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ABSTRACT 

The mechanical behaviour of timber loaded in compression perpendicular to grain is essential for a rational design 

of many timber structures. Structural components frequently exposed to such loading include studs on bottom rails, 

stress-laminated timber decks, timber elements lying in between vertical load-bearing columns as well as 

traditional timber joints mating surfaces in compression. Compression perpendicular to grain has been a repeated 

topic for discussion both in the current European regulations for timber structures, as well as in the ongoing work 

with the next generation of Eurocode 5 - timber structures. However, the long-term behaviour is quite complex, 

taking both time and moisture variation into consideration, and to improve the understanding and the ability to 

consider the long-term effects in practical design, a simplified one-dimensional model is given herein. The paper 

presents novel results from long-term compression orthogonal to grain tests performed with load and moisture 

control. The purpose of the testing was to evaluate the effect of transversal creep on the long-term behaviour of 

timber elements including the effect of the mechanosorptive deformation. The test results were in turn used to 

calibrate a one-dimensional model for the prediction of the long-term response of timber. The model takes into 

account the combined effects of loading and moisture variations. The effective material properties are defined by 

use of effective pith locations together with the orthotropic material parameters. Finally, a comparison between the 

model results and experimental observations is given, showing an overall good prediction of the response. 

Keywords 

glued-laminated timber, long-term behaviour, compression perpendicular to grain, creep, mechanosorption 

1. INTRODUCTION 

The mechanical response of timber changes with time when loaded. Moreover, the climate conditions of the 

surroundings have a significant influence on timber behaviour (Bodig and Jayne 1993). The dependency of the 

duration of the load and the climate conditions on the long term behaviour of timber has previously been studied 

and described for the longitudinal direction of the wood fibres (Mohager and Toratti 1993; Schniewind 1968; 

Toratti 1992). Ranta-Maunus (1993) showed the importance of creep in the direction perpendicular to grain. 

Furthermore, several studies have been performed with focus on the orthogonal direction showing the influence of 

the moisture content variation on the dimensional stability and moisture induced stresses of timber cross-sections 

(Bengtsson 1999; Svensson and Toratti 2002). Additionally, several authors addressed the phenomenon of the non-

linearity of the creep deformation (Hunt 1989; Morlier and Palka 1994; Reichel and Kaliske 2015). Ozyhar, Hering 

and Niemz (2013) have performed several tests, including compression perpendicular to grain tests, to study the 

viscoelastic behaviour of wood loaded for 24 hours. 
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The main objective of the present study is to quantify proper material parameters to describe the long-term 

behaviour of timber under compression orthogonal to grain and exposed to moisture variation. Additionally, the 

determined viscoelastic and moisture related properties are used to develop a one-dimensional model to describe 

the orthogonal to grain behaviour of timber. The model is suitable for evaluation of long-term compressive loading 

perpendicular to the grain if the distribution of stresses can approximately be treated as a one-dimensional case, 

and there is no need of evaluating the full stress distribution, using more computationally heavy 3D models 

(Massaro and Malo 2017). Examples on such structural cases popular in timber engineering are pre-stressed timber 

decks used in road bridges, header joist, or more generally floors, beams, and deck plates lying in between vertical 

load-bearing structures, which conservatively can be treated as one-dimensional. 

In order to achieve these objectives, an experimental study on orthogonally compressed timber is performed in 

order to obtain the required data for the simulations. The one-dimensional model, implemented and used in this 

study, is based on the viscoelastic-mechanosorptive model suggested by Toratti (1992). To evaluate properly the 

mechanosorptive effect, a proper moisture diffusion analysis is required (Muszyński et al. 2005). Hence, the 

moisture content of timber is evaluated according to the moisture-transport model proposed by Fortino, Mirianon 

and Toratti (2009). The implementation of the model is explained in detail. Finally, the calculated results from the 

simulations are compared with the measured values of the creep experiments. 

