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   Abstract 

 The time-dependent mechanical behaviour (TDMB) of wood 
is important when using the material for structural purposes. 
Recently, a new method for predicting the TDMB by numeri-
cal modelling was established based on the assumption that 
TDMB is caused by the sliding of the microfi brils past each 
other. In this study, the TDMB is examined via creep experi-
ments on small specimens of Norway spruce latewood. The 
results of these are compared with results from numerical 
modelling. The experiments include results at two levels of 
moisture content and three levels of temperature, enabling 
an investigation of these two climatic factors on TDMB of 
wood. It was found that the mechanical response of wood tis-
sue is the sum of responses from both tracheids and middle 
lamella, with only the previous being reversible. The effect of 
moisture and temperature differed in that the latter affected 
the elastic and time-dependent responses equally. Moisture, 
on the other hand, reduced both the elastic properties and the 
activation energy barrier for sliding of the microfi brils, but 
furthermore changed the microfi bril angle of the sample as a 
result of swelling. Hereby, moisture had a larger effect on the 
time-dependent response than the elastic. All of these effects 
were predicted by numerical modelling.  

   Keywords:    creep;   moisture;   numerical modelling;   recovery; 
temperature;   time-dependent behaviour.     

  Introduction 

 Moisture and temperature have a signifi cant impact on the 
time-dependent mechanical behaviour (TDMB) of wood 
and, thus, also infl uence the applicability of the material for 

structural purposes. When water molecules enter the wood cell 
wall, some of the internal hydrogen bonds between wood poly-
mers are replaced with bonds to water molecules. Hereby, the 
material is weakened yielding a lower wood stiffness. Water 
does not enter the aggregated cellulose microfi brils (Matthews 
et al.  2006 ) but may absorb on the microfi bril surface or to 
the surrounding matrix of hemicelluloses and lignin (Hill et 
al.  2009 ). Therefore, it is the decrease in stiffness of these two 
latter components that causes the decrease in wood stiffness. 
A lower wood stiffness can also be achieved by increasing the 
temperature for wood at constant moisture content (Gerhards 
 1982 ). Also, the TDMB is infl uenced by moisture and temper-
ature in that an increasing creep rate is observed when either 
moisture content (Kojima and Yamamoto  2005 ) or tempera-
ture (Navi and Stanzl -Tschegg 2009 ) is increased. 

 Predicting the TDMB of wood is of importance when using 
the material for structural purposes. Therefore, several math-
ematical models have been established over the years in an 
attempt to predict this behaviour (Morlier and Palka  1994 ). 
The input parameters to these models, however, are often 
diffi cult to assign any physical meaning. Thus, most of these 
mathematical models cannot be said to describe the actual 
physical processes causing TDMB (Hunt  1997 ). Recently, 
a new method for numerical modelling of TDMB of wood 
was established (Engelund and Svensson  2011 ). The basic 
assumption of the numerical model is that time dependency is 
caused by sliding of the microfi brils past each other. This was 
modelled by allowing viscous behaviour in shear deforma-
tion modes in the material directions of the cell wall but only 
allowing elastic behaviour in all other deformation modes. 
Engelund and Svensson  (2011)  showed that such a model was 
capable of describing different types of TDMB. However, 
more complete experimental data sets are needed in order to 
evaluate some of the input parameters in the model. 

 This study examines the creep behaviour of specimens 
from the Norway spruce latewood of the same annual ring, 
cut adjacent to each other. This enables an investigation of 
the effect of both temperature and moisture content on the 
creep behaviour. Besides the experimental results, this study 
includes numerical modelling of the TDMB infl uenced by 
moisture and temperature. The actual cell geometry of the 
samples, found by environmental scanning electron micro-
scopy (ESEM), is used in the model.  

  Materials and method 

 The study includes an investigation of the TDMB of Norway spruce 
at two different moisture contents (8 %  and 20 % ) at three temperature 
levels (10 ° C, 25 ° C and 40 ° C), i.e., six climatic conditions. In order 
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to generate the desired moisture content in the samples, sorption iso-
therms were fi rst established. The results of these experiments were 
then used to set the air humidity at each temperature in the main 
experiment. 

