = lnf—-—J and this is a t the level of the flow s t r e s s : 

/ 2 èn 
cpd = ln(-r-) of element I (see for instance eq. (5.2.16)). 

So flow of the elements limits the maximal possible mechano-sorpt ive 
s t r e s s . 
An other a spec t of eq. (7.44) is that: A / a is proportional to: exp(- E / k T + 
+ E . / kT) and the activation energy of the p rocess is the difference of 
the activation energy for c reep and for diffusion, explaining a low r e t a r -
dation time or an high r a t e of the p rocess . 

7.3 Simplification of the model 

In order to avoid complex calculations for c r e e p a t high moisture cycling 
and a t higher s t r e s s e s it is sufficiënt to neglect the logarithmic c r eep 
and to use the property of the non-linear Maxwell elements of an approxi-
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mate elastic-full plastic behaviour. This model can be compared with the 
model of C3] tha t cons i s t s of two parallel str ings each consist ing of a 
Maxwell e lement and a Voigt element in ser ies . This is totally equivalent 
to a model with four parallel Maxwell elements and these four parallel 
Maxwell e lements can be replaced by two parallel Maxwell e lements with 
non-linear dashpots , because those dashpots contain one more p a r a m e t e r 
than the linear dashpots . So it is seen that each of the two s t r ings can 
be replaced by a spring a t t ached to a non-linear dashpot as was a s sumed 
for the derivation of the sorption equations. The loading of the two paral
lel s tr ings in a c r e e p t e s t in the model of [3 ] was done by a running 
block that moved the total load between the str ings by means of a hygros-
copic element. This block may however be removed because this sorption 
effect is given by eq. (7.20) or (7.39) and the behaviour of the hygroscopic 
material is exactly the same as can be seen in eq. (7.19) where the part: 
(kcj / a ) ( l - exp(- at) is identical to the time function of that element. 
The swelling and shrinkage is proportional to the adsorbed amount of 

wate r and has also this form: u = o> ■ (1 - exp(- at)) . In the model of 
s r 

[ 3 ] it is a lso assumed tha t the viscoelastic cons tan ts change according 
to this function, however eq. (7.19) and eq. (7.31) show immidiate c r e e p a t 
the equilibrium moisture conten t of the end s t a t e and also this changing 
cons tan t s function may be removed. In [3 ] it is assumed that t h e r e are . 
two diffusion p r o c e s s e s , one slow process of sorption, eliminating the 
differential shrinking with a = 2 3 D / d = 0.06, and one quick p rocess 
with a = O.S effecting the load bearing bonds. In most t e s t s the change 
of moisture content is slow and the resul t has to be regarded a s a suc
cession of end s t a t e s due to these two p rocesses . The influence of the 
slow process can be eliminated by subtract ing the s t ra ins of the dummy 
from the s t ra ins of the loaded specimen at moisture cycling. 
In the following scheme the influence of moisture cycling is given where 
the two e la s t i c - plastic e lements consis t of: II, the layers with a domina-
ting slip a t desorption and I, layers with a pronounced slip a t adsorption. 

i l p n f) 
A | I 
i l 
P t P2 initial loading of element I and II: P = P + P 
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I 

p A 
Pm2 | 
P m i l 

Psi 

II 

i 
f 
f 

Pm 
Pmi 
P 

s 

The mechano-sorpt ive forces can be divided in a pa r t that el iminates the 
differential shrinking and a part that in te rac ts with the loading as done 
in [3D. In an unloaded dummy only the first pa r t is working. 
For an initial wet unloaded specimen, the f i rs t drying cycle will give the 
following forces: 

slip due to desorption in II. 
recovery of slip in I. 
force due to differential shrinking of I. 

The differential shrinking: S , will cause the shrinking force: P 
° sh D s 

The strain: 8 of element I will be the same of element II. So: 
L 8 = - 8 . + P / K - S i 

sh s *l <x 1 M M _ 
II: 8 = - P / K , - 8a ] P s l Kt ^ ) %h 

where 8 is the free shrinking of the specimen. 
In II there will be a slip: 8 at drying in the direction of the compress ive 
force P and the mechano-sorptive force P will be against this force. 
In I there will be recovery of extentional slip: - S„. and a force P „ , in 

J mi mi 
the direction of the tensile force P . So: 

'S - S* " P
m/S + Pm2 - Sm2 i" {™ m l A K ! V = 

= 8 - 8 . tra mi 
It is possible tha t the mechano-sorptive forces eliminate the shrinking 
forces if drying is slow enough for interaction. Then: P + P__, - P „= 0 ° ° s mi m2 

L S = " S s h ' 
[l 8 = - Sm2 

mi 
- 8 

a 

S 1 

* 
-> 8 = 8 - 8 , mi m2 sh 

and 8_ is limited by the amount: S ,. mi sn 
For a loaded specimen the mechano-sorptive force can be divided in the 
part tha t occurs in the dummy and the par t tha t in terac ts with the ex t e r -
nal forces. In the following the correc ted s t ra ins , by subt rac t ion of the 
dummy values, will be regarded. This will be compared with the measured 
values of [4 ] for compression that has the s t r o n g e s t mechano-sorpt ive 
mechanism with plastic deformations. The following scheme is for drying 
at compression. 
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I II 
P I I P initial values 
P~ I f P~ sortive bond breaking causing slip: - S in II, and 

m v I m ° o r m2 ' 
a resu l tan t flow 8 f in element II. P = P + P 

r m mi m2 
P', | I P' Total forces: P' = P , the flow s t r e s s of e lement l 

1 V V 2 1 UI 
and: P„ = P - P . So: P = P - P . 

2 ui m ui ï 
The initial deformation by the external loading: P = P + P is: 

b 1 2 
So = V S = P2 / K2 = iTT 

P 

As can be seen in fig. 7.2, P will cause a deformation of: 48 . So: 
° m o 

P - P 
1 -4 so =" " " n ^ - - sf 

p - p 
IL - 4 S = -ÜJ- jH- " S 

o K na 
The loading level is about 40 %. So P u / ^ = P

u2
/Ki = P

u
/ ( K i + K2 ) * 

w 2.58o . So: 
I: - 2.SS0 + 8Q - Sf = - 48Q -> 8 f = 2.58o (7.4S) 

IL (K/K)(2.SS„ - 8 ) - 8 „ = - 48„ -> 8 „ = 4 8 + 1.58„(K/K) (7.46) 1 2 o o m 2 o m2 o O I Ï 
On rewet t ing the specimen, after the first drying cycle, P changes of 
sign and the forces will be: 

i n 
P u i i I P _ P u i i n i t i a l v a l u e s 

P_ f I P_ elastic forces by slip and flow 
m I v m J r 

P't | | F2 Total forces: P^ = P m - P m (= P m for low loading 
giving flow back of I). 

P ' 2
= p - P u i + P m ( = P u 2 f o r h i 8 h l o a " 

ding giving flow of II). 
For low loading, element I may flow back and the s t ra in a t the end of 
the cycles show little or no change a s mentioned in [4 ] for compression 
a t the loading level of 24%. For higher loadings P' may reach P . Then 
the re is an increase in flow and slip in each cycle and the maximum de
formation will not tend to a limiting value but increases until f racture . 
This is a lso known from measurements for instance in [5 ] for bending. 
Fig. 7.3 s u g g e s t tha t P'2 may just have reached P and the increase of 
deformation after each cycle is determined by the c reep par t for cons tan t 
to . It may be a s sumed tha t there is one limit for flow forwards and back-e 
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ards and also P' just reaches P . Then: 
P' = P and: P = P - P,,, and because: P f» 0.4P = 0.4(P + P ), is: 

1 UI U2 UI U UI U2 
' • 4 P U 1 = ° - 6 P U 2 ' ^ P U 1 = 0 3 P U a " d P U 2 = 0 7 P U -

and because the st iffness is proportional to the potential energy of the 
bonds it is to be expected that: 

Kt = 0.3K,. and K̂  = 0.7K,. (7.47) 
where ^ = K^ K^. 

According t o e q . ( 7 . 4 6 ) is: §m 2 = 4Sfl + l.SS^K^K,) = S0<4 + 1.5-0.3/0.7) « 
» 4-7S0. 
The recovery of slip a t rewetting is about 2.SS drifting to 2.7S (see 
fig. 7.2). Taking 2.6S0, the s t ra ins are with P m = 2 P u l or with P m / I^ = 

= 2 P u / K i = 5 V 
P 

L - p " - 8 . ^ 2 . 6 8 = 5S - 8 , - > S * 2 .48 ( 7 . 4 8 ) 
K ml o o m l mi o 

IL - ^ + 8 fa 2 .68 = - -rr-58 + 8 = £ 4 - 5 8 + 8 - > rC m2 o K o m2 0.7 o m2 

8 « 4,78 . (7.49) 
m2 o 

It is s een that 8 is the same for dryine as for rewetting. The differen-m2 ' & 6 

ce 8 „ - 8„ , «s 2.3S„ is equal to the par t 8 „ for the dummy t h a t is used m2 mi o ^ r m2 
with opposed sign to eliminate the differential shrinking. So 8 , is smaller 
than or equal to 2.3S . 
An analogous scheme for an initial dry specimen on first wetting is given 
below. 

I II 
P. I | P. initial values. 

I V V 2 
P _ f I P_ elastic forces by internal slip and flow. 

m | v m J r 

PI t I P' Total forces: P' = P „ causing flow of element II. 
1 | V 2 2 U2 & 

P' = P - P. 
1 U2 

The change of the force is: P = P - P . 
The measured change of s train is 1.58 and if 8 is the resu l tan t slip and 
flow, this s train is: 

P - P 
L L58„ = m

v
 2 - 8 . o K mi 

This leads to: 

IL 1.58. = m
v
 2 + 8 
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IL <-2.S + « 8 ^ 8 ^ = l.S8o -> 8TO = 380 (7.S0) 
L (Ka/iq)-(2.S - 1)80 - 8 m l = 1.5So -> 8 | m = 2S0 (7.S1) 

These values of 8 show tha t there is flow in both elements as also can 
be expected from the foregoing for this case of loading to the flow limit. 
S o also P' reaches P As a control, the equations a re then: 

P + P 
Il 1.SS„ = U1

V
 1 + 8 

o K mz 
P . + P 

I: 1.5S„ = -^7 - 8 , 

o K ml 

or: 1.5So = SQ(2.5 + 1)80(0.3/0,7) + 8 ^ -> 8 ^ = 3SQ (7.52) 
1 S 8 o = 3-5 8o " 8mi ~> 8ml = 28o ( 7 ' S 3 ) 

as to be expected. 
For redrying the specimen, after the first wetting cycle, the forces will be: 

I II 
P - P,,„ I I P,,„ initial values. 

U2 </ ^ 1 4 2 
P I f1 P elastic forces by internal slip and flow. 

F , I I P'„ Total forces: P' = P and becausee: P' = P - P = 
1 V V 2 1 UI 1 U2 

= - P , is P = 2P = 1.5P. ui' m ui 
The measured change of s t ra in is 2,78 , so with K = 0,3K and K = 0.7 K 
the s t ra ins are: 

1 - -ïf + 8
m l = - O 8 o + 8mi = - 2-7 8o ~> 8m1= 2-3 8o ( 7 ' S 4 ) 

11 Tf-8m2= O W - ^ o - ' »I«=4-8V (7-55) 

The difference 8 - 8 ^ 2.58 is equal to 8 „ o f the dummy. Because 
the change of the strain of the dummy is also about 2.58 is P of the & J o mi 
dummy about ze ro and also 8 and 8 will be zero. So the free swelling 

mi <x ° 
and shrinking 8 can be neglected and de differential shrinking or swelling 
will be about: 8 , <a 2.58 in this case . 