2. MATERIALS AND METHODS 

2.1 TEST SETUP 

The present investigation has been motivated by the need for more accurate models for the long-term behaviour of 

pre-stressed timber decks. This type of decks on road bridges is often made out of parallel side-by-side glulam 

beams mechanically held together by pre-stressed steel rods, installed in pre-drilled holes in the perpendicular 

direction relative to the grain. The pre-stressing rods are usually located in the central part of the beam. The 

compressive stress together with the friction between the beams forms a two-dimensional decking plate (Fig. 1) 

(Dahl et al. 2006; Ekholm 2013; Pousette et al. 2002; Pousette et al. 2017; Ritter 1992).  

 

Fig. 1 Section of a pre-stressed timber bridge deck (after Ritter (1992)) 

The long-term compression tests were performed on specimens of Norway spruce classified as GL30c according to 

NS-EN 14080:2013. The specimens were obtained by cutting a timber beam (GL30c) with cross-section of 360×115 

mm2. Firstly, the four outermost lamellae were cut and removed in order to get specimens made only by the four 

inner lamellae, consider Fig. 2. The reason for the removal of the external lamellae was that timber class GL30c, as 

all the classes ending with the letter “c”, has outer lamellae with different properties than the inner ones. The pre-

stressing rods are usually located in the inner lamellae. Therefore, there was the need to remove the outer lamellae 

in order to obtain data valid for the softer central part of the beams, and to perform the tests on lamellae with the 
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same classification. Afterwards, the inner lamellae were sliced every 100 mm along the longitudinal direction, giving 

cuboids of dimension 100×115×180 mm3 (Fig. 2). A hole of 22 mm diameter was drilled in the centre of the minor 

faces of the cuboids to allow for insertion of a load-transferring rod.  

 

Fig. 2 Location of the cuboidal specimens in a glulam beam (units in mm) 

All specimens were made of a stack of five cuboids of dimension 100×115×180 mm3. Each cuboid had a hole of 22 

mm diameter in the centre of its top face. The total length of the specimen stack was 900 mm and the cross-section 

100×115 mm2 (Fig. 3a). 

A rod of 16mm diameter was inserted into the hole to hold the cuboids together and to load the specimens (Fig. 3b). 

The direction of the rod was orthogonal to the direction of the wood fibres, in order to compress it in the orthogonal 

direction. 

 

Fig. 3 a) Sketch of a timber specimen (units in mm); b) lateral view of the test setup 

The principle of the experimental setup is shown in Fig. 3b and photos are given in Fig. 4a and Fig. 4b. The setup 

consists of a small steel structure comprising a lever arm in order to impose gravity loading on the specimens. 
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The specimens were loaded through steel rods, which transfer the forces from the lever arms, passing the hollow 

steel coupler also through holes, and finally coupled to steel plates on top of the specimens, inducing compression 

on the wooden blocks. 

The dimensional changes of the specimens were measured by displacement transducers (LVDT with accuracy 

higher than 0.03 mm) located on the outside of the hollow steel coupler, shown in Fig. 3b and Fig. 4b. These 

transducers sampled the change in distance between the hollow steel coupler and the fixed beam which, by 

subtracting the elastic elongation of the rods, corresponds to the vertical dimensional change of the timber 

specimens (Fig. 4b). 

 

Fig. 4 a) Detail of the experimental rig showing the 9 timber specimens and the 9 lever arms loaded with different number of 
steel plates; b) Detail of a measuring transducer (LVDT) showing the hollow steel coupler between the loading rod and the lever 
arm 

 

2.2 TEST METHOD 

The tests were performed in a climate-controlled room with constant temperature of 20 °C and continuous control 

of the relative humidity in the air. Prior to testing, the specimens were conditioned to a temperature of 20 °C and a 

relative humidity of 65% for several weeks. In the first phase of testing, which lasted 4 months, the nine specimens 

were tested in parallel maintaining the relative humidity (RH) constant at the value of 65% in order to evaluate the 

viscoelastic effects without the influence of the variation of the moisture content in wood. In the second phase, the 

test continued with a variation of relative humidity between 80% and 50% in order to evaluate the 

mechanosorptive effects in the specimens. 

The specimens were tested under three different load conditions, which correspond to a uniform perpendicular 

compression stress on the timber of 0.6, 0.8 and 1 MPa, respectively. The corresponding force, assuming that the 
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whole load is transferred to the timber, was checked by use of a load-cell prior to testing. The three values of 

compression stress were chosen in order to replicate the stress levels of interest in real structures such as stress-

laminated decks. 