  Sample preparation 

 The sample material was Norway spruce of Danish origin with a 
dry density of about 470 kg m -3  and an annual ring width of ap-
proximately 2.3 mm. The wood was sawn into blocks of 3  ×  2.5  ×  5 cm 
(L  ×  T  ×  R), and thin slices were cut from these blocks in a fully water-
saturated condition using a microtome. The slices were cut in the LT 
plane, and care was taken to secure a fi bre orientation along the cut. 
Among the many slices, those with a large proportion of latewood 
were selected. From one such slice, six samples of latewood were cut 
with a razor blade. Thus, all samples originate from the same annual 
ring close to each other. It is therefore safe to assume a high degree 
of similarity between samples. The effect of difference in microfi -
bril angle (MFA), which has a high impact on the creep behaviour 
(Kojima and Yamamoto  2004 ) was hereby minimized. Furthermore, 
selecting latewood fi bres secured a low MFA of the fi bres (Bergander 
and Salmén  2000 ). The cross sections of the fi nal samples were, on 
average, R  =  0.12  ×  T  =  0.50 mm.  

  Sorption isotherms 

 The adsorption isotherms at three different temperature levels were 
determined using the dynamic vapour sorption equipment (DVS 
Advantage 2, Sorption Measurement Systems, Alperton, UK) locat-
ed at the Danish Technological Institute (DTI), Taastrup, Denmark. 
Sample amounts of 60 – 75 mg were used to determine adsorption 
isotherms at 10 ° C, 25 ° C and 40 ° C. The resolution in the regions 35 –
 55 %  RH and 70 – 90 %  RH was high as in these two humidity regimes, 
the moisture content for all samples was expected to be around 8 %  
and 20 % , respectively.  

  Time-dependent mechanical behaviour 

 The creep and recovery behaviour of the samples were determined 
using dynamic mechanical analysis equipment (DMA7, Perkin 
Elmer, Waltham, MA, USA) located at Innventia, Stockholm, 
Sweden. Each sample was securely mounted between the grips of 
the equipment with a distance between grips of 6.8 mm on aver-
age. To make sure the sample was straight, a small load of 50 mN 
was applied briefl y, and hereafter, the sample was left stress-free. 
Subsequently, the sample was conditioned for 240 min at the selected 
climate for the given experimental run. Six combinations of relative 
humidity and temperature were selected corresponding to moisture 
contents of either 8 %  or 20 % . The air humidity surrounding the sam-
ple inside the test chamber was controlled using a Wetsys Controlled 
Humidity Generator, Setaram, Caliure, France. Nitrogen was used as 
the carrier gas. Hereafter, a load was applied for 90 min and the creep 
of the sample recorded followed by a stress-free period of 90 min 
in which the creep recovery was recorded. A load level of 10 MPa 
was selected. The load level was adjusted for differences in sample 
cross section at room climate. However, it was not adjusted for swell-
ing during conditioning in the test chamber. The applied force where 
therefore approximately equal in proportion to the amount of cell 
wall material for all samples. 

 Unfortunately, the insulation surrounding the test chamber proved 
insuffi cient to prevent condensation in the chamber at the 20 %  
MC, 40 ° C condition. Therefore, the results for this climate were 
discarded.  

  Cell geometry 

 In order to get a more accurate description of the TDMB, the cell 
wall geometry and area of the samples were evaluated. This was 
done using an ESEM located at DTI. The samples were investigated 
in low-vacuum mode, and therefore, the recorded geometry and area 
of the samples correspond to dry conditions. The characteristic cell 
wall thickness was 4.5  µ m, whereas the cross-sectional dimensions 
of the typical sample cell were T  =  35  µ m and R  =  19  µ m, respectively. 
For cells with a moisture content of 8 %  and 20 % , the cross-sectional 
dimensions are expected to be about 2 %  and 5 %  larger, respectively, 
based on results from swelling experiments (Keylwerth  1968 ).  