For tension the change of the strains is small and it is unlikely tha t flow 
occurs . The change of the s t rains can be analized with eq.(7.39) or eq. 
(7.42). A first a t tempt shows that it has to be assumed that the shrin
king s t r e s s e s are not eliminated by the mechano- sorptive mechanism. 
For bending the situation is complex because every layer has another plas
tic and elast ic deformation and the t e s t s , and a first analysis, show that 
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the leverarm between compress ion and tension will be strongly reduced 
by the different behaviour of the compression zone and the tension zone 
on moisture cycling. 
It can be concluded tha t it is for the f irst time possible to descr ibe the 
mechano-sorpt ive effect. The model predicts that for large dimensions 
of the t e s t specimens, when a = 23D/d is sufficiënt small there will be 
only a small force exchange between the layers and the sorption effect 
is of no importance. 
Other publications on the subjects of chapter 6 and 7 can be found in 
[ 6 ] to [11]. 
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8. EXPERIMENTAL RESEARCH 

8.1 Scope of the experimental program 

The aim of the test ing was to verify the model and to get a f i rs t e s t imate 
of the order of the pa ramete r s and the dependence on t empe ra tu r e and 
moisture content. Because of the very small viscoelastic deformations, a t 
constant ra te t e s t s , a precise determination has to wait until very accu
rate tes t ing machines are available. The loading machine showed an oscil-
lating behaviour, probably due to dis turbances of the electrici ty network, 
that has an influence on the s c a t t e r of the data, especially a t low loading. 
There was, however no noticeble drift of the machine. Because of the 
goal to measure the mean overall behaviour, this was accep ted and for 
that reason, also no correct ions of the data were made for t empera tu re 
differences around the mean tempera ture and dummy movements due to 
moisture differences. Because data are available for perfec t cons tan t 
humidity conditions, it was decided to use periodical relative air humidity 
conditions. 

The theoret ical derivation of the model leads to a parallel sys tem of Max
well elements with the general s t ra in ra te equation (of element i): 

k = 4 * (Ai + B.s.)sinh(o.cp.(l - Cs.)) (5.1.1) 
ï^. J i l *• ï i i l ' 

where o. is the s t r e s s on the Maxwell element i, s. is the s t ra in of the 
nonlinear dashpot and K. is the spring stiffness. A., E, C. and <p. a re con
s tants . 
The p roces s , that is determining a t the s t a r t of the c reep t e s t , showes 
no delay time and thus E-6. is neglectable in comparison with A, in 
eq.(5.1.1) and also Cs. will have a neglectable influence on the f i r s t c r eep 
stage. Because the relaxation times of the different p r o c e s s e s a re far 
apart from each o thers , only one process has to be regarded. So the 
first es t imate of the pa ramete r s can be based on: 

o. 
0 = -j? + AsinMö <p ) (8.1) 

Jv 1 1 1 

for a relaxation t e s t , and: 

o, 
0 = -p + AsinMö.cp ), (8.2) 
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with K = K ^ / d C ^ K2), for the c reep t e s t . 
The solution of eq. (8.2) for the early par t of the total c reep p rocess is: 

j KKA.pt 
F0 = *+ ^ H 1 + ïTZ+TQ^K^)- (8-3) 

This equation has the form: 

Y= 1 + C l n ( l + t /T) (8.4) 

Where t = time in seconds and T is a "delay" time in seconds. 
The est imation of the pa rame te r s C and T was done with a r eg ress ion 
procedure with a computer. 

8.2 Tes t program 

It was planned to do c reep and relaxation t e s t s . However the p a r a m e t e r s 
of both types of t e s t s appeared to differ not much. So only relaxation 
t e s t s were done in tension to show the conformity with the c r e e p t e s t s . 
For comparison c reep t e s t s were done in compression, tension and shear, 
along the grain and perpendicular to the grain. According to table 8.1, 
5x2x3 specimens are t e s ted in c reep mostly a t 2 tempera tures depen-

Table 8.1 Overview of t e s t -numbers 

tes t - type 

1 compr. II 
2 compr. 1 
3 tens. || 
4 tens. 1 
5 shear 

humidi ty 

1 457. 
2 85% 

load- type 

1 re lax 
2 c reep 

t e m p e r a t 

1 - 2 5 deg. 
2 + 5 
3 +25 
4 +50 
5 +70 

spec.nr. 

1 to 3 

example: t e s t - code 32241 is: tension ||; wet; c reep tes t ; 50 ° C; speci
men nr. t. 

ding on the moisture content. Two series of t e s t specimens were used, 
cut close behind each other from one board. One ser ies was conditioned 
a t about 45% relative air humidity, and the other a t 85%. 
The t e s t s were done on Spruce and the dimensions of the specimens a re 
given below. 

http://KKA.pt


119 

100 

310 

30 

' ' I 
°t I _ 

100 

-\ 

hard T 
wood [ƒ 

- -rV tension / / - f 4 -
I « I I 

U°J 50 Ufil 

^ 
r*-
ï= 

CO 
D 

r ( J 

1 
Usj 

25 , 

K 

t_ 

compression 1 

tension 1 

170 

38 
58 

compression / / 

""3TT 

58 w 

32 28 

D 
sjin1 

shear 

Fig. 8.1 Dimensions of the t e s t - spec imens 

The loading sequence of the t e s t s (see fig. 8.2) was: 
The specimen is loaded at a cons tant s t ra in r a t e to a s t r e s s level of 
about 70% of the shor t term strength, foliowed by a c reep t e s t during 
about 1 to 3 hours, depending on the deformation. Then the load is de-
creased to the level of zero creep, what is found by a searching p roce 
dure, and maintained a t this level during approximately 1 hour. At this 
level the "dashpot" of the 3-e lement model is unioaded and c reep may 
not occur. Then, after unioading the recovery is measured . The times of 
each sequence depends on the amount of creep. With this loading cycle 
it is in principle possible to determine the cons tants of a three e lement 
model. To maintain the different t empera tures and moisture con ten t s , 
climate boxes were used around the t e s t - spec imens . Before the loading, 
the three specimens of each tes t - type , were conditioned in the climate 
boxes until the movement of the specimen due to the moisture exchange 
was small. Then the t e s t was done on one specimen, while the other two 
served a s dummy to detect weight differences due to change of moisture 
content. If the temperature was raised, higher relative humidity was some-
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times neces sa ry to s top the movement of the dummy due to water ex-
change. The weight and the dimensions of the tes t - spec imen was con-
troled, just before and after the tes t . To study the influence of moisture 
content, mainly t e s t s were done above 0 °C. 

relaxation 

fig. 8.2 Sceme of the searching procedure for zero relaxation 

The measurements were taken with a data logger and stored on files. An 
example of loading sequences of a relaxation t e s t is given in fig. 8.3. 
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8.3 Loading sequences of the relaxation t e s t 
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An example of the regress ion for relaxation and for c reep in tension 
along the grain, done on the same specimen, is given in fig. 8.4 

o/o PR 31130 

2000 4000 6000 8000 10000 sec 

s / s , PR 31230 

1.03 

1.02 

1.01 -

1.00 
0 3000 6000 9000 12000 15000 18000 sec 

fig. 8.4 Regression of relaxation and creep on one specimen 
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An example of c r eep in shear is given in fig. 8.5, together with a plot 
on logarithmic time scale. Probably there is a s t a r t of a second process 
at the end. 

PR 5 2232 

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 sec 

E / E , PR 52232 

fig. 8.5 Creep t e s t in shear 
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8.3 R e s u l t s of t he p a r a m e t e r e s t i m a t i o n 

In g e n e r a l , t he s t r e s s - s t r a i n load ing line w a s only faintly c u r v e d a n d n e a r -

ly s t r a i g h t , i n d i c a t i n g a c o n s t a n t value of C for l o a d i n g and a g r a d u a l 

i n c r e a s e of v i s c o e l a s t i c s t r a i n . The f i r s t un load ing to t h e level of z e r o 

c r e e p , shovved a p e r f e c t l y s t r a i g h t line, s o no r e c o v e r y of v i s c o e l a s t i c 

s t r a i n . The s e c o n d un load ing line w a s c u r v e d a n d and s h o w e d r e c o v e r y . 

B e c a u s e of t h e smal l v i s c o e l a s t i c e f f e c t s a n d t h e s c a t t e r , c u r v e f i t t ing 

of t he loading and un load ing t e s t s is i n a c c u r a t e . When t h e s e l i n e s a r e 

a p p r o x i m a t e d by l inear l ines , t h e g e n e r a l t e n d e n c y is t h a t the m e a n s t i f f 

n e s s of t h e f i r s t un load ing line is t h e h i g h e s t , a n d the m e a n s t i f f n e s s of 

the loading line is m o s t l y the l o w e s t . In fig. 8 .6 a n d 8 .7 , the l o a d i n g a n d 

unloading l ines a r e g iven of a c o m p r e s s i o n t e s t , w h e r e t h e d i f f e r e n c e s of 

the s t i f f n e s s e s a r e p r o n o u n c e d . 

kN PR 122 3 1 

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 m m 

fig. 8 .6 F i r s t loading of a c o m p r e s s i o n t e s t 

The e s t i m a t i o n of t he c o m p o u n d p a r a m e t e r s of t he r e l a x a t i o n t e s t s a n d 

c r e e p t e s t s , a c c o r d i n g to eq. ( 8 . 4 ) , a r e given in Cl] t o CS]. 

For s o m e t e s t s t he level of z e r o c r e e p or r e l a x a t i o n w a s m a i n t a i n e d for 

long t i m e s in o r d e r t o c o n t r o l the c o n s t a n c y of t h e pa r a l l e l " s p r i n g c o n 

s t a n t " . In one t e s t in t e n s i o n ( s e r i e s 3 ) , for i n s t a n c e , t h i s level r e m a i n e d 

c o n s t a n t d u r i n g the t e s t t ime of 20 h o u r s , d e s p i t e t he c h a n g i n g r e l a t i v e 

humidity (+and - 15% a r o u n d equ i l ib r ium level) . 
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kN 
2.0 

1.8 

1.6 

1.4 • 

1.2 

PR 12231 

1.0 

s t i f f ness 

E = '1.26-10** N / m m ' 

0.03 0.04 

kN 
1.0 

PR 12231 

s t i f f ness 

E = 1.0 • 104 N / m m 2 

0,000 0.010 O.OU 0.018 0.022 0.026 rnm 

fig. 8 .7 F i r s t a n d s e c o n d un ioad ing s e q u e n c e s of a c o m p r e s s i o n t e s t 
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8.3.1 Model -parameters for shear 

An overview of the pa rame te r s C and T of eq. (8.4) for shear is given in 
table 8.2. The pa ramete r T of the c reep equation, that is a measure of 
the delay time, is the resul t of a multiplication of a very large value by 
a very small value and determination of these p a r a m e t e r s , containing the 
relaxation time, will be very inaccurate . A be t t e r determination of the 
relaxation time, by increasing the c reep time, appeared to be not pos -

Table 8.2 Results of the shear t e s t s along the grain 

Test nr. 