2.3 ONE-DIMENSIONAL MODEL 

The experiments are modelled by a simplified one-dimensional model in order to evaluate the viscoelastic and the 

mechanosorptive parameters. The geometry of the specimens is modelled by a one-dimensional line, 900mm long, 

fixed at the bottom and free at the top vertex (Fig. 5a). 

 

Fig. 5 a) Schematic representation of a specimen and of the one-dimensional approaches used for the models; b) angle between 
the tangent to the annual ring at a given point and the horizontal axis 

 MOISTURE TRANSPORT MODEL 

It is assumed that the moisture transport in the timber follows Fick’s second law of diffusion. Since all the vertical 

faces of the specimens are exposed to the air, it is assumed that the diffusion of moisture is dominated by the 

longitudinal to grain direction (x-direction: Fig. 5a). Therefore, Fick’s law for calculation of the moisture content u 

in the timber specimens is simplified as shown in Equation (1). 
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The diffusion coefficient D is dependent on the moisture content and in this analysis the values obtained by Sjödin 

(2006) for Norway Spruce in the longitudinal to grain direction are used. From a mathematical point of view, the 

moisture diffusion, Equation (1), is similar to the heat transfer Equation (2), where ρ is the density of timber, cT is 

the specific heat, T is temperature and λ is the conductivity.  

 𝜌𝑐்

𝜕𝑇

𝜕𝑡
=  

𝜕

𝜕𝑥
൬𝜆

𝜕𝑇

𝜕𝑥
൰ (2) 

The equivalence is obtained considering T = u, λ = ρ D and cT = 1 (Fortino et al. 2009). 

Due to this analogy, the diffusion analysis was performed with the aid of the software Comsol Multiphysics (COMSOL 

Inc. 2017) using the physics of heat transfer.  

The moisture flux across the boundary is produced by the difference between the moisture content at the surface 

of timber usurf and the equilibrium moisture content of timber for the current relative humidity of the air ueq.  

 ൬𝐷
𝜕𝑢

𝜕𝑥
൰ = 𝑆(𝑢௘௤ − 𝑢௦௨௥௙) (3) 

In Equation (3) the surface emission factor S is considered equal to 10 x 10-8 m s-1 (Angst and Malo 2013). 

The equilibrium moisture content ueq is calculated by Equation (4) according to Avramidis (1989), where the 

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

 𝑢௘௤ = 0.01 ൦
−𝑇 ln(1 − 𝑅𝐻)

0.13 ቀ1 −
𝑇

647.1
ቁ

ି଺.ସ଺൪

ଵ

ଵଵ଴்షబ.ళఱ

 (4) 

In order to perform the analysis by the software Comsol Multiphysics, the geometry of the specimens was simplified 

to a 1D element in the x-direction, see Fig. 5a, considering only diffusion of moisture in the longitudinal to grain 

direction. The diffusion perpendicular to grain direction is neglected since the diffusion coefficient in this direction 

belongs to a smaller order of magnitude (Sjödin 2006). 

The moisture content values, obtained through the moisture transport analyses performed with the software 

Comsol Multiphysics, are then averaged over the width in order to be used in the mechanical model described in 

Chapter 2.3.2. 

 VISCOELASTIC-MECHANOSORPTIVE MODEL 

The model used for the analysis is proposed by Toratti (1992) and expresses the total strain rate ε̇ as the sum of the 

elastic strain rate ε̇e, the shrinkage-swelling strain rate ε ̇s, the viscoelastic creep strain rate ε ̇v and the 

mechanosorptive strain rate ε̇ms, as given by Equation (5).  

 𝜀̇ =  𝜀௘̇ + 𝜀௦̇ + 𝜀௩̇ + 𝜀௠̇௦ (5) 
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The presence of the holes in the specimen is accounted using the net timber area. Otherwise, it is neglected since 

the area of the holes is only 3% of the net timber area. The time-dependent deformation of the steel rod for these 

levels of stress and temperature is negligible (Anderberg 1988; Schneider and Lange 2011). 