  Numerical modelling 

 The geometry from the microscopy investigations was used as the 
basis for generating a representative model fi bre for each sample. 
Input parameters regarding elastic properties of the wood constituents 
are different from those used in the study by Engelund and Svensson 
 (2011) , which only considered the cell wall as a composite of two 
components: the cellulose microfi brils embedded in a hemicellulose/
lignin matrix. In this study, the matrix material is the lignin, which 
embeds both cellulose microfi brils and hemicelluloses. From this, the 
elastic moduli and Poisson ’ s ratio of the composite cell wall in the 
material directions can be calculated from Reuss and Voigt bounds 
(Engelund and Svensson  2011 ). The composite shear modulus is 
found from a mathematical model by Kerner  (1956) . The variation 
of elastic properties of the three constituents with temperature and 
moisture content are derived from the theory of hydrogen-bonded 
dominated solid materials (Nissan  1976a,b ; Caulfi eld  1990 ; Nissan 
and Batten  1990 ). Nissan ’ s model states that the elastic moduli are 
related to the number of internal hydrogen bonds and the force con-
stant of these. Introduction of moisture into the substance will reduce 
the number of hydrogen bonds between the wood polymers, whereas 
an increase in temperature will weaken these remaining wood-wood 
hydrogen bonds. Thus, the variation of the elastic and shear moduli 
can be described by the relation 

 E(MC, T)  =  E 0  · exp[-K MC (MC-MC 0 )-K T (T-T 0 )] (1) 

 where E is the elastic modulus [GPa], MC is the moisture content in 
the constituent [%], T is the temperature [K] and index zero refers to 
the reference condition. The parameters K MC  and K T  are linked to the 
decline in modulus with moisture and temperature, respectively. No 
coupling term between moisture and temperature is included in equa-
tion (1) as discussed by Engelund  (2011) . The value of K T  is 0.0024 
K -1  for solids dominated by hydrogen bonding (Caulfi eld  1990 ; 
Nissan and Batten  1990 ) derived from the Lippincott-Schroeder po-
tential function for hydrogen bonds (Lippincott and Schroeder  1955 ). 
In the longitudinal direction of the cell wall, however, the dominant 
effect of the covalent bonds in the microfi brils reduce K T  to 0.00075 
K -1  (Engelund  2011 ). The value of K MC  is 0.067/% and 0.072/% for 
hemicellulose and lignin, respectively (Caulfi eld  1990 ; Nissan  1977 ). 
As water does not affect the mechanical properties of cellulose, the 
value of K MC  for cellulose is zero. 

 The elastic and shear moduli of the three constituents are illus-
trated in Figure  1  , along with experimental data for some of the 
moduli of hemicelluloses and lignin. According to the Nissan model, 
the properties do not change much below about 5 %  moisture content 
(Nissan  1976b ), whereas above, the change is more pronounced. The 
abscissa of Figure 1 has been converted from moisture content in the 
constituent to wood moisture content based on Figure  2  , which is 
constructed based on available literature data. The Poisson ’ s ratios 
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in the LT plane used for the three constituents are 0.2 for cellulose 
and hemicelluloses (Chen et al.  2004 ; Peura et al.  2007 ) and 0.33 
for lignin (Cousins  1976 ). These are assumed to be unaffected by 
both moisture and temperature. The Poisson ’ s ratios in the LT and TT 
planes for the composite cell wall are 0.23 and 0.33, respectively. 

 The TDMB of the samples was modelled using the method de-
scribed by Engelund and Svensson  (2011)  in which the rate of viscous 
shearing in the local coordinate system that follows the orientation of 
the microfi brils is described by 

   
= ⋅ ⋅vd

A(MC, T) 2sinh[B(T) ]
dt

ε
σ

 
(2)

