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Comparative investigation on viscoelastic and mechanosorptive creep behavior of two tropical hardwoods and one temperate softwood

Two series of 3-point bending tests under constant mechanical load and temperature of 20 °C have been performed on two tropical hardwoods, Aucoumea klaineana Pierre (Okoume) and Pterocarpus soyauxii Taub (Padauk), and one temperate softwood, Abies alba (Silver fir). A first series of 14-day tests was performed at 10% stress level and 65% relative humidity (RH), with moderate step variations at 45 and 75% RH. A second series of 5-day tests was performed at 35% stress level and 75% RH with a stronger step variation at 45% RH. Deflection and transverse expansion were measured using linear variable displacement transducers. The results show that the first variation of RH always increases the deflection and that subsequent changes decrease (humidification) or increase (drying) it. It was also observed that Padauk has a higher viscoelastic response and a lower mechanosorptive response than Silver fir and Okoume. As an indication of interaction between viscoelastic and mechanosorptive behaviour, in 14-day test the latter influenced the former, with small increments of relative compliance at each cycle. The analysis of the mechanosorptive trajectories suggested the existence of a creep limit and confirmed that of pseudo-creep/recovery.

List

The mechanical behaviour of wood is considerably affected by the interaction between climatic variations and mechanical load [START_REF] Grossman | Creep and stress relaxation in wood during bending[END_REF][START_REF] Pittet | Experimental study of mechanosorptive couplings in wood subjected to controlled hygrometric variations under long-term loading[END_REF][START_REF] Randriambololona | Modelling the deferred mechanical behaviour of wood in a variable environment[END_REF][START_REF] Brancheriau | Modeling of the viscoelastic mechano-sorptive behavior in wood[END_REF], especially below the fibre saturation point [START_REF] Llana | Influence of moisture content on the results of penetration and withdrawal resistance measurements on softwoods[END_REF]. For wooden structures subject to these interactions over time, their service life is greatly reduced [START_REF] Hamdi | Moisture driven damage growth in wood material: 3D image analysis for viscoelastic numerical model validation[END_REF]. Wood by its polymeric nature has the characteristics of a viscoelastic material, with a dependence on temperature and load level [START_REF] Placet | Design and operation of an innovative experimental device for the characterization of the viscoelastic behaviour and thermal degradation of wood under severe conditions[END_REF][START_REF] Bažant | Constitutive equation of wood at variable humidity and temperature[END_REF]. Several studies attempted to define the limit of linear viscoelastic behaviour; it depends on the type of test performed, the criterion on which the linearity limit is based, and the precision with which it is measured [START_REF] Hunt | Linearity and non-linearity in mechano-sorptive creep of softwood in compression and bending[END_REF]. According to [START_REF] Mukudai | Further modeling and simulation of viscoelastic behavior (bending deflection) of wood under moisture change[END_REF], for loads less than 40% of the maximum tensile stress wood shows a linear behaviour. [START_REF] Randriambololona | Modelling the deferred mechanical behaviour of wood in a variable environment[END_REF] placed this limit between 10 and 20% in compression and between 20 and 30% in bending or tension, [START_REF] Hoyle | Creep of Douglas fir beams due to cyclic humidity fluctuations[END_REF] for Silver fir at 40% of the bending strength and [START_REF] Foudjet | Creep of four tropical hardwoods from Cameroon[END_REF] for tropical wood at 35%. Viscoelastic behaviour can be demonstrated by creep tests in a constant climatic environment [START_REF] Navi | Thermo-hydro-mechanical behaviour of wood: technical and structural applications[END_REF]. When the effects of climatic variations under constant mechanical load are added to viscoelastic behaviour, wood exhibits another more complex behaviour called mechanosorption [START_REF] Navi | Transient moisture effects on wood creep[END_REF][START_REF] Nguyen | Incremental Formulation for Coupled Viscoelasticity and Hydrolock Effect in Softwood[END_REF]). An early work on mechanosorptive behaviour was carried out by [START_REF] Armstrong | Effect of moisture changes on creep in wood[END_REF]; they observed that the deflection of a wooden specimen was influenced by variations in relative humidity. Relaxation creep tests under mechanical stress also highlighted the effects of drying and humidification on the behaviour of wood [START_REF] Ranta-Maunus | The viscoelasticity of wood at varying moisture content[END_REF][START_REF] Engelund | Tensile creep and recovery of Norway spruce influenced by temperature and moisture[END_REF]Saifouni et al. 2016;[START_REF] Edzang | Comparative studies of three tropical wood species under compressive cyclic loading and moisture content changes[END_REF][START_REF] O'ceallaigh | Modelling the hygro-mechanical creep behaviour of FRP reinforced timber elements[END_REF][START_REF] Hou | Experimental study and comparative numerical modeling of creep behavior of white oak wood with various distributions of earlywood vessel belt[END_REF][START_REF] Asyraf | Comparison of static and long-term creep behaviors between balau wood and glass fiber reinforced polymer composite for cross-arm application[END_REF][START_REF] Franke | Climate impact on reinforcements in wooden members -effective hygro-expansion coefficients[END_REF][START_REF] Mezui | Strain and cracks investigations on tropical green wood slices under natural drying: experimental and numerical approaches[END_REF][START_REF] Aloisio | Capacity models for timber under compression perpendicular to grain with screw reinforcement[END_REF].