Elastic deformation 

The elastic deformation εe is provided by Hooke’s law, Equation (6), where Eeff is the effective modulus of elasticity 

calculated by Equation (7). Here, the mechanical properties in radial and tangential directions are transformed to 

an average effective direction according to Häglund (Häglund 2010) in order to relate 1D models to orthotropic 

material properties. The same approach is used for the other parameters described in Equations (11), (17) and (18), 

as shown by Angst and Malo (2010). 

 𝜎 = 𝐸௘௙௙  𝜀௘ (6) 

 𝐸௘௙௙ =
𝐸ோ𝐸்𝐺ோ்

𝐸்𝐺ோ்𝑐ଶ(𝑐ଶ − 𝑠ଶ𝜈ோ் ) + 𝐸ோ𝐺ோ்𝑠ଶ(𝑠ଶ − 𝑐ଶ𝜈்ோ) + 𝐸ோ𝐸்𝑠ଶ𝑐ଶ
 (7) 

In Equation (7), ER and ET are the modulus of elasticity in the radial and in the tangential direction respectively, GRT 

is the rolling shear modulus, νRT and νTR are the Poisson ratios about the radial and the tangential directions, s=sin 

θ and c=cos θ, where θ is the angle between the tangent to the annual ring at a given point and the horizontal axis, 

see illustration in Fig. 5b. 

The mechanical properties in the transversal direction used in the model were chosen after an optimization process. 

Numerical simulations of the geometry of the specimens, which includes the pith locations of the laminations, were 

performed with the software Abaqus (Dassault Systemes 2014). The Abaqus model includes the geometry of the 

specimens loaded elastically by a uniform compression load. The coordinates of all pith locations are given in 

Appendix B (Online Resource). The Abaqus model is then given as input for the optimization in the software Isight 

(Dassault Systemes 2017). The software Isight optimized the simulations, using the Pointer algorithm, varying the 

transversal mechanical properties (ET, ER, GRT, νRT) in order to obtain an elastic vertical displacement in the 

numerical models coinciding with the experimental results. The measured elastic vertical displacement is also equal 

to 𝜎 ⋅ 𝐿
𝐸௘௙௙,௘௫௣

ൗ  , where L is the specimen length (900 mm). The optimization showed the existence of several sets 

of properties which would lead approximately to the same displacement. The elastic properties proposed by Dahl 

(Dahl 2009; Dahl and Malo 2009) (Table 1) resulted as one of the possible sets of properties obtained from the 

Isight optimization and therefore they have been selected to be used in this study. 

The representative angle θ for each specimen was also obtained through numerical simulation of the geometry of 

the specimens with the software Abaqus. These simulations were performed using the mechanical properties (ER, 

ET, GRT, νRT) in Table 1. The numerically obtained Eeff and the mechanical properties given in Table 1 were inserted 

into Equation (7) and therefore the representative angle θ for each specimen was calculated. However, the 

dependency between θ and Eeff is represented through a non-injective function, so the angles chosen are the highest 

between the two mathematically possible solutions and they are also given in Table 2. 

The “real” effective moduli of elasticity of the specimens at the beginning of the test (𝐸௘௙௙,௘௫௣) were obtained 

experimentally from the measured elastic strains. They are shown in Table 2, where Latin capitals indicate 

specimen identification, while the following number gives the stress level in MPa. 
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Table 1 Timber properties used in the model: reference values (Dahl 2009; Dahl and Malo 2009) 

ET ER GRT νRT 

[MPa] [MPa] [MPa] [-] 

352 818 31 0.835 

 

Table 2 Values of the representative angle between rings and horizontal axis (θ), of the effective numerical modulus of elasticity 
(𝐸௘௙௙,௡௨௠) and of the effective experimental modulus of elasticity (𝐸௘௙௙,௘௫௣)  

Specimen A-1.0 B-1.0 C-1.0 A-0.8 B-0.8 C-0.8 A-0.6 B-0.6 C-0.6 

θ [deg] 78.13 76.90 76.90 77.48 77.00 77.33 77.29 78.04 77.37 

𝐸௘௙௙,௡௨௠ [MPa] 260.9 248.0 248.0 254.0 249.0 252.4 252.1 260.0 252.9 

𝐸௘௙௙,௘௫௣ [MPa] 255.7 238.9 247.7 229.3 229.8 259.8 224.8 266.5 238.8 

 

The rate form of Equation (6), given in Equation (8), takes also the variation of the effective modulus into account 

caused by the change of moisture content (MC). 