52231 
2 
3 

52251 
2 
3 

51231 
2 
3 

51251 
2 
3 

Force 
kN 

1.6 
1.6 
1.6 

.8 

.8 

.8 

2.0 
2.0 
2.0 

1.0 
1.0 
1.0 

R H 

.64 

.74 

.87 

.88 

.85 

.88 

.58 

.63 

.45 

.27 

.29 

.28 

Temp. 
deg.C 

29 
31 
30 

51 
50 
49 

27 
28 
27 

74 
74 
75 

C 
mean 

.015 

.021 

.027 

.050 

.028 

.039 

.013 

.016 

.021 

.14 

.10 
.064 

95%confid 

.014/.017 
.020/.023 
.025/.030 

.047/.054 

.024/.032 

.036/.042 

.011/.014 

.015/.017 
.020/.023 

.13/. 15 

.10/. 11 
.06/.07 

T 
mean 

20 
22 
19 

125 
79 
47 

12 
13 
21 

249 
292 
131 

95%confid 

12/27 
16/29 
9/28 

97/153 
41/117 
32/61 

5/19 
10/15 
13/28 

204/293 
228/355 
102/160 

sible because of the s t a r t of a second mechanism after longer t imes. 
The value of T can be highly dependent on the initial flow unit density or 
initial plastic s t ra in and the variation shows that this is a random proper-
ty for wood. A long delay time indicates a low initial flow unit density 
and the p rocess ref lects probably a s t ruc tu ra l change with an increase 
of flow unit density. The automatic control of the air humidity could show 
rather g r e a t oscillation around the mean value, depending on the t empe-
ra ture and the humidity. To maintain a sufficiënt low humidity cycle, hand 
steering appeared to be necessary . 
The value T/C is: 
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l-YAh-^-^o^-m-^ (8S) 

where a is given below eq. (5.2.7) and c is a cons tan t for loading to the 
c reep level a t cons tan t s t ra in r a t e (3-10 sec ). It appears that the 
mean value of T /C is about 1.0 10 -3 for ser ies 5 2 2 3 1 / 3 and 51231/3 
and about 2.2 10 for se r i e s 52251 /3 and 51251/3, in accordance with 
the two times slower r a t e tha t was chosen for these se r ies . So oc is not 
dependent on the moisture content and t empera tu re and the main influen-
ce on the variability of T is due to to the variability of C. The parameter 
C is the slope of the strain-log(t ime) plot. Every specimen has another 
value of C as can be seen in the ser ies , where the s t r e s s and the clima-
tic conditions are the same in the t e s t s but the values are outer each 
confidence intervals. This indicates different s t r uc tu r e s and loading histo
ries of the fibres during lifetime in the t ree and in the drying p rocess . 
The value of C ranges from 0.013 to 0.04 for resp. high and low s t r e s s e s 
for not too high oscillations of air humidity. For higher R.H.-oscillations 
and high t empera tu re s there appeared to occur a transition of <p giving 
a much higher value of C. This was controlled in ser ies 51251/3 where 
the specimens were conditioned a t 50% R.H. and t e s ted a t 28% RH, c a u s -
ing a d e c r e a s e in moisture content during the tes t . So moisture movement 
is the major influence on cp and the model has to be adapted for this 
phenomenon. 
For the se r ies with small cycling humidity conditions the product of the 
force with C appeared to be constant . The mean values of the ser ies 
5 2 2 3 1 / 3 , 5 2 2 5 1 / 3 and 51231/3 are 0 .03 . This shows that C is s t r e s s 
dependent or tha t 9 is cons tant , independent on tempera ture and moisture 
content. 

8.3.2 Model -parameters for tension in tangential direction 

An overview of the p a r a m e t e r s C and T of eq. (8.4) for this ca se is gi
ven in table 8 .3 . The p a r a m e t e r s are comparable with those of the shear 
t e s t s when relative humidity fluctuations are kept small (see 41231/3) . 
Tes t nr. 42231 showed some shrinkage although there was some increase 
in moisture conten t of the specimen during the tes t . Specimen 42232 
showed some permanent lengthening, although the moisture content de-
c reased and specimen 42233 showed almost complete recovery a t a con-
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s tan t moisture content. Pa ramete r C of 42232 and 42233 was however 
the same. 
To investigate the behaviour of the determining mechanism for changing 
humidity, higher humidity cycles (+10% to -10%) were used in the other 
ser ies 4 2 2 3 / 5 . The mean values of C in the ser ies 412S (0.34) and 4224 
(0.31), sugges t not much influence of moisture content and t empe ra tu r e . 
The lower value of ser ies 4 2 2 3 is probably due to smaller relat ive humi
dity changes. It appears tha t also for this mechanism C d e c r e a s e s on the 
increase of s t r e s s . The product of the force times C (about 0 .055) has 
also not much variation. So it is possible that <p is approximate cons t an t 
independent of the s t r e s s . The deviations occur near the t ransi t ion tem-
peratures i.e. about 50 °C for wet wood, and about 70 ° C for dryer 
wood. The mean values of T /C of the ser ies show no tendency and can 
probably regarded to be cons tan t independent on t empera tu re and moist
ure content. The g rea t variability shows a major influence of the s t r u c -
ture and previous history. 

8.3.3 Model-parameters for compression in radial direction 

An overview of the pa ramete r s C and T of eq. (8.4) for compress ion per -
pendicular to the grain is given in table 8.4. Also for this c a s e is C in 
the range of 0.016 to 0.034 for high s t r e s s e s at low humidity cycles. For 
larger cycles is the mean value of C of the ser ies about cons tan t C = 0.16 
except near the transition t empera tu re (series 22241 /2 ) . So there is not 
much influence of moisture content and tempera ture . Tes t nr. 22243 
showed some swelling but hardly any increase in moisture content (less 
than 0.2%). All other specimens showed shrinkage a t moisture content 
dec reases between 0 and 1%. 

Except near the transition t empera tu re (22241/3) , the mean value of T /C 
can likewise be regarded as a cons tan t with r e spec t to t empera tu re , hu
midity and s t r e s s . 
The tendency of cons tant C and T/C, (at sufficiently low t e m p e r a t u r e s 
below the transition tempera tures) a t high cycling humidity is thus the 
same for shear , tension perpendicular to the grain and compression per-
pendicullar to the grain. This mechanism could appear in these c a s e s be -
cause of the shor t grain length in the specimens. In the c a s e of tension 
and compression along the grain, the period of the cycles is too shor t to 
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Table 8.3 Results of the tension tests perpendicular to the grain 

Test nr. 

41231 
1 
2 
3 
3 

41251 
2 
3 

42231 
2 
3 

Force 
kN 

.40 
first 

shr 
.40 
first 

.19 
.20 
.20 

domirc 
.30 
.28 

42241 high .20 
llow .15 

R H 

.46 
creep 
nkage 

.47 
creep 

.46 

.43 

.46 

ting si 
.80 
.75 

.99 

.97 

Temp. 
deg.C 

26 
range 

27 
range 

68 
69 
68 

ïrinkage 
24 
26 

49 
48 

2 /3 warped, full plastic b 

C 
raean 

.013 

.018 

.009 
.015 

.33 

.43 

.26 

(small 
.15 
.IS 

.36 

.26 
ehavioui 

95%confïd 

.011/.015 

.016/.020 

.00S/.013 

.006/. 19 

.26/.40 

.2V.65 
• 18/.34 

negative cr« 
.10/. 20 
.06/.25 

.21/.50 

.20/.32 
■ in constant 

T 
mean 

10 
26 

15 
28 

821 
6 0 0 
122 

;ep) 
2 0 9 
S72 

112 
3 5 8 

strain 

95°/confïd 

3/18 
17/35 

-17/48 
-10/66 

475/1168 
-14/1215 

4/241 

31/386 
-127/1269 

47/177 
212/503 

rate test 

Table 8.4 Results of the compression tests perpendicular to the grain 

Test nr. 

21231 
1 
2 
3 

21251 
2 
3 

22231 
2 
3 

22241 
2 
3 

Force 
kN 

.67 
first 

.66 

.66 

.30 

.30 

.30 

.51 

.50 

.51 

.25 

.25 
swel 

R H 

.47 
creep 

.44 

.51 

.48 

.49 

.51 

.77 

.78 

.75 

.85 

.82 
ing do 

Temp. 
deg.C 

34 
range 

33 
33 

63 
62 
62 

24 
26 
25 

48 
48 

minates 

C 
mean 

.016 

.034 

.064 
.26 

.12 

.23 
.15 

.16 

.13 

.20 

.14 

.56 
creep 

95%confid 

.008/.024 

.015/.054 

.054/.074 
.25/.28 

-.01/.26 
.20/.26 
.11/. 19 

.12/.21 
.09/ . 16 
.16/.24 

.07/.21 

.50/.62 

T 
mean 

1 
10 
60 
49 

821 
230 
282 

307 
469 
299 

51 
569 

95%confid . 

-3 /5 
-7/28 
29/91 
42/56 

475/1168 
152/308 
93/472 

96/518 
197/741 
144/457 

-37/140 
437/701 
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change the overall moisture content in the specimen. 

8.3.4 Model-parameters for compression in grain direction 

An overview of the pa rame te r s C and T of eq. (8.4) for compression along 
the grain is given in table 8.5. 

Table 8.5 Results of the compression t e s t s in grain direction 

Test nr. 

11231 
2 
3 

11251 
2 
3 

12231 
2 
3 

12241 
2 
3 

Force 
kN 

2.49 

R H 

.47 

Temp. 
deg.C 

26 
swelling in stead of 
shrinkage, no creep 

1.25 
1.26 
1.32 

1.93 

.33 

.37 

.32 

.77 

70 
69 
72 

29 
shrinkage, no creep 
swelling, no creep 

1.0 
1.0 
1.0 

.84 

.83 

.83 

48 
48 
47 

C 
mean 

(.01) 
creep 
(.01) 

.058 

.032 

.018 

.027 

.041 

.054 

.056 

9S7.confld 

.04/.08 
- .01 / . 07 
-.05/.04 

.02/.04 

.03/.05 
-.14/.25 
.03/.08 

T 
mean 

(300) 

175 
300 

22 

558 

89 
1212 
571 

95%confid 

15/335 
-632/1232 
-100/1443 

94/1021 

7/172 
-5113/7537 

100/1042 

The s t ra in data showed a g rea t variability, especially a t high loading, be
cause the s t ra in in the outer layers of the specimen tends to follow hu-
midity and tempera tu re changes in an irregular way. Because of the inter-
mitted scans of the strain, the curve through these scans is not reliable 
for high cycling. Probably, this is due to an influence of the mechano-
sorptive effect, causing also shrinking and swelling effects . Because of 
this, only the more reliable data are given in the table. The values of C 
are in the range of 0,01 to 0.05 for resp. high and low s t r e s s e s as found 
for the other loading types given before. Also the tendency of an approxi-
mate cons tant value of the product: C times the s t r e s s , is clear. The 
value of T/C is very irregular because the regression procedure tends to 
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s t ra ighten the curve through the irregular measurements . 

8.3.S Model-parameters for tension in grain direction 

An overview of the pa rame te r s C and T of eq. (8.4) for tension along the 
grain is given in table 8.6. 