From a theoretical point of view, the investigation of the time-dependent behaviour of polymers such as wood is twofold: the study of the compliance limit and the study of viscous parameters [START_REF] Mohager | Long term bending creep of wood in cyclic relative humidity[END_REF]. To date, there are several studies dealing with the viscoelastic and mechanosorptive behaviour [START_REF] Peng | Orthotropic mechano-sorptive creep behavior of Chinese fir during the moisture adsorption process determined in tensile mode via dynamic mechanical analysis (DMA)[END_REF][START_REF] Ratanawilai | Physico-mechanical properties and long-term creep behavior of wood-plastic composites for construction materials: effect of water immersion times[END_REF]. The work of [START_REF] Mohager | Long term bending creep of wood in cyclic relative humidity[END_REF] on several mechanosorptive creep tests under different humidity cycles suggest that there is no strain limit due to mechanosorptive effects. This hypothesis had also been discussed by [START_REF] Gril | A model of the hygro-rheological behaviour of wood based on its microstructure[END_REF] and [START_REF] Montero | Influence of hygromechanical history on the longitudinal mechanosorptive creep of wood[END_REF] who studied the kinetics of viscoelastic creep. The results of their work have made it possible to assess a compliance limit state for very long times. A comparison of these results with the mechanosorptive effects revealed irreversible effects. The experimental approach of [START_REF] Hanhijärvi | Experimental indication of interaction between viscoelastic and mechano-sorptive creep[END_REF] and [START_REF] Montero | Influence of hygromechanical history on the longitudinal mechanosorptive creep of wood[END_REF] aimed at separating the contributions of time and moisture content variations from the viscoelastic and mechanosorptive phenomena, which however remains difficult.

Most of that work has been carried out on softwood and temperate hardwood species, or at high stress levels sometimes exceeding the viscoelastic linear limit. The use of specimens of large dimension, involving other phenomena such as moisture diffusion effect, made the study of the viscoelastic and mechanosorptive behaviour even more complex. Up to now very few studies on viscoelastic and mechanosorptive behaviour of tropical species, such as African tropical woods, have been published. Manfoumbi contributed to the application of the Eurocode 5 in the design and verification of timber constructions in tropical zones [START_REF] Boussougou | Creep behaviour of timber structures in variable tropical climates: Application to Dacryodes buettneri and baillonella toxisperma species[END_REF]). He has shown, for example, that tropical woods have a delayed behaviour accentuated by the high variation in humidity for insignificant temperature variations. [START_REF] Houanou | Effect of the loading duration on the linear viscoelastic parameters of tropical wood: Case of Tectona grandis Lf (Teak) and Diospyros mespiliformis (Ebony) of Benin Republic[END_REF] estimated the influence of the load duration on the linear viscoelastic parameters of tropical wood in creep test. His work showed that the loading time has no influence on the dynamic modulus.

This paper presents creep data for two tropical species and one European softwood species under two different stress levels and relative humidity cycles. The time-dependent behaviour of the two tropical wood species is poorly documented. The tests were carried out at the University of Florence.

Material and methods

Characterization of the specimens used

Two tropical hardwoods from Gabon, Aucoumea klaineana Pierre or Okoume (O) and Pterocarpus soyauxii Taub or Padauk (P), and one softwood from Auvergne region, France, Picea abies or Silver fir (S), were studied. Static tests were carried out on 3 specimens per species to estimate the failure stress (Table 1). For this study, the nominal dimensions of the specimens (Fig. 1a) were 160 mm in longitudinal direction (L) for the length, 12 mm in tangential direction (T) for the thickness (height, h) and 6 mm in radial direction (R) for the width (b). For all the tests carried out on a given species, the specimens used were cut from the same block. The specimens for the 14-day test were divided into batches. For the Padauk and Okoume specimens, the first number before the dot indicates the batch number and the number after the dot indicates the specimen number. In the case of Silver fir, the batch number is indicated by a number and a letter followed by a dot which indicates the number of the test piece. For the 5-day test, the specimens have a number that indicates the specimen number.

The specimens were initially conditioned at 65% relative humidity (RH) and a temperature (θ) of 20 °C for 7 days, then tested in 3-point bending on an AMSLER press (Fig. 1b), consisting of a static test stand with a total span (L r ) of 150 mm. The press has an automatic data (force) logging system. Once the force is obtained, the bending strength is deduced by applying the following equation, based on the assumption of a homogeneous linear relationship between stress and strain in the specimen:

where F is the applied load and I = bh 3 /12 the moment of inertia. The specific gravity and failure stress of each specimen, and their mean per species, are given in Table 1.

(1)

= F ⋅ Lr ⋅ h∕(8I) = (3∕2) ⋅ F ⋅ Lr∕(h2b)

Creep tests

The creep tests were started after the rupture tests. Figure 2a shows the entire experimental set-up for the first three trials, conducted over 14 days and carried out in pairs (Fig. 2b): test T 14 1 on Okoume and Silver fir, test T 14 2 on Padauk and Okoume and test T 14 3 on Padauk and Silver fir. Figure 2c shows the plastic support for fixing the load on the specimen during loading, made with a 3D printer. For these tests the specimens were loaded at 65% RH, subjected to two humidification cycles