 

 where  σ  is the shear stress [MPa] and A [s -1 ] and B [MPA -1 ] are kinet-
ic parameters. In the following, only the kinetic parameter A is varied 
in order to generate differences in shearing rates. The parameter is 
varied as multiples of the reference value A 0 , which corresponds to 
an activation-free energy of about 100 kJ mol -1  at room tempera-
ture, which is within the range of 85 – 140 kJ mol -1  reported for time-
dependent deformation of viscose rayon (Halsey et al.  1945 ; Eyring 
and Halsey  1946 ; Holland et al.  1946 ), cotton (Holland et al.  1946 ; 
Lasater et al.  1953 ), cellulose acetate (Halsey et al.  1945 ; Reichardt 
and Eyring  1946 ; Reichardt et al.  1946 ) and wood (Kingston and 
Clarke  1961 ; Bonfi eld et al.  1996 ). The value of B used in the follow-
ing is based on the volume of a hemicellulose unit. 

 The applied stress on the model fi bre was adjusted based on the 
actual cell wall area obtained from the ESEM investigations consid-
ering the effect of moisture content on the dimensions. The effect of 
temperature on dimensions was assumed to be negligible.   

  Results and discussion 

  Experimental results 

 Figure  3  a shows the effect of moisture content and tempera-
ture on the creep behaviour. For the selected range of these 

 Figure 1    Moduli of elasticity in the normal (L, T) directions and shear plane (LT) for cellulose, hemicelluloses and lignin as function of 
moisture content at the three experimental temperatures employed in this study. The dotted black line is the curve for T  =  10 ° C, the solid black 
is for T  =  25 ° C and the grey line is for T  =  40 ° C. Experimental data from Srinivasan  (1941)  and Cousins et al.  (1975), Cousins (1976, 1978)  are 
included for hemicelluloses and lignin.    

 Figure 2    Relation between wood moisture content and moisture 
content of hemicelluloses and lignin based on experimental data by 
Seborg et al.  (1938) , Christensen and Kelsey  (1958, 1959) , Sadoh 
 (1960) , Goring  (1963) , Sadoh and Christensen  (1964) , Cousins 
 (1976, 1978) , Reina et al.  (2001) , Olsson and Salmén  (2004) . The 
wood moisture content is based on the standard softwood isotherm 
given by Forest Products Laboratory  (2010) .    

two parameters, it is clear that moisture has a signifi cant 
effect, whereas temperature has a minor effect on the behav-
iour. However, considering the normalized strain develop-
ment, i.e., the ratio of time-dependent strain over elastic strain 
equation (3), it is clear that the temperature affects the elas-
tic and creep compliances equally as the normalized curves 
coincide. 

   

creeptotal elastic
norm

elastic elastic

(t)(t)- εε ε
ε

ε ε
= =

 
(3)

 

 Thus, the scaling with temperature of elastic strain and 
creep strain rate is similar. The same phenomenon is seen for 
the creep recovery in Figure 3b except for the sample at 40 ° C 
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and 8 %  MC. For illustrative reasons, the normalized creep 
recovery curves depict the negative ratio of equation (3). 

 The effect of moisture content on the creep and recovery 
behaviour is not similar for the elastic and time-dependent 
compliances. From Figures 3a and b, it is clear that mois-
ture infl uences the time-dependent compliances more than 
the elastic compliances. Thus, there is a difference in the 
effect of temperature and moisture on the compliances of 

wood. This may be linked to the molecular mechanisms 
responsible for these compliances. Whereas the elastic com-
pliance is controlled by the lengthening and/or rotation of 
covalent and hydrogen bonds, the time-dependent compli-
ance is thought to be a result of the breaking, moving and 
re-forming of hydrogen bonds (Grossman  1976 ; Hanhij  ä rvi 
1995 ; Engelund and Svensson  2011 ). Increasing the tempera-
ture will affect all chemical bonds, whether covalent or sec-
ondary, hereby increasing the bond length and weakening the 
bonds. Moisture within the cell wall, however, predominately 
interferes with hydrogen bonds and thus affects the time-
dependent compliance more than the elastic compliance. 