Table 8.6 Results of the tension t e s t s in grain direction 

Test nr. 

relaxat 
31130 

31111 
31121 
31131 

31112 
31122 

31123 
31133 

strain 
x 10"3 

ion t e s t 
2.44 

3.04 
3.62 
3.68 

2.95 

R H 

S: 

63 

41 
44 
47 

48 
Specimen is 

3.78 
3.00 

c r eep t e s t s : 

46 
50 

S t r e s s : N / m m 
31233 | 52.3 I 47 
tempera ture correctie 

31230 1 62.8 I 66 
tempera ture correctie 

Temp. 
deg.C 

20 

- 8 
- 2 

22 

- 1 0 
broken 

7 
27 

27 
>n 

19 
>n 

C 
mean 

.013 

.019 

.011 

.011 

.0085 
a t flrst 

.014 

.016 

.013 

.020 

.016 

.017 

95%confid 

.012/.015 

.015 / .023 

.010/.013 

.009 / .012 

. 0 0 8 / . 0 0 9 
loading 

.012/.016 

.016/.017 

.009/ .016 

.015/ .026 

.014/.018 

.014/.019 

T 
mean 

771 

48 
78 
93 

70 

96 
31 

379 
1698 

1864 
3102 

95%confid 

- 5 5 3 / 9 8 9 

390/1107 
8 3 / 2 7 3 
8 4 / 3 0 3 

5 0 / 9 0 

- 573 /1220 
2 5 / 3 6 

10/748 
761/2636 

1407/2320 
2 2 6 7 / 3 9 3 7 

Because of the similarity of the cons tan ts so far and the independency 
of the pa rame te r s of the moisture content, only t e s t s a t one moisture 
content were done for tension and to verify the independency on t empera 
ture at low tempera tures , measurements were taken a t lower values of 
the temperature . 
The t e s t s were done in relaxation, and for comparison some t e s t s in 
c r e e p were done on the same specimens as well (specimen 31130 is the 
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same as specimen 31230, and specimen 31133 is the same as 31233). 
For specimen 0, first the relaxation t e s t was done and for specimen 3, 
first the c reep tes t . After each type of test , there was a recovery period. 
The s t ra in of the c r eep t e s t of specimen 3, was waved by the following 
of the humidity and tempera ture cycles, and t empera tu re cor rec t ion of 
the data had a s t rong influence. The influence of this correc t ion on the 
relaxation t e s t s was neglectable. 
The ra t io of the pa ramete r s C for c reep and for relaxation of t h e s e t e s t s : 

<pö/<ps K <* (K + K. )/K = 0.016/0.013 to 0 .020 /0 .016 = 
T 0 T 0 2 1 2 2 

= 1.23 to 1.25, 
sugges ts a rat io of spring st i ffnesses in the model of K / K = 0.24, or: 
K/d t j+K, , ) * 0.2, as used before. 
The value of the parameter C is in the range of 0.01 to 0.02 for high 
s t r e s s e s as is also found for the other loading c a s e s . The mean values 
of the se r ies show no influence of temperature on C. It is str iking tha t 
different mechanisms may ac t in a specimen at the same situation. For 
instance t e s t s 31121 and 31131 show the same value of C and T a t diffe
rent t empera tures . However, 31111 shows that on f irst loading of this 
specimen nr. 1, there is another mechanism acting, giving a quite diffe
rent value of C and of T. The same occurs by the mechano-sorpt ive ef
fect and probably there is some influence. 

8.4 Conclusions 

- Because data are available for perfectly cons tan t moisture conditions 
and because changes in moisture content may have a grea t influence on 
the p a r a m e t e r s of the overall p rocess , the t e s t s were done by cycling 
relative air humidity conditions, as will be encountered in pract ice, to see 
this influence on the different p rocesses . 
- The c r e e p behaviour is well described by the kinetic theory, showing 
one dominating process in the first hours. As theoretically derived, the 
term B.£. in eq. (5.1.1) will behave as B.6., (s. is the mean value of £.) in 
a c r e e p process and any change of A. + B.S. is not detectable; thus this 
term can be regarded as a constant . Es . is only determinable at flow 
for the s t rength determining process (when all parallel e lements flow) 
in the ultimate s tage when ö./K. in eq. (5.1.1) is zero. The s a m e applies 
for the term CE. wich will only be noticeable as hardening t e rm at flow 
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in the ultimate s tage . For c r eep p rocesses , the change of ö. with Ê. do-
minates far above the change of GE. and it will not be possible to measure 
this change and the te rm will mathematically behave like a constant : Cs. 
(or can be neglected). 
S o it is seen tha t for c r eep p rocesses eq. (8.2) applies and although A 
and ep in this equation ac t mathematically as cons tan t s , they can be ex-
pec ted to be random because of the random values of the initial plastic 
or viscoelastic s t ra ins £., depending on the loading and tempera ture his-
tory during the lifetime and the drying p rocess . Further it is possible that 
eq. (8.2) r e p r e s e n t s the mean behaviour of all p rocesses with comparable 
re ta rda t ion times. In order to distinguish for instance, between the pro
c e s s e s of diffusion and creep, it is necessary to have some orders dif-
ference in relaxation times of these p rocesses . This is possible by using 
thin specimens. However, as shown before, the mechano-sorptive effect 
is quite different then. 

- It appears that the th ree-e lement model holds and that the parallel 
spring is cons tan t during the test ing time. The re tardat ion time for c reep 
of the Maxwell-element is very long with r e spec t to the testing time of 
th ree hours, and the behaviour can be described by the logarithmic law: 

f- = l + C-lnO + t/T) RJ 1 + Cln(t/T) (8.6) 
o 

represent ing the theoret ical equation for the early part of the total c reep 
with the approximation for longer times af ter the s t a r t of the creep. The 
breakdown of this logarithmic law [6 ] is predicted by the theory. This law 
only applies in the f irst c reep s tage (and t >> T). The same equation holds 
for relaxation: 

- = 1 - C l n d + t /T) * 1 - Cln( t /T) (8.7) o o 

Because C f» C', and T *» T' and C l n ( t / T ) << 1, the product of eq. (8.6) 
and eq. (8.7) is: 

■S-5 * 1. (8.8) 
Vo 

This is not a prove of linearity of the viscoelastic behaviour as assumed 
in [ 6 ] , but an indication tha t the spring constant : K << K in the three 
element model. i 

- The values of the pa ramete r s are comparable, independent of the type 
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of loading and loading direction. 
- Oscillating relative air humidity a t a relative high frequency appeared 
to have influence on the parameter C for the shor t grains of the spec i 
mens for shear and tension and compression perpendicular t o the grain. 
- The paramete r T of the c reep equation, wich is a measure of the delay 
time, is the resul t of a multiplication of a very large value by a very small 
value and determination of these values, containing the re ta rda t ion time, 
will be very inaccurate . A be t te r determination of the re ta rda t ion time, 
by increasing the c r e e p time, appeared to be not possible because of the 
s ta r t of a second mechanism after longer times. The value of T can be 
highly dependent on the initial dislocation density or initial plast ic s t ra in 
and the varia tion shows that this is a random property for wood. A long 
delay time indicates a low initial flow unit density and the p rocess ref lects 
probably a s t ruc tu ra l change with an increase of flow unit density. 

It appears tha t the mean value of T /C is about cons tant , but has a higher 
value near the transit ion t empera tu res . So a is not dependent on the 
moisture content of the wood and can be dependent on t empera tu re in 
the neighbourhood of the transit ion regions and the main influence on the 
variability of T is due to to the variability of C. 

- The parameter C is the slope of the strain-log(t ime) plot. Every spec i 
men has another value of C. This indicates differences in s t r u c t u r e and 
loading history of the fibres during lifetime in the t r ee and a t drying. 
At low cycling humidity conditions, the value of C is about 0.02 to 0.04 
for r e sp . high and low s t r e s s e s and the product of the force ( s t r e s s ) 
with C appeared to be approximately constant. This shows tha t C is s t r e s s 
dependent or that 9 is constant , independent on tempera ture , s t r e s s and 
moisture content. This constancy is probably due to the dominating influ
ence of the mechno-sorptive mechanism on the c r eep as d i scussed be -
low eq. (7.20). The ratio of the parameters C for c r eep and for relaxation 
sugges t a ra t io of spring stiffnesses in the model of approximately 0 .24. 
This means that the lowest spring cons tant is l /S of the to ta l s t i f fness 
according to the model of fig. 2.3 of not fully bonded cellulose chains. 
For higher R.H.-oscillations and high t empera tu res there appeared to oc -
cur a transit ion of <p giving a much higher value of C (at c o n s t a n t T/C, 
containing not the value <p). So moisture movement is the major influence 
on 9 and any model has to account for this phenomenon. The mean va
lues of this high C (C = 0.16) sugges t not much influence of moisture 
content and tempera ture . Near the transition t empe ra tu r e s , i.e. about 
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50 °C for wet wood, and about 70 °C for dryer wood, is C twice this 
value. The mean values of T /C of the se r i es show no tendency and can 
probably regarded to be cons tant independent on tempera ture and moistu-
re content . The grea t variability shows a major influence of the differen-
ces of the s t ruc tu re and the previous history. 
The tendency of cons tant C and T/C, (at suficient low tempera tu res be-
low the transi t ion tempera tures) for the mechanism for high cycling hu-
midity is probably due to mechano-sorptive flow and is thus the same for 
shear , tension perpendicular to the grain and compression perpendicullar 
to the grain. This mechanism could appear in these cases because of the 
s h o r t grain length in the specimens. For tension and compression along 
the grain, the period of the cycles is to short to cause high moisture 
exchange. 
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9 CONCLUSIONS 

9.1 General conclusions 

- An extension has been given to the theory of molecular deformation 
kinetics by the development of a general rheologic model tha t is solely 
based on the react ion equations of the bondbreaking p r o c e s s e s . 
By expressing the concentra t ion of flow units of this equation in the 
dimensions of the flow units, the express ions for the s t ra in ra te , f racture , 
hardening and delay time are directly derived. Because of the small chan-
ges, the reaction is of first order or quasi first order . 
- By se r ies expansion of the potential energy curve the generalized flow 
theory is derived, showing that the assumptions t ha t where made for this 
theory a re consequences of the ser ies expansion. This provides a general 
rheological model tha t must be general applicable for the descript ion of 
time dependent behaviour of materials and of f rac ture p r o c e s s e s . 

- Several p rocesses a r e acting in wood a t loading. For the main damage 
p rocess the s t r e s s independent par t of the activation enthalpy and e n t r o -
py is constant , independent of the temperature and the moisture content . 
For this p rocess also öV is constant , independent of t empera tu re , mois
ture content, where ö is the shor t term s t rength . The activation volume 

V is linear dependent on the tempera ture and moisture conten t and thus 
V is inverse proportional to shor t term s t rength . The work term n of 
this p rocess is about 30 to 40, depending on the scaling s t reng th (n = 
= öV/kT= öX/NkT « K cps ). The activation enthalpy is about 36 kcal /mol. 
Probably this is the resu l t of a primary and a side bond rupture p rocess . 
Creep t e s t s in wood show a quick process (by high internal peak s t r e s s e s ) 
with an activation enthalpy of about 50 kcal/mol (primary C-O-bond rup
ture) and a side bond rupture process with an activation energy of about 
21 kcal/mol. The primary bond breaking process (with n f» 60) dominates 
a t controlled crack growth t e s t s . 

- The features of the main c reep process are different. The work t e rm 
n or <p£ is cons tan t independent of the t empera tu re and initial s t ra in t 
at constant moisture content (as also applies for shor t segments move-
ments of rubbers in the glassy s t a t e ) . The enthalpy is about 24 kcal /mol 
and n is about 36 for dry wood. The flow unit density N is proportional 
to the moisture content (or is constant for w = 0) . Coupled to this me-
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chanism is another mechanism with a lower value of 9 E and a long delay 
time (flow unit multiplication) that occurs after some crit ical visco-elastic 
s t ra in of the f irst mechanism and possibly this first mechanism c rea t e s 
the flow units for the second mechanism. The additional c r eep strain of 
this second mechanism is irreversible. This mechanism did not occur in 
cell wall exper iments , even not a t high s t r e s s levels. Because in high 
loaded wood, the earlywood is higher loaded than in these cell wall expe
r iments and thus flows, this mechanism can probably be re la ted to flow 
of the earlywood and load t ransmission from the earlywood to the la te-
wood. 