 𝜀௘̇ = �̇�௘௙௙
ିଵ 𝜎 + 𝐸௘௙௙

ିଵ �̇� (8) 

The dependence on MC of the moduli of elasticity, both normal and shear, can be expressed as in Equation (9), 

according to (Santaoja et al. 1991). The reference values of the moduli refer to a moisture content of 12%. 

 
𝐸௜ = 𝐸௜,௥௘௙ൣ1 − 2.6൫𝑢 − 𝑢௥௘௙൯൧   𝐺ோ் = 𝐺ோ்,௥௘௙ൣ1 − 2.6൫𝑢 − 𝑢௥௘௙൯൧ 

i=R,T uref = 0.12 
(9) 

Hygroscopic deformation 

The hygroscopic strain rate ε ̇s is modelled proportional to the rate of moisture content u̇ as shown in Equation (10). 

 𝜀௦̇ = 𝛼௘௙௙  �̇� (10) 

 𝛼௘௙௙ = 𝛼ோ𝑐ଶ + 𝛼்𝑠ଶ (11) 

In Equation (11), αR and αT are the hygro-expansion coefficients for the radial and the tangential direction, 

respectively. 

Viscoelastic creep deformation 

The viscoelastic creep deformation εv is the component of the total deformation solely dependent on time.  

 𝜀௩ = 𝛷(𝑡) ⋅ 𝜀௘ (12) 

In Equation (12), Φ is the creep function (Dinwoodie 2000). 

For computational reasons, the creep functions Φ obtained from the empirical creep data have been fitted into 

series of Kelvin bodies, Equation (13).  

 𝛷 = ෍ 𝑆௡ ൬1 − 𝑒
ି

௧
ఛ೙൰

௡

 (13) 
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Here, Sn represents the final compliance of the Kelvin element n relative to the elastic compliance and τn is the 

retardation time of the element n (Toratti 1992).  

The use of series of Kelvin bodies is physically suitable to describe the creep phenomenon, since the physical 

behaviour of timber suggests that viscoelastic compressive deformation cannot increase unlimited but must tend 

to an asymptotic value. 

Mechanosorptive deformation 

The mechanosorptive deformation is the component of deformation due to the interaction of stress and moisture 

content variations.  

Svensson and Toratti (2002) showed that the mechanosorptive strain εms is the sum of a recoverable part εms,r and 

an irrecoverable part εms,i expressed in Equation (14). 

 𝜀௠௦ = 𝜀௠௦,௥ + 𝜀௠௦,௜  (14) 

 

The recoverable part is modelled by the creep limit model given by Equation (15), where S∞ is the compliance at 

the mechanosorptive creep limit, τ is the considered instant of time and m is a material parameter (Hunt and Shelton 

1988; Toratti 1992). 

 𝜀௠௦,௥ = 𝑆ஶ𝜎 ቄ1 − 𝑒ି௠ ∫ |ௗ௨(௧)|
ഓ

బ ቅ (15) 

The irrecoverable mechanosorptive strain exists only in presence of moisture content never reached before by the 

loaded timber element. 

 𝜀௠̇௦,௜ = 𝑚௩𝜎ห�̇�ห (16) 

In Equation (16), mv is a material parameter independent of moisture, and U is a moisture content value not 

previously reached during the load history of the material. 

Defining the mechanosorptive compliance matrices as assumed by Fortino et al. (2009) (see Online Resource 

Appendix A.1.2), it is possible to apply the same approach as used for the evaluation of the effective elastic modulus 

of elasticity, in order to calculate the mechanosorptive compliance and the irrecoverable mechanosorptive 

parameter for the representative orientation of the 1D model. 