 There is a marked difference in the behaviour during creep 
and recovery. Whereas the creep strain continues developing, 
the creep recovery seems to converge to a stable level, at least 
for the samples at 10 ° C and 25 ° C. This may be a result of the 
difference in the driving potential for the creep and recov-
ery processes. Whereas the previous is driven by the applied 
external load, the recovery is driven by the elastic energy 
stored while the external load was applied. As this energy is 
used during creep recovery, the driving potential is decreas-
ing, thus slowing the processes. Eventually, the recovery is 
halted due to insuffi cient elastic energy to drive the recovery 
process. 

 Another possible explanation is related to the TDMB of the 
middle lamella (Hunt and Gril  1994 ; Engelund and Svensson 
 2011 ). During loading, both the wood cells and the middle 
lamellas gluing these together are subjected to load, which 
will cause viscous responses in both. The viscous response of 
the middle lamella is termed fi bre slippage by Hunt and Gril 
 (1994).  X-ray diffraction measurements have confi rmed that 
tensile loading of wood will cause straining of other parts of 
the wood microstructure than the cell wall, both in the elastic 
(Nakai et al.  2006 ; Montero et al.  2012 ) and viscous domains 
(Moriizumi and Okano  1978 ). When the load is removed, the 
elastic energy in the microfi brils causes a full or almost full 
reversal of the response of the wood cells. However, due to 
a lack of suffi cient stored elastic energy in the structure, the 
viscous response of the middle lamella is not reversed upon 
unloading. The full recovery of the wood cells and lack of 
recovery of the middle lamella is in line with the experimental 
fi ndings of Moriizumi and Okano  (1978)  quoted by Hunt and 
Gril  (1994) . In these measurements, the straining of the cel-
lulose microfi brils could only explain part of the total strain. 
The remaining amount increased with time and was not recov-
ered after unloading, unlike the cellulose strain. Therefore, 
the creep recovery curves of Figure 3b will tend towards a 
stable value only due to the creep recovery in the wood cells. 
The viscous response of the middle lamella is roughly linear 
with time under constant load. This response can be found 
by taking the difference between the normalized curves of 
Figures 3a and b, fi tting a linear function to each of these dif-
ferences; see Figure 3c. The average inclination of the lines 
for 8 %  MC and 20 %  MC are then used to subtract the middle 
lamella contribution to the creep curves. The result is seen in 
Figure 3d where the assumed cell creep curves are compared 
with their respective unmodifi ed recovery curves. Apparently, 
the difference between the creep and creep recovery curves 

 Figure 3    (a) Creep strain as function of time, temperature and mois-
ture content (black  =  20 %  MC, grey  =  8 %  MC). Inserted is the creep 
response normalized with the elastic strain. (b) Creep recovery strain 
as function of time, temperature and moisture content (black  =  20 %  
MC, grey  =  8 %  MC). Inserted is the creep recovery response nor-
malized with the elastic strain. (c) Difference in normalized strain 
between the creep and creep recovery for samples at 8 %  MC (grey) 
and 20 %  MC (black). Inserted are linear tendency lines for visual 
aid. (d) Assumed creep strain in cell wall (black) and actual recovery 
strain of tissue (grey) for samples at 10 ° C and 25 ° C.    
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 Figure 4    Predicted mechanical response of the numerical model 
to constant tensile stress of 10 MPa in 90 min followed by 90 min 
without applied stress.    

 Figure 5    Predicted mechanical response of the numerical model at room temperature as a function of MFA and moisture content.    

in Figure 3c could be due to a viscous linear response of the 
middle lamella. The behaviour of single fi bres can, by this 
way of reasoning, be regarded as a response of several con-
stituent layers connected in parallel. Upon unloading, the 
stored elastic energy of the S2 microfi brils causes a reversal 
of the developed strains. On the tissue scale, however, the 
TDMB of tissues can be regarded as the response of the cell 
and the middle lamella connected in series. Upon unloading, 
only the cells will exhibit creep recovery. This explanation, 
however, fails in describing the creep and creep recovery 
response of the sample at 40 ° C and 8 %  MC as seen in Figures 
3a and b. Also, the full recovery of the creep strain is in 