Besides these dominating mechanisms, that are re la ted to the cellulose 
and hemicellulose, the re is a small mechanism with a low value of ö<p 
(n = 1) and a short relaxation time tha t is only noticeble a t very high 
loading r a t e s . 
For dense spec ies with a high lignin content, a flow unit multiplication 
mechanism dominates with a s t r e s s independent relaxation time. It can 
be deduced t h a t for this mechanism <ps or <ps is constant . So the den-
sity of the flow units is proportional to the plastic strain. The constancy 
of <ft applies only for constant t empera ture and moisture content. Pro
bably l/<ps is linear dependent on co and T. This p rocess causes rotation 
of the relaxation Unes a t shor t times in proportion of the strain. When 
this process is finished (t = t ), it can be seen from eq.(S.S.lO), tha t r m n 

the relaxation lines for longer times (t > t ), are shifted vertically accor-
ding to: o/a = E / E . So besides horizontal shifts, a lso vertical shifts 
can be neces sa ry at some s t r e s s levels for the construct ion of a master 
c r eep curve for long loading times. 
Also possible is a mechanism with cons tan t <p and a c r eep model has to 
contain all of these p roces ses as parallel acting mechanisms. 
- For clear wood in compression there in no indication of hardening and 
yield drop, showing the influence of a amorphous polymer (lignin). For 
wood in tension there is a high yield drop, showing the influence of a 
crystalline material (cellulose) dominated by a low initial flow units den-
sity p . There is also no indication of hardening, showing that the change 
of one model -parameter (X ) dominates as also follows from the high 
value of ö<p. 
- A kinetic explanation of the WLF-equation (Williams-Landel—Ferry is 
WLF) for the t empera tu re dependence of c reep above g las s - rubber t ran-
sition is derived, showing that the change of the concentrat ion of mobile 
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segments and not necessarilly the change of the free volume concent ra 
tion is the cause of the transition. The theory is extended for c ros s - l i n -
ked polymers a t t rans ient c reep for the element that performs the t ran
sition. It follows from the theory t ha t for the special case of cons tan t 
concentrat ion of flow units the t empera tu re dependence is according to 
the Arrhenius equation. For higher values of the activation enthalpy, if 
not the entropy alone is dominating, the theory predic ts a shift factor 
between the Arrhenius- and WLF-equation. The WLF- equation is further 
extended for the influence of the time scale of the process . 
- It is shown that a single p rocess may explain the measured , broad, 
nearly flat spec t ra of g lasses and crystalline polymers and the relaxation 
spectrum for wood can be explained by two p r o c e s s e s in s t e a d of the 
assumed infinite number of linear p r o c e s s e s . This also has to be so for 
the spec t rum of energy loss a t forced vibrations and the activation volu
me will show a special relationship. Also the fatigue behaviour can be 
explained by one dominating mechanism in a wide frequency range, and 
the behaviour a t long term loading and a t fatigue loading is coupled by 
the same mechanism. So it will be possible to use fatigue t e s t s in order 
to predict the long term strength. 

- The model is able to explain the existing c r e e p and damage models and 
phenomenological laws of c reep and f rac ture . It explains for ins tance the 
yield drop and the logarithmic s t ra in r a t e law of the modulus of elasticity 
in the cons tan t s t rain ra te tes t ; the logarithmice time law of the s t reng th 
in the cons tan t loading ra te tes t ; the logarithmic time law of the c reep 
and the bend off of the creep line a t long times (delay time of the s t r u c -
tural change process) and the shift of this line along the time axis depen-
ding on the s t r e s s level and depending on the t empera tu re . 
- The different power models (of the s t r e s s and of the time) a r e derived 
giving the physical meaning of the exponents and cons t an t s and the chan
ge of these "cons tan t s" in certain c i r cums tances . The Gerhards model 
for instance is an expression of forward activation only and this will be 
right for high loading in the end s t a t e . The theory explains the Forintek 
model of the s t rength and the Andrade and Clouser equations and provides 
a be t te r description of the governing phenomena than these models. 
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9.2 Results of the experimental r e sea rch 

- The ac t iva t ion-pa ramete r s a re different for every piece of wood, indica-
ting an unique s t ruc tu re of every tes t -specimen. The average values are 
comparable for tension, compression and shear, along the grain and per-
pendicular to the grain. There are two main p rocesses . One with a high 
concentra t ion of flow units and one with a low concentrat ion causing a 
delay time (depending on the s t r e s s level as predicted by theory), indica-
ting a s t ruc tu ra l change p rocess . The long "relaxation time" of the first 
p rocess cannot be measured accurately because of the s t a r t of the s e -
cond p roces s (even if this s t a r t s after a long time at a low s t r e s s level), 
so a cons t an t average value can be taken in all c i rcumstances for p rac -
tice. The activation volume paramete r 9 = V/kT has the tendency to be 
constant (between transit ion regions, at a high s t r e s s level and with small 
humidity cycling), independent of tempera ture , moisture content and s t r e s s . 
1/tp is probably proportional to the dry s t rength o . in the concerning 
loading direction. So the value ö .9 is cons tant independent of the loading 
direction. The constancy of cp is probably due to the dominating influence 
of the mechno-sorpt ive mechanism on the c reep as d iscussed below 
eq. (7.20), or ot <*s c > > 1 in eq. (7.3). High humidity cycling shows an addi-
tional bond breaking p roces s that may cause plastic flow (with öV/kT 
cons tan t ) . The resul tant behaviour was comparable with other p r o c e s s e s , 
according to the sinh-law of the strain ra te and this resu l t was used to 
explain the mechano-sorpt ive effect in chapter 7. 

- The ra t io of the spring cons tan t s of the 3-element model is about 1:4. 
As d i scussed below fig. 2 .3 , this indicates that the p rocess in the amor-
phous region is determined by not fully s ide-bonded cellulose and hemi-
cellulose chains. 



139 

SUMMARY 

St ruc tu re and mechanical propert ies of wood 

Timber can be defined as a cellular polymeric fibre composite with s lender 
microfibrils as fibres in a cementing matrix of relatively unoriented (amor
phous) shor t -cha ined or branched polymers (lignin and hemicellulose). 
The cell wall is also a laminated composite because of the layered s t r u c 
ture of the wall with different kinds of layers. The s t ruc tu re of the layers 
varies from amorphous cross- l inked polymers without microfibrils to closely 
packed parallel layers containing spiral microfibrils with various pitches 
to the longitudinal axis. The microfibrils consis t of parallel cellulosic mole-
cules having regions of high crystallinity with intermediate low-crystal l ine 
zones. 

There are different types of dis turbances of the s t ruc tu re t h a t may cause 
s t r e s s concentrat ions and t rans ient p rocesses as for ins tance knots , de-
fects, r ay-c ross ings , tracheid ends, pits, interlayer imperfect ions, voids, 
second order pores and previous c racks in weak layers. 
Because of the heterogenous s t ruc tu re , the s t ruc tura l deviations, the 
deviations of the alignment and s t r e s s s t a t e s , many p r o c e s s e s will occur 
and random values of the activation pa ramete r s of the kinetic model can 
be expected. 

It can further be expected that s t r e s s redistribution causes mainly shear 
with compression in the matrix, increasing the tensile s t r e s s in the fibres. 
The measured negative contract ion for creep in tension is an indication 
of this mechanism. 
The polymers in wood determining the time dependent behaviour are den-
sely cross- l inked filled amorphous polymers and highly crystalline and orien-
ted polymers. 
At room tempera ture the amorphous par ts in wood a re probably in the 
glassy s ta te , and only the so called (3-mechanism appears (the a - m e c h a 
nism r e p r e s e n t s the g lass - lea ther transition due to mobility of the back-
bones of the polymers). The 3- or secondary mechanism is due to local 
readjustment of side groups in glassy amorphous polymers or in the amor
phous s t r ands of crystalline polymers. The tempera ture dependence of 
this mechanism follows the Arrhenius equation and the activation energy 
lies between 20 and 30 kcal /mole. The s t r e s s reduction in relaxat ion is 
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smaller than by the a-mechanism and will be a factor 0.S to 0.8. The 
same as for the a-mechanism is the behaviour nonlinear for high s t resses 
and these properties are explained here by the kinetic model. 
Above the transition temperature of the amorphous regions, there is a, 
in comparison with other cross-linked and crystalline polymers, relative 
slow relaxation or creep due to a very high cross-linking of these regions. 
The creep is recoverable and increase of stress shortens the retardation 
time. The creep rate on logarithmic time scale is more than linear depen-
dent on the s t ress at higher stresses. The temperature dependence of 
the viscoelastic properties follows the WLF- or the Arrhenius equation. 
The Arrhenius form applies for cellulose because the crystallinity doesn't 
change much and there are no vertical shifts (due to change of the pseu-
do equilibrium modulus) of the creep lines along the log- time-axis. The 
creep can be described by the Andrade-equation or is a straight line on 
a log-time-plot. This mechanism is also attributed to the mobility of the 
short strands in the amorphous regions, probably due to co-operative 
motions of groups of strands coupled through linkage points. The thermal 
and mechanical history is very critical for the behaviour as for glasses 
and also traces of diluent have an influence. 

The time dependent behaviour of wood is non-linear and can be explained 
by the kinetic theory. The behaviour is only quasi linear at suficient small 
ranges of s tress, time, temperature and moisture content. Distinctions 
between viscoelastic and viscous behaviour cannot be made because "irre-
coverable" flow is only quasi irrecoverable due to the nonlinear behaviour 
providing a immobile behaviour for the low internal stresses after unload-
ing. Real irrecoverable behaviour may occur due to structural changes 
(damage processes). 
Absorption of water by wood causes swelling up to a moisture content 
of about 28%. Swelling of the secondary wall is much greater than swel
ling of the middle lamella. It is to be expected that the high restraints 
for swelling and shrinkage will cause "flow" in the gel-like matrix. This 
flow is directed if a specimen is maintained under stress during a change 
in moisture content. The moisture movement through the wood involves 
breaking of stressed hydrogen bonds and reformation of these bonds in 
a shifted position by swelling and shrinking ofadjacent layers, causing the 
large creep deformation at desorption. At absorption there is a partial 
recovery of this deformation by the reversed behaviour. 
An explanation can been given of the strength behaviour of cellulose chains 
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depending on the logarithmic value of the degree of polymerization. The 
influence is simular to a dislocation propagation p rocess and this will be 
covered by the kinetic model. 
The explanation, of the shor t periodic p r o c e s s e s of loading and unloading 
in the amorphous regions a t a c r eep test , as a r e su l t of the ability of 
the lignin network to ac t as an energy sink and to control the energy s e t 
up of the s t r e s s ing is not probable. A be t t e r explanation of this time de -
pendent behaviour of the amorphous regions in the fibrils is given as a 
dynamic crystallization process . 

Extension of the theory of molecular deformation kinetics 

A general rheological model is developed and the mathematical derivation 
of the model is solely based on the react ion equation of bondbreaking and 
reformation. Because of the small changes, the react ion is of the first 
order or quasi f i rs t order and the activation enthalpy, entropy and e x t e r -
nal work can be regarded to be linear dependent on tempera ture , mois-
ture content and s t r e s s . If the concentrat ion of flow units in this equa
tion is expressed in the dimensional pa rame te r s of the flow units, the 
reaction equation is t ransformed to the s t ra in ra te equation of time de 
pendent deformation, containing a delay time pa ramete r and a hardening 
term. For larger changes of the' dimensional pa rame te r s of the flow units 
the equations explain the existing damage models and phenomenological 
Iaws of f racture . 

In the original theory, the plastic s t ra in r a t e is r a the r arbitrari ly taken 
to be proportinal to the ra te of change of the flow unit concentra t ion and 
the form of the pa ramete r s in the r a t e equation tha t determine e.g. the 
hardening and the delay time, are arbi t rary phenomelogic express ions of 
the strain. By express ing the ra te equations in the dimensions of the flow 
units, the express ions for the s t ra in rate , f racture, hardening and delay 
time are directly derived. 
It is possible to expand the total potential energy curve into (Fourier-) 
series leading to parallel acting systems of symmetrical consecutive bar -
r iers . Because a sys tem of the same symmetrical consecutive ba r r i e r s 
act as one symmetrical barrier , the process is equivalent to a parallel 
system of simple, p rocesses . The derivation leads to the generalized flow 
theory proving the basis assumptions that the flow unit spec t rum exis t s 
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(as expanded te rms) and may be approximated by a limited number of 
e lements with dist inct average relaxation times and that the deformation 
r a t e of all units is the same. 
By comparison with the model, the different power models (of the s t r e s s 
and of the time) a re derived giving the physical meaning of the exponents 
and cons tan ts . It can be shown tha t the Andrade-type equation is equiva
lent to the theoret ical logarithmic c reep behaviour. The inverse of one of 
the pa rame te r s of the Andrade or Clouser equations is equal to the work 
paramete r of the activation energy (öV/RT) and has same meaning as the 
exponent n (n = aV/RT) of the experimental power law equation for the 
c r e e p ra te and the exponent of the Forintek damage model. Further is 
l / n the slope of the normalized logarithmic c r eep and relaxation Unes and 
of the logarithmic time to failure law of the c reep s t reng th or long dura-
tion s t rength. The value of n is p.e. in the Clouser equation n fa 33 . In 
the Forintek model is n = 34 . As slope of the logarithmic creep- to- fa i lure 
law n = 38 is found, if the line is scaled to the ~ 1 sec . s trength, but 
n = 34 when scaled to the 5 min. s t rength. The value of n following from 
the universal form of the WLF-equation as applied for the glass transit ion 
of lignin is: n = 2.3 x x 17.44 = 40, equivalent to a scaling to a very 
sho r t duration s t rength . So it appears here that n is essentially a s t r u c -
tu re cons tan t and is as such probably unaffected by moisture content and 
t empera tu re . 