 𝑆ஶ =
𝐸்𝐺ோ்𝑐ଶ(𝑐ଶ − 𝑠ଶ𝜈ோ்) + 𝐸ோ𝐺ோ்𝑠ଶ(𝑠ଶ − 𝑐ଶ𝜈்ோ) + 𝐸ோ𝐸்𝑠ଶ𝑐ଶ

𝐸ோ𝐺ோ்

𝑚்  (17) 

 
𝑚௩ =

𝐸்𝐺ோ்𝑐ଶ(𝑐ଶ − 𝑠ଶ𝜈ோ்) + 𝐸ோ𝐺ோ்𝑠ଶ(𝑠ଶ − 𝑐ଶ𝜈்ோ) + 𝐸ோ𝐸்𝑠ଶ𝑐ଶ

𝐸ோ𝐺ோ்

𝑚௩்  
(18) 

In Equations (17) and (18), mT and mvT represent respectively the mechanosorptive compliance and the 

irrecoverable mechanosorptive parameter in the tangential material direction. The full derivation of the equations 

is given in Online Resource Appendix A.1.2. 

The value for the material parameter m, equal to 2.5, was chosen according to Toratti (1992). 

2.4 INCREMENTAL MODEL 

A detailed derivation of the expressions in the model is given in the Appendix (Online Resource). Here, only the 

resulting expressions are outlined. 
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Elastic and hygroscopic strain increment 

The elastic strain increment Δεe expressed in Equation (19) is easily obtained from Equation (8). 

 ∆𝜀௘ = ∆𝐸௘௙௙
ିଵ 𝜎 + 𝐸௘௙௙

ିଵ ∆𝜎 (19) 

The variation of the elastic compliance ∆𝐸௘௙௙
ିଵ  is due to the variation of moisture content as described in Equation 

(9). 

The hygroscopic strain increment Δεs, given in Equation (20), is straightforwardly obtained from Equation (10). 

 ∆𝜀௦ = 𝛼௘௙௙∆𝑢 (20) 

 

Creep strain increment 

The creep strain increment Δεv is evaluated using Equations (12), (13) and the trapezoidal rule (Toratti 1992). 

 ∆𝜀௩ = 𝐸௘௙௙
ିଵ ෍ 𝑆௡ ቆ1 − 𝑒

ି
∆௧
ఛ೙ቇ

௡

൬𝜎௡,௛௜௦௧ +
∆𝜎

2
൰ (21) 

 𝜎௡.௛௜௦௧
௧ାଵ = ൬𝜎௡,௛௜௦௧ +

∆𝜎

2
൰ 𝑒

ି
∆௧
ఛ೙ +

∆𝜎

2
 (22) 

In Equation (21), the term σn,hist represents the stress history values of each Kelvin body updated through the 

Equation (22). 

Mechanosorptive strain increment 

The mechanosorptive recoverable strain increment Δεms,r is evaluated by Equation (23), and it is calculated, 

similarly to the creep strain increment, by use of the trapezoidal rule (Toratti 1992). The stress history term σn,hist,m 

is updated through Equation (24). 

 ∆𝜀௠௦,௥ = 𝑆ஶ൫1 − 𝑒ି௠|∆௨|൯ ൬𝜎௡,௛௜௦௧,௠ +
∆𝜎

2
൰ (23) 

 𝜎௡.௛௜௦௧,௠
௧ାଵ = ൬𝜎௡,௛௜௦௧,௠ +

∆𝜎

2
൰ 𝑒ି௠|∆௨| +

∆𝜎

2
 (24) 

The mechanosorptive irrecoverable strain Δεms,i, Equation (25), is obtained directly from Equation (16). 

 ∆𝜀௠௦,௜ = 𝑚௩𝜎|∆𝑈| (25) 

 ALGORITHM FOR SIMULATION 

The computations are performed according to the following algorithm for each time step: 

 Evaluate the moisture content u using the software Comsol Multiphysics. 

 Update the mechanical properties of timber according to the moisture content 

 Compute the stress distribution 

o For t = t0 = 0, it is considered elastic (Equation (6)) 

o For t > t0, it is considered, as a first attempt, equal to the previous increment, σ(t=n) = σ(t=n-1), and 

thus Δσ = 0. 
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 Compute the strain increments Δεe, Δεs, Δεv, Δεms,r, Δεms,i  using Equations (19), (20), (21), (23) and (25), 

respectively. 