contrast with the experimental results of Hill  (1967)  on single 
latewood pine holocellulose fi bres from a pulp. These results 
show unrecoverable strain after creep. On the other hand, the 
numerical model was capable of describing the experimental 
results by Eder and co-workers (2006) for stress relaxation of 
single fi bres as illustrated by Engelund and Svensson  (2011) . 
However, the model was unable to predict the observed 
continuing stress relaxation of tissues in the data from Eder 
et al.  (2006) . Although it seems as the results by Eder et al. 
(2006) and Hill  (1967)  contrast, it should be noted that the 
separation of fi bres in the previous study was done mechani-
cally using tweezers and in the latter by pulping. The pulping 
process highly modifi es the fi bres, which may infl uence the 
results signifi cantly.  

  Numerical modelling 

 The tracheid model predicts a TDMB similar to that observed 
in Figure 3d. As illustrated in Figure  4  , the numerical model 
predicts both full recovery of strain and coinciding creep and 
creep recovery curves, both of which level off with time. 
From Figure  5  , it is clear that the magnitude of the fi nal level 
of strain is determined by the MFA and the elastic properties, 
but not the rate of the time-dependent processes. Whether 
the time-dependent process is fast, i.e., high value of param-
eter A in equation (2) or slow, the fi nal level of strain is the 
same. This observation implies that the TDMB of tracheids is 
controlled by moisture and MFA. Part of the observed differ-
ence between creep at 8 %  MC and 20 %  MC must therefore 
be explained by a difference in MFA in these two moisture 
states. This hypothesis is, in fact, supported as described 
by Engelund  (2011)  by the numerical model by incorporat-
ing a swelling coeffi cient of 0.4 typical of tracheid cell walls 
(Hartley and Avramidis 1996; Murata and Masuda 2006) in 
the directions perpendicular to the microfi brils. Hereby, the 
MFA of the tracheids at 20 %  MC is predicted to be about 3 °  
higher for tracheids, which have an MFA of about 5 °  at 8 %  
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MC. These fi ndings are supported by some, although scarce, 
experimental results (Jentzen 1964). In Figure  6  , the experi-
mental results are fi tted with good agreement by the numeri-
cal model with two such levels of MFA. Moreover, the kinetic 
parameter A is doubled for the 20 %  MC model in order to 
achieve a better fi t to data. This corresponds with an expected 
decreased activation free energy with increased moisture con-
tent as shown for the softening of hemicelluloses (Olsson and 
Salmén  2004 ). 

 The effect of temperature on the normalized strain response 
is fully predicted by the numerical model as illustrated in 
Figure  7  . Although the temperature changes the elastic prop-
erties, the time-dependent response is proportional to these 
changes in accordance with the experimental results. These 
fi ndings contradict, however, experimental results for bending 
tests, which show that creep recovery (Davidson 1962) is, in 
fact, affected by temperature in the range 20 – 60 ° C. Although 
a different mode of loading is employed in the quoted study, 
further tensile experiments on softwood tissue are needed to 

 Figure 7    Predicted mechanical response of the numerical model at 
the three temperature levels employed in the experiments.    

 Figure 6    Comparison of predicted mechanical response of the 
numerical model with experimental results.    

draw fi nal conclusions. In general, more experimental data 
are needed to fully evaluate the parameters of the numeri-
cal model, its implicit assumptions and the fi ndings of this 
study.   

  Conclusions 

 In this study, it was found that the TDMB response of wood 
tissue is the sum of responses from both tracheids and mid-
dle lamella, with only the previous being reversible. Water 
molecules entering the cell wall result in fewer hydrogen 
bonds between wood polymers. Hereby, the elastic prop-
erties and the activation energy barrier for sliding of the 
microfi brils are reduced. Furthermore, the swelling, which 
accompanies an increase in moisture, results in a change in 
MFA, which also has an effect on the TDMB response of 
tracheids. All of these effects are predicted by the numeri-
cal model of this study. The simple theoretical basis of the 
model and the agreement of predictions with experimental 
results lend the model credibility. The model is also able to 
predict the effect of temperature on the TDMB responses 
seen in experiments. These are, however, in contradiction 
with previous fi ndings.   
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