For wood the logarithmic law of the c reep- to- fa i lure s t rength is one line 
for different wood spec ies , moisture contents , s t r e s s s t a t e s (bending, 
shear , compress ion etc.) and types of loading, indicating that n has to 
be constant , independent on moisture content and also tha t the activation 
enthalpy and entropy are approximately independent on the moisture con
tent . The activation volume is however strongly dependent of the moistu
re content (and thus the inverse of the s t rength has the same dependen-
ce) . Based on this form of the activation energy, the experimental c r e e p -
to-failure t e s t s a t different t empera tures and moisture contents could be 
explained as well as the s t ra ight line of the s t reng th on log-time scale 
for dry wood as the curved line for sa tu ra t ed wood. Sa tu ra t ed wood 
shows an enthalpy of about 36 kcal /mole above a transition t empera tu re 
of - 8 C and about 30 kcal /mole below this transition tempera ture . Dry 
wood doesn ' t show this transition. It has to be emphazised t ha t these 
values are tentatively following from a curve fitting with the l eas t number 
of pa rame te r s . Systemat ic measurements may show the influence of the 
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here neglected t e rms . 
The value of n is probably the resu l t of two main p r o c e s s e s . Values of 
n « 62 a r e given in l i terature for controlled crack growth t e s t s , to n w 65 
in cons tan t s train r a t e t e s t s , and n ^ 30 in cons tan t load t e s t s to failure 
as apparen t value of the first overall p rocess . In o ther experiments also 
values of n = 25 to 39 are mentioned. Analysing the c reep values a t not 
too high s t r e s s , the existence of two parallel bar r ie rs was clearly demon-
s t ra ted . The quick process had a high internal s t r e s s (forward activation) 
and an activation energy of approximately 50 kcal /mole . The slower pro
cess was approximately symmetrical and had an activation energy of about 
21 kcal /mole. The quick process , that was determining in the f i rs t s t age 
of the loading may probably be assoc ia ted with the f i rs t determining c rack 
propagation process with n Rf 62 and the second p rocess may be assoc ia 
ted with the slower process with n w 30. The activation energy of this 
slow p roces s is comparable with other values mentioned in l i tera ture 
where from c reep t e s t s a t different t empera tu res for bending: H'= 22 
kcal/mole to 24.4 kcal/mole, depending on the tempera ture range, have 
been found. From normal- to-grain relaxation t e s t s 23 kcal /mole was r e -
ported for wet beechwood. This energy is often regarded to be the energy 
of cooperative hydrogen bond breaking. The activation energy of 50 
kcal/mole is probably high enough for C-O-bond or C-C-bond rupture . 

Compliance curves e tc . measured a t different t empera tu res can be shifted 
along a logarithmic time or frequency axis (called t ime- t empera tu re equiva-
lence). The shift factor of this displacement of the curve along the log-
time axis is given by the so called WLF-equation in the glass transition 
region of the amorphous components of wood. An explanation by the kine-
tic model of the WLF-equation is shown to be possible. It appea r s that 
the change of the concentration of mobile segments and not necessaril ly 
the change of the free volume concentrat ion is the cause of the transition. 
The theory is extended for cross- l inked polymers a t t rans ien t c r eep for 
the e lement that performs the transition. It follows from the theory that 
for the special ca se of constant concentrat ion of flow units the tempera
ture dependence is according to the Arrhenius equation. For higher values 
of the activation enthalpy, if not the entropy alone is dominating, the 
theory predicts a shift factor between the Arrhenius- and WLF-equation. 
The WLF- equation is further extended for the influence of the time scale 
of the p rocess . 
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The nonlinear viscoelastic deformation problem is often linearized by spli t
ting up the contribution to the rigidity in numerous linear viscoelastic p r o -
c e s s e s giving a relaxation spec t rum. It is shown here that a single p r o -
c e s s may explain the measured, broad, nearly flat spec t r a of g lasses and 
crystalline polymers and tha t the spec t rum for wood can be given by two 
p r o c e s s e s in s t ead of the a s sumed infinite number of linear p r o c e s s e s 
tha t is r ega rded to be the basis of the relaxation spect rum. The same is 
possible for the spec t rum of energy loss a t forced vibrations and for 
fatigue behaviour. 

Solutions of the model equations a re given for t rans ien t p rocesses for 
different loading histories to show that the model can explain the pheno-
menological laws as e.g. the linear dependence of the stiffness on the 
logarithmic value of the s t ra in ra te in a cons tan t s t ra in rate test ; the 
logarithmic law for c r eep and relaxation and the necessa ry breakdown of 
the law for longer times; the shift factor along the log-time axis due to 
s t r e s s and t empera tu re and the influence on this factor of the t ransi t ion 
to the second mechanism. At the usual t e s t conditions there is an influen
ce of two p r o c e s s e s , one with a high initial flow unit density and one 
with a very low initial dislocation density. Real hardening can be neglected. 
The model is able to explain the mechano-sorptive effect as is shown by 
the derivation of the basis equations. The derivation t rows a new light on 
the mechanism, being a s epa ra t ed bondbreaking and reformation process 
due to sorpt ion and not an interaction of c reep and moisture change or 
an interaction of loading on the overall shrinkage. The model predicts t ha t 
for large dimensions of the t e s t specimens, this effect is of minor impor-
tance. 

Experimental r e s e a r c h 

The aim of the test ing, repor ted here, was to verify the model for higher 
s t r e s s levels and to ge t a f i rs t es t imate of the order of the p a r a m e t e r s 
and the dependence on t empera tu re , moisture content and loading d i rec -
tion. Because data a re available for perfect cons tant humidity conditions, 
it was decided to use oscilating relative air humidity conditions as may 
occur in p rac t i se . Quick and low relative humidity cycling may be expected 
to behave like cons t an t moisture content conditions. However the behaviour 
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of the wood polymers is very sensitive for t r a c e s of diluent, the previous 
history and moisture changes and this will cause a different behaviour 
in comparison to perfect cons tan t moisture conditions. Tests with quick 
larger moisture cycling around a mean value where a l so done for a first 
impression on this behaviour that effects mainly the outer layers . At low 
cycling humidity conditions, and high s t r e s s level the value of l / n is about 
0.02 to 0.04 for resp . high and low s t r e s s e s and not n = öcp is cons tan t 
but cp is approximately constant , independent on tempera ture , s t r e s s and 
moisture content. This constancy is probably due to the dominating influ-
ence of the mechno-sorptive mechanism on the creep (that shows a con
stant value of cp). For higher R. R - oscillations and high t empera tu re s 
there appeared to occur a transit ion of cp giving a much higher value of 
1/ep. The value öcp is cons tan t for this mechanism, probably due to flow. 
The mean value of this high 1/öcp (1/ocp = 0.16) does not s u g g e s t much 
influence of moisture content and tempera ture . 

VERVORMINGS- EN SCHADE-PROCESSEN IN HOUT 
SAMENVATTING 

Structuur en mechanische eigenschappen van hout 

Hout kan gedefinieerd worden als een cellulair polymeer. Dit polymeer is 
een vezelkomposiet dat b e s t a a t uit dunne microfibrillen als vezels in een 
matrix van een amorf ver takt en verknoopt polymeer (lignine en hemicel-
lulose). Het materiaal is ook een gelaagde composiet omdat de celwand 
is opgebouwd uit een groot aantal verschillende lagen. De samenstel l ing 
van deze lagen var ieer t van een laag met een amorf polymeer zonder mi
crofibrillen en een laag met random gerichte microfibrillen, to t lagen met 
dicht opeengepakte, georiënteerde microfibrillen, met per laag een andere 
hellingshoek. 

De microfibrillen bes taan uit evenwijdige cellulosemoleculen die periodiek 
kristallijne gebieden vormen met tussenliggende amorfe gebieden. 
Er zijn verschillende soor ten verstoringen van de regelmatige s t ruc tuu r 
die spanningsconcentra t ies en spanningsherverdelende p rocessen kunnen 
veroorzaken. Voorbeelden hiervan zijn kwasten, groeistoringen, ha r szak-
ken, scheur t jes , doorsnijding van houtstralen, t racheid beëindigingen, hof-
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stippels, imperfecties tussen de lagen, holle ruimten en microporiën. 
De heterogene s t ruc tuur van de celwand zal verschillende spanningstoe
standen veroorzaken in de verschillende lagen en verschillende kruipsnel-
heden waardoor spanningsherverdeling optreedt . Zo zullen, bij t rekbelas
ting, de trekspanningen snel uit de lignine kruipen en geschiedt de span
ningsoverdracht tussen de vezels d.m.v. druk met afschuiving in de matrix 
(als in gescheurd beton om de wapeningsstaven). De gemeten negatieve 
cont rac t ie bij t rekbelast ing is een aanwijzing voor het optreden van dit 
mechanisme. Door deze heterogene s t ruc tuur en vele verstoringen op elk 
niveau en de vele daaruit volgende t ransiente p rocessen zullen de active
r ingsparamete rs van het hier ontwikkelde kinetisch model een random 
karak te r vertonen. 

Het tijdseffect in hout wordt bepaald door s t e rk georiënteerde kristallijne 
polymeren en door s t e rk verknoopte en opgevulde amorfe polymeren. Op 
kamer tempera tuur zijn de bepalende amorfe gebieden in het hout waar
schijnlijk in de glas toestand en t r eed t alleen het z.g. p-mechanisme op 
bij belasten (Het a-mechanisme t r eed t op in het gebied van de g las- leer 
overgang doordat de bewegingsmogelijkheid van de ketens vergroot wordt 
door de volumetoename t.g.v. temperatuursverhoging). Het |3- of secun
daire mechanisme wordt veroorzaakt door locale verplaatsingen van de 
zijgroepen of locale segmentbewegingen in de amorfe gebieden. De tem-
peratuursafhankelijkheid van dit mechanisme volgt de Arrheniusvergelijking 
en de activeringsenergie ligt tussen de 20 en 30 kcal/mol. De spannings
afname door relaxatie is kleiner dan bij het a -mechanisme en bedraagt 
een factor van 0,5 a 0,8. Boven de glasovergangstemperatuur is er een, 
in vergelijking met andere polymeren, geringe relaxatie of kruip t.g.v. de 
s t e rke verknoping en oriëntatie van de polymeren. Net als bij he t (3-me-
chanisme is de kruip reversible en niet-lineair en heeft de spanning in
vloed op de relaxatietijd i.o.m. het hier afgeleide kinetische model. 
De temperatuursafhankelijkheid van de viscoelastische eigenschappen bo
ven de glasovergangstemperatuur volgt de WLF- of Arrhenius vergelijking. 
De Arrhenius betrekking geldt voor cellulose omdat de kristalliniteit wei
nig verandert en alleen locale segmentbewegingen mogelijk zijn. 
De kruip in dit gebied kan (als voor het (3-mechanisme) beschreven wor
den met de Andrade-vergeiijking of door een rechte lijn als functie van 
de logarithme van de tijd. Dit mechanisme wordt toegeschreven aan de 
mobiliteit van de korte segmenten in de amorfe gebieden die waarschijnlijk 
gecoördineerd verplaatsen tussen de knooppunten. Zoals ook geldt voor 
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de g las toes tand heeft de thermische en mechanische voorgeschiedenis een 
grote invloed op het gedrag en heeft ook de aanwezigheid van vocht een 
s te rke invloed. Het tijdsafhankelijk gedrag van hout is niet-lineair, wat 
verklaard kan worden met het hier ontwikkelde kinetische model. Het ge 
drag is quasi lineair bij voldoende lage spanningen, korte belastingstijden, 
en voldoende lage tempera turen en vochtgehalten. Onderscheid tussen 
visco-elast isch en visco-plast isch gedrag is er niet volgens dit model om
dat de blijvende vervormingen quasi blijvend zijn door het niet- l ineaire ge 
drag. Hierdoor verloopt de terugvering zeer langzaam bij de lage inwen
dige spanningen na ontlasten. Werkelijk blijvende vervorming kan optreden 
door s t ruc ture le veranderingen (schadeprocessen) . 