 Check that the stress distribution is in equilibrium with the external load 

o If not, evaluate Δσ and re-compute the strain increments (back to the previous point of the 

algorithm) 

o Iterate until ห(Δ𝜎௜௧௘௥ୀ௜ାଵ − Δ𝜎௜௧௘௥ୀ )/𝜎ห < 10ିହ 

 Update σ(n) = σ(n-1) + Δσ , and all the strain components 

 Update σn,hist  and σn,hist,m   

 Add time increment and restart the algorithm 

Note that in a creep analysis, the stress is constant during the whole analysis and therefore Δσ is always equal to 0. 

This means that each step is performed without the need of internal iterations. 

3. RESULTS AND DISCUSSION 

3.1 EXPERIMENTAL RESULTS 

 TEST RESULTS UNDER CONSTANT CLIMATE CONDITIONS 

For four months, the specimens were tested keeping constant both the temperature (20° C) and the relative 

humidity (65 %) of the surrounding air. Under these conditions, the wood deformations are only dependent on the 

stress and by the duration of it, due to the viscoelastic behaviour of timber. Since the load, and hence the stress, is 

constant during the whole experiment for each specimen, it is possible to evaluate the influence of the duration of 

the load on the deformations. For the first three hours, the data were collected every second, then every 10 seconds 

for a week. Afterwards, the data were collected every hour for the remaining duration of the experiment. The elastic 

elongation of the rod has been subtracted from the collected displacements in order to obtain the average strain 

related only to the timber specimen. The results in Fig. 6 show that the average strain increases in absolute value 

with the time, as expected. 
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Fig. 6 Strain vs time behaviour of the 9 specimens under constant climate conditions 

The fit of the empirical data to the series of Kelvin bodies, defined in Equation (13), was performed with the least 

squares method choosing the retardation time τn in a logarithmic scale. The data referring to the same stress level 

were simultaneously fitted to one set of Kelvin bodies. For each stress level, the fit was performed minimizing the 

error given by the sum of the three squared differences of the three curves of that specific stress level. Thus, the fit 

led to three sets of coefficients Sn, shown in Table 3, one for each set of specimens loaded by the same stress level. 

Table 3 Final compliances of the element n relative to the elastic compliances Sn and their retardation time τn  

 σ = 0.6 MPa σ = 0.8 MPa σ = 1 MPa 

τn [days] Sn [-] Sn [-] Sn [-] 

0.1 0.535 0.459 0.552 

1 0.106 0.087 0.129 

10 0.116 0.129 0.168 

100 0.303 0.317 0.419 

1000 0.653 0.383 0.442 

10000 0.173 0.451 0.512 

Therefore, the three obtained functions, defined by the coefficients given in Table 3 and describing specimens with 

the same stress level, can be considered as optimized creep curves and are shown in Fig. 7. Note that the used 

measurements lasted about 115 days, thus the values for 1000 and 10000 days are extrapolated. However, the 

mathematical properties of Equation (13) assure that the curve is asymptotic. 

The plot in Fig. 7 shows that the creep function can be treated independent of the stress level for stresses smaller 

than a certain limit. The linearity between stress and strain is achieved only for compression stress levels of 0.6 and 

0.8 MPa. For the stress level of 1 MPa, the linearity with respect to stress is not followed and the creep function 

shows a higher level of strain. Therefore, above 30% to 40% of the characteristic strength the behaviour of timber 

probably starts to behave non-linear with respect to stress. The non-linear behaviour has also been described in 
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(Schniewind 1968) and (Toratti 1992) with regards to tension and bending. Local nonlinearities due to point loads 

or joints are not studied in this work. 

 
Fig. 7 Optimized creep curves for each stress level 

 TEST RESULTS UNDER VARIABLE RELATIVE HUMIDITY 

After four months, the relative humidity was changed several times between the RH values of 80% and 50%, as 

shown in Fig. 8. The measured strains in the specimens during this time of exposure are plotted in Fig. 8. 