Absorptie van water veroorzaakt zwelling van het hout tot een vochtge
halte van ca. 28%. De zwelling van de secundaire celwand is veel g ro te r 
dan die van de middenlamel. Het is te verwachten dat dit verschil leidt 
tot vloeispanningen in de gel-achtige matrix. Dit vloeien kan geor iën teerd 
worden wanneer het proefstuk belas t wordt gedurende de vochtwisseling. 
De vochtbeweging door het hout veroorzaakt het verbreken van belas te 
verbindingen en het vormen van nieuwe bindingen in een onbelaste toe 
stand. Bovendien zijn er lagen die verlengen onder vochttoename. Hierdoor 
onts taan grote vervormingen bij desorpt ie . Bij adsorptie t r e e d t een par 
tieel hers te l op van deze vervormingen door de tegengestelde bewegingen 
waarbij terugvloeien kan optreden afhankelijk van het belastingsniveau. 
De s t e rk te van bes t raa ld hout, afhankelijk van de logarithme van de poly-
merizatiegraad van de cellulose ketens kan verklaard worden. Het gedrag 
is te vergelijken met een schadeproces zoals dit door het kinetisch mo
del beschreven wordt. 

De verklaring van de korte periodieke p rocessen van belasting en on t las 
ting van de amorfe gebieden gedurende een kruipproef, door te veronder
stellen da t de lignine kan werken als een energie-opslagplaats die de ene r 
gietoevoer regel t bij het belasten, is onwaarschijlijk. Een be t e r e verklaring 
van dit tijdsafhankelijke effect van de amorfe gebieden in de fibrillen is 
te geven door dit verschijnsel te beschouwen als een proces van dyna
mische kristal l isatie. 

Uitbreiding van de theorie van de moleculaire vervormingskinetiek 

Een algemeen Theologisch model is hier ontwikkeld, uitsluitend gebasee rd 
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op de chemische reactievergelijking van het verbreken en opnieuw vormen 
van de bindingen. Omdat er kleine concentrat ie veranderingen kunnen op
t reden is de react ie van de e e r s t e orde of een quasi e e r s t e orde proces . 
Door de symmetrie van het proces en de kleine s t ruc ture le veranderingen 
kan de activeringsenergie lineair afhankelijk beschouwd worden van de 
spanning en tempera tuur en van het vochtgehalte. 
Als de concentra t ie van mobiele segmenten uitgedrukt wordt in aantal en 
afmetingen van de segmenten, on t s t aa t uit de reactievergelijking de ver
gelijking van de plast ische reksnelheid. Als de veranderingen van deze af
met ingsparameters niet verwaarloosbaar zijn en in rekening gebracht wor
den, on t s t aa t uit de reactievergelijking het algemene geval van de beken
de fenomenologische schadevergelijkingen. 
In de oorspronkelijke theorie werd de plastische reksnelheid nogal wille
keurig evenredig gesteld met de concent ra t ie te rm van de reactievergeli j
king en de pa rame te r s van de reactievergelijking die b. v. de versteviging 
en wachttijd voor kruip bepalen, werden als fenomenologische uitdrukkingen 
ingevoerd. Door het invoeren van de afmetingen van de mobiele segmenten 
worden de vergelijkingen voor de reksnelheid, versteviging en wachttijd 
d i rec t afgeleid. 

Het is mogelijk de potentiële energie kromme te ontbinden in een fourier-
r eeks . Hierdoor on t s t aa t een parallel systeem van rijen van dezelfde sym
metr ische energiebarr iè res achter elkaar. Aan te tonen is, dat zo'n rij 
equivalent is aan een symmetrische barr ière en het hele systeem equi
valent is aan een parallel sys teem van eenvoudige (symmetrische) p roces 
sen. De afleiding leidt tot de gegeneral iseerde vloeitheorie en levert de 
theore t i sche basis voor de uitgangspunten van deze theorie. Zo blijkt een 
energ iespec t rum te bes taan van afzonderlijke verdelingen om uiteenliggen-
de relaxatietijden heen in de vorm van de ontbondenen van de reeks zo
dat binnen de tijdschaal van een proef een beperkt aantal p rocessen met 
verschillende gemiddelde relaxatietijden een rol spelen. Verder volgt uit 
de afleiding dat de reksnelheid van deze processen gelijk moet zijn zodat 
dit niet langer een hypothese voor deze theorie is. 

Met behulp van dit model zijn de verschillende experimentele kruip- en 
s chade - vergelijkingen, die als machtsfuncties van de spanning of de tijd 
gegeven zijn, af te leiden en is een fysische betekenis te geven aan de 
cons tanten en machten. Het is daarmee mogelijk het Forintek model voor 
de s t e rk t e en de Andrade en Clouser vergelijkingen voor kruip te verkla
ren. Deze kruipvergelijkingen blijken equivalent te zijn met het theore-
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tische, lineair met de logarithme van de tijd, toenemende deel van het 
kruipverloop. De inverse van een van de parameters vande Andrade of 
Clouser vergelijkingen is gelijk aan de a rbe idsparameter van de ac t iver ings
energie (öV/RT) en is ook gelijk aan de machtsexponent n (n = öV/RT) 
van de experimentele machtsfunctie van de kruipsnelheid en van het Ca
nadese (Forintek) schademodel. Verder is l /n de helling van de genorma
liseerde logarithmische kruip- en re laxat ie- lijnen en van de logari th-
mische duurs te rk te lijn. De waarde van n is in de Clouservergelijking 
n f» 3 3 . In het Forintek model is n = 34, indien de s t e r k t e betrokken 
wordt op de duurs terk te van 5 minuten. Dit komt overeen met de waarde 
die volgt uit de helling van de logarithmische duurs te rk te lijn. Indien deze 
lijn wordt betrokken op de duurs te rk te van ca 1 sec. dan wordt de inver
se van de helling n = 38 in overeenstemming met de metingen. De waarde 
van n volgens de universele WLF-vergelijking is n = 2,3 x 17,44 = 40, wat 
overeenkomt met een schaling naar een duurs terk te beneden de 1 sec . 
Het blijkt dus dat n een s t ruk tuurcons tan te is en als zodanig waarschi jn
lijk onafhankelijk is van het vochtgehalte en de temperatuur . 
Voor hout is de genormeerde duurs te rk te , als functie van de logarithme 
van de levensduur, een lijn, onafhankelijk van de houtsoor t (dichtheid), 
vochtgehalte, spanningstoestand (buiging, afschuiving, druk etc.) en be l a s -
tingswijze. Dit betekent dat de term van de uitwendige arbeid van de a c -
tiveringsenergic constant is. Verder zijn ook de enthalpie en entropie con
s tant voor deze schadeprocessen. Het activeringsvolume is ech te r s t e r k 
lineair afhankelijk van het vochtgehalte (en dus heeft de inverse van de 
s t e rk te dezelfde afhankelijkheid). Uitgaande van een cons t an te enthalpie 
en verwaarloosbare entropie, is het mogelijk de verschillende duur s t e rk t en 
te verklaren afhankelijk van de tempera tuur en het vochtgehalte. Het blijkt 
dat er, o.i.v. vocht, een transi t ie is bij - 8 ° C en dat de enthalpie ca 40 
kcal /mol is boven deze tempera tuur en ca 30 kcal/mol beneden deze tem
peratuur . Droog hout vertoond deze transit ie niet. Deze waarden volgen 
uit een parameterbepaling met zo min mogelijk pa ramete r s . De invloed van 
de hier eventueel verwaarloosde pa ramete r s kan alleen bepaald worden 
door sys temat ische metingen gebaseerd op het hier ontwikkelde model. 
De waarde van n bijvoorbeeld kan het gevolg zijn van twee hoofdproces
sen. Waarden van n « 62 zijn in de li teratuur te vinden voor scheur -
groeiproeven en n * 65 voor de constante reksnelheids proef. Voor de 
s t e rk t e volgens de constante belast ingssnelheidsproef wordt n « 30 ge
noemd, maar ook waarden van n = 25 tot 39 zijn te vinden, wat mede 
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samenhangt met de keuze van de re fe ren t ies te rk te . Uit de analyse van de 
kruipvervormingen bij een relatief lage belasting, blijken er duidelijk twee 
paralelle p rocessen op te t reden. Het snelle proces was hoog belas t (d. w.z. 
alleen voorwaartse activering was merkbaar en het proces verliep snel 
ondanks de hoge activeringsenergie) en had een activeringsenergie van 
50 kcal/mol. Het langzame proces liet een bij benadering symmetr ische 
ba r r i è re zien en had een activeringsenergie van 21 kcal/mol. Het snelle 
p roces kan geassocieerd worden met een initiële scheurvoortplanting waar 
voor n » 62 is, en voor het tweede proces kan n 's 30 zijn. De active
r ingsenergie voor dit langzamere proces is vergelijkbaar met de waarden 
die in de l i teratuur genoemd worden van 22 tot 24 kcal /mol voor buiging, 
afhankelijk van de tempera tuur . Uit relaxatieproeven op nat beukenhout, 
loodrecht op de vezelrichting belast, volgde een waarde van 23 kcal /mol. 
Deze energie wordt vaak beschouwd als de energie voor een coöperatief 
p roces , waarbij meerdere waterstofbindingen gezamelijk moeten breken. 
De activeringsenergie van 50 kcal/mol is waarschijnlijk hoog genoeg voor 
het verbreken van de primaire C-O- of C-C bindingen. 

Lijnen, die het verloop van de kruip, of de compliantie e tc . met de loga-
ri thme van de tijd geven bij verschillende temperaturen, kunnen langs de 
logarithmische as of f requent ie-as verschoven worden tot een basis krom
me die de voorspelling geeft van het gedrag bij een temperatuur na zeer 
lange tijd (equivalentie van tijd en temperatuuur) . De verschuivingsfactor 
van deze verplaatsing van de de kromme langs de tijdsas wordt gegeven 
door de z.g. WLF-vergelijking in het gebied van de glas-rubber overgang 
van de amorfe gebieden. Het blijkt mogelijk de WLF-vergelijking te verkla
ren met het hier gegeven kinetische model. Hieruit volgt dat bij dit pro
ces de enthalpie niet verander t maar bepaald wordt door een entropiever-
andering. Verder blijkt da t niet noodzakelijk de verandering van het vrije 
volume op zich nodig is voor deze transitie, maar wel de toename van de 
concentra t ie van mobiele segmenten. De theorie verklaart ook waarom 
deze vergelijking tevens voor verknoopte polymeren kan gelden en verder 
dat, voor een constante concentra t ie van mobiele segmenten, de verschui
vingsfactor volgens de Arrhenius vergelijking geldt. De WLF-vergelijking 
is verder ontwikkeld zodat de invloed van de tijdschaal van het p roces in 
rekening gebracht kan worden. 

Het niet-l ineaire viscoelastisch gedrag wordt gewoonlijk benaderd als een 
som van de bijdragen van een zeer groot aantal lineaire viscoelastische 
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processen, die te samen een spect rum van relaxatieti jden vormen. Aan
getoond kan worden dat een enkel niet-lineair proces het gemeten, brede, 
bijna vlakke spectrum, voor materialen in de g las toes tand en kristallijne 
polymeren, kan verklaren. Het re laxat iespect rum van hout kan verklaard 
worden uit de invloed van twee processen i.p.v. het aangenomen oneindig 
aantal lineaire p rocessen dat als uitgangspunt dient van het re laxa t iespec
trum. Met deze verklaring heeft het re laxat iespect rum een fysische be t e 
kenis gekregen. Hetzelfde is mogelijk voor het spec t rum van gedwongen 
trillingen en voor vermoeiing. 
Oplossingen van de differentiaalvergelijkingen van het model worden hier 
gegeven voor spanningsherverdelende p rocessen bij verschillende be las -
tingswijzen om aan te tonen dat het model de fenomenologische wet ten 
kan verklaren. Voorbeelden hiervan zijn de lineaire afhankelijkheid van de 
stijfheid van de logarithmische waarde van de reksnelheid in een cons tan
te reksnelheidsproef; het logarithmisch verloop van kruip en relaxatie en 
de noodzakelijke afwijking van dit verband na lange tijd; de verschuivings
factor langs de logarithmische tijdas o. i.v. spanning en tempera tuur en 
de invloed op deze factor door de overgang naar een tweede mechanisme. 
Onder de gebruikelijke proefcondities is er een invloed van twee p roces 
sen, een met een hoge initiële concentrat ie van vloei-elementen en een 
met een zeer lage initiële concentrat ie (wat de lange vertragingsti jd van 
dit proces verklaard). Echte versteviging bij locale vloei van hout kan ver
waarloosd worden. 
Het hier gegeven model kan het mechano-sorpt ieve effect verklaren. Het 
blijkt dat dit een afzonderlijk mechanisme is en geen interact ie van kruip 
en vochtverandering of interactie van de belasting op de krimp. De theorie 
voorspelt dat dit effect gering is voor proefstukken me t g ro te re afme
tingen. 

Experimenteel onderzoek 

De hier gegeven beproeving had tot doel het model te verifiëren bij hoge
re spanningsniveau's en een e e r s t e indruk te krijgen van de groot te van 
de pa rame te r s afhankelijk van het vochtgehalte, de t empera tuur en de 
belastingsrichting. Omdat er al veel gegevens zijn voor zuiver cons tan te 
vochtcondities, is beproefd bij periodiek wisselende relatieve luchtvochtig-
heden wat ook in de praktijk zou kunnen optreden. Verwacht kan worden 
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dat bij geringe en snelle wisselingen, het gedrag vergelijkbaar is met dat 
onder cons tan te vochtcondities. Echter het gedrag van houtpolymeren is 
zee r gevoelig voor vocht en de bevochtiginsgeschiedenis zodat een afwij
kend gedrag waarschijnlijk is. Proeven met snelle grote vochtwisselingen 
zijn ook uitgevoerd om een e e r s t e indruk te krijgen van deze invloed die 
zich zal beperken tot de buitenste lagen van het proefstuk. 
Bij vochtwisselingen met een geringe amplitude en een hoog spannings
niveau lag de waarde van 1/n (n = öV/kT = öcp) tussen ca 0,02 en 0,04 
voor r e sp . hoge en lage spanningen en niet n = ö<p is constant, maar cp 
is bij benadering constant , onafhankelijk van de temperatuur , het vocht
gehalte en spanning. 1/cp is waarschijnlijk evenredig met de s t e r k t e in 
droge toes tand o . van de betreffende belastingsrichting zodat o .cp con
s t a n t is onafhankelijk van de belastingsrichting. 

De t r ek - en druk- proefstukken die loodrecht op de vezelrichting belas t 
werden, hadden een kleine afmeting in vezelrichting. Hierdoor kon het 
vocht ver in de doorsnede indringen via de kopse zijvlakken tijdens de 
vochtwisselingen. Voor deze proefstukken bleek, bij hogere vochtwisselin
gen en tempera turen , een transi t ie mogelijk naar een veel hogere waarde 
van l / n *< 0,16, onafhankelijk van het gemiddelde vochtgehalte en de tem
peratuur . Grotere vervormingstoename is blijkbaar afhankelijk van de ge
middelde vochtwisseling in de hele doorsnede, waarbij <p constant kan wor
den aangenomen. Dit is daarom het uitgangspunt gewees t voor de afleiding 
van het mechano-sorpt ieve effect. 
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NOTATIONS 

A = react ion ra te cons tan t times the cons tan t "concentra t ion" of flow 
units s . A = e -C = s y 0-vexp(- E/kT) * (for cellulose: e ra 1) ra 
^ v e x p ( - E/kT). 

a = 2 3 D / d ; D is the diffusion coëfficiënt; d is diameter of the specimen 
Be = the same as A, however with changing E . 
C = the heat capacity at cons tan t p res su re 
C = react ion ra te cons t an t 

= (xkT/h)exp(-E/kT) = (xkT m / h )exp( ( -E /kT) - ln(T / T ) = 
= v e x p ( ( - E / k T ) - ln(l+ (T -T) /T)) ra v e x p ( - E / k T - kT / k T + 1) = r m m 
= ve-exp((-E- kT )/kT) « vexp(-EZkT) because: kT - kT << E. 

r m r m 
E = the activation energy 
f = local real s t r e s s on the flow unit in the direction of the movement 
G = Gibb's free energy 
H = enthalpy (H is also used as height of the relaxation spec t r e ) 
h = Planck's cons tan t = 4.135*10 ~ l s eVsec 
k = Boltzmann's Constant = 8.616*10~5 eVK 
K = local rigidity 
N = the number of flow units per unit area. 
n = exponent of the power law, or work term of the activation energy: 

n = f-X-X - X , / k T = o X/(NkT) = 0 9 
2 3 V V 

P = p r e s s u r e 
Q = heat of the sys tem R = gas cons tan t = N k = 1.987 cal K ^ m o f 1 , where N = 6 . 0 2 1 0 2 3 

0 m m 
is Avogadro's number. 

S = entropy 
T = the absolute t empera tu re 
t = time; t = (apparant) relaxation time 
U = internat energy 
V = volume 
W = work done by the sys tem 
a see 3 (a and P are also localy used as constants) 
P = k/A or k/B; Pa w ( Ê / A ) ( l - e x p f - v E ^ ) ) or * è/(Bs y) 
E = strain; E = viscoelastic, or viscous strain; e is the initial value. v vo 
<P = X/(NkT) (see n) 
y = deformation 
T) = viscosity = o /è 
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x = t ransmiss ion coëfficiënt or the rat io of act ivated complexes going 
into the product s t a t e and don' t r e tu rn to the reac tan t s t a t e , x f» 1 

X = jump of the flow segment a t activation 
X X = area of the flow unit; XX -X = activation volume; 
X = length of the flow segment or distance of points of flow 

v = frequency or also: v = kT / h is the Debye frequency (about 10 * ) 
p = concentra t ion of flow units = NX-X -X /X 
ö = mean s t r e s s ; o = pa r t of the mean s t r e s s on the flow units: 

oy= N-f-X2-X3 

(o = moisture content 
[i = the chemical potential 



Stellingen bij het proefschri f t van T.A.C.M, van der Put 

1 De stablliteitsberekening in de Eurocode 5 voor uitkippen van liggers is onvol
doende en niet algemeen geldig. Deze dient vervangen te worden door eenvoudig 
afleldbare algemene betrekkingen. 

2 Op grond van het volume-effect van de sterkte van hout kan verwacht worden 
dat vingerlassen alleen een reductie van de sterkte veroorzaken in relatief kleine 
proefstukken. De rlchtlijnen*dienen hieraan aangepast te worden. 

3 De experimentele betrekkingen voor de sterkte van nagelverbindingen volgens de 
Eurocode en de Duitse norm zijn af te leiden uit het bezwijkmechanisme van de 
nagels. Algemenere betrekkingen zijn daarom mogelijk en dienen In de richtlijnen 
ingevoerd te worden. 

4 De lineaire afhankelijkheid van de stijfheid van een stiftdeuvelverbindlng met de 
diameter is af te leiden en dient in de richtl i jn opgenomen te worden. 

5 De relatief hoge stuiksterkte van spaanplaat is verklaarbaar en daarmee het ge 
drag van de spaanplaat-hout-verbinding. 

6 De sterkte van hout en andere orthotrope of anisotrope materialen kan beschre
ven worden met een tensorpoiynoom. Dit levert een consistent algemeen breuk-
cri ter ium dat In de richtl i jn ingevoerd dient te worden. 

7 Statisch onbepaald construeren volgens de C.E.B.-methode (methode Baker) Is 
eenvoudiger mogelijk in hout dan in staal en beton. 

8 De temperatuurscheuren in de Rotterdamse metrokolommen leveren geen gevaar 
op voor de constructie. Herstel van deze scheuren kan gevaarlijk zi jn. 

9 De experimentele betrekkingen voor de trll l lngsvoortplanting In de grond van 
Barkan en Major zijn beperkt geldig, afhankelijk van het meetgebied. Deze betrek
kingen dienen vervangen te worden door exacte betrekkingen die hiervoor zijn af 
te leiden. 



10 In verband met de veiligheid is het uit sterkteoverweging nodig een stijfheidseis 
op te nemen om "wind-f lut ter" van de daarvoor gevoelige constructies te voor
komen. Deze eis is eenvoudig te formuleren. 

11 Aangetoond kan worden dat de ondergrens van de druksterkte van beton bepaald 
wordt door scheurvoortplantlng. Het mechanisme van trekbreuk van de drukzone 
van elementen zonder dwarskrachtwapening is daarmee te verklaren. Het.schoor-
mechanisme, dat de sterkte van oplegblokken, korte consoles en de schuifsterk-
te van balken nabij de oplegging bepaalt, is ook te verklaren m.b.v. de evenwichts
methode. 
Beide mechanismen bepalen het z.g. "dal van Kani" voor de dwarskrachtsterkte 
van beton en de berekeningsmethode dient hiermee in overeenstemming gebracht 
te worden om veilig en economisch te kunnen construeren. 

12 De evenwichtsmethode voor de berekening van betonwanden wordt niet conse
quent toegepast en dient vervangen te worden door een betere methode. Dit 
geldt ook voor de berekening van liggers van gewapend beton. Deze berekening 
dient l.v.m. de veiligheid gebaseerd te zijn op de bepaling van de crl t ieke scheur-
helllng in het lijf en de vermindering van de rotatiecapaciteit door het dwars
krachtaandeel van de drukzone. 

13 In de discussie over de mens als zingevende existentie wordt door R.C. Kwant, 
tegengesteld aan het Marxisme, het primaat van het "wijzen" boven het "aan
grijpen" (arbeid) toegekend voor het ontstaan van zin. Het zou beter in overeen
stemming zijn met het interiorisatie-idee van zijn fi losofie (existentiële fenome
nologie) uit te gaan van de ambiguiteit van het wijzend grijpen en grijpend wijzen. 

14 In tegenstelling tot de heersende opvatting zijn er aanwijzlnglngen dat het pelog-
toonsysteem van de Javaanse gamalan ouder is dan het slendro-systeem. 

Fenomenologie van de Taal, Prof. Dr. R.C. Kwant, Het Spectrum, Utrecht 1963. 