Since the deformation of the specimens is assumed to be the sum of the elastic deformation, the viscoelastic creep 

deformation, the mechanosorptive deformation and the deformation due to the volumetric change, it was possible 

to evaluate the deformations related to the mechanosorptive effects. 
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Fig. 8 Strain vs time behaviour of the 9 specimens under variable climate conditions 

 

Subtracting the deformation caused by the volumetric change, comparisons of the strain rates of the timber 

specimens in the phases before and after the variations of RH could be made. It was noticed that the strain rate 

increased after every variation of the relative humidity in the room. Without any change of RH, the specimens would 

have deformed with a smaller strain rate but, due to the variation of RH, the strain rate became much higher and 

this effect increases with increasing stress level. 

3.2  OPTIMIZATION OF THE PARAMETERS 

The hygro-expansion coefficients were determined by fitting the experimental results of each specimen with the 

least squares optimization method. The fit gives optimal results when using different coefficients for the processes 

of wetting and drying, in accordance with Angst and Malo (2012). The ratios between the tangential and the radial 

values of the obtained coefficients are in good agreement with Dinwoodie (2000). The values of the hygro-expansion 

coefficients are given in Table 4.  

The tangential mechanosorptive limit compliance mT and the tangential irrecoverable mechanosorptive parameter 

mvT were also obtained by fitting the experimental results using the least squares optimization method. The values 

which best fit the experimental results of each specimen were then averaged and are given in Table 4.  
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Table 4 Hygro-expansion coefficients and parameters used in the mechanosorptive constitutive equations 

Wetting 
Hygro-expansion coefficient in tangential direction αT 0.1541 

Hygro-expansion coefficient in radial direction αR 0.0847 

Drying 
Hygro-expansion coefficient in tangential direction αT 0.1341 

Hygro-expansion coefficient in radial direction αR 0.0736 

Tangential mechanosorptive limit compliance mT  0.0096 MPa-1 

Tangential irrecoverable mechanosorptive parameter  mvT  0.0757 MPa-1 

 

3.3 DISCUSSION OF THE MODEL RESULTS 

There have been performed simulations of the nine experiments presented in Chapter 2. The model explained in 

Chapter 2.3 and Chapter 2.4 has been implemented in the software Matlab (MathWorks 2017), except for the 

moisture transport model which is implemented in the software Comsol Multiphysics. The results from the 

moisture transport analyses are then given as input in Matlab. The elastic properties used in the simulations are 

described in Table 1, the viscoelastic parameters in Table 3, and the mechano-sorptive parameters in Table 4.  

The results obtained from the simulations show good overall agreement with the experimental results depicted in 

Fig. 8. Comparisons between the model and the experimental results for each stress level are plotted in Fig. 9. 

The simulations also show different curves for each specimen even if the compression stress is the same. This is due 

to the use of different values of the effective material properties in each analysis by the introduction of an average 

pith location (Table 2) in the model by use of a representative angle between the tangent to the annual rings and 

the horizontal direction.  

The simulations show somewhat less accuracy in case of rapid humidity variation, but the overall trend is respected 

and the resulting differences in values between model and experimental strains remain small, as shown in Fig. 9. In 

general, the results show that the present model, described in the previous chapters, performs very well with regard 

to the long-term behaviour of timber subjected to uniform cross-grain compression and varying climate conditions. 
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Fig. 9 Comparison between model and experimental results  
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4. CONCLUSION 

The objective of this study was to investigate the long-term behaviour of glulam of Norway Spruce in the direction 

perpendicular to the grain and to calibrate a simple one-dimensional model for the description of the deformations 

in this direction. 

The examination of the results of the performed experiments under constant relative humidity showed a non-linear 

dependency of the strain with respect to the stress. 

The set of model parameters calibrated in this study or retrieved from previous studies describe well the phase 

with variable relative humidity and gave an overall good agreement between experimental results and simulations 

from the implemented one-dimensional model. 

In addition, the study showed the importance of the proper material modelling, herein by use of effective pith 

locations, as shown also by Angst and Malo (2012), in order to properly represent the material properties in a 

simplified 1D model, and thereby describe the deformations with good accuracy. However, a sensitivity analysis for 

further study is suggested.  

For prediction of cases which cannot be modelled as a one-dimensional problem, it is necessary to expand the study 

using a three-dimensional approach in order to evaluate the relations between the longitudinal and the 

perpendicular to grain behaviour. 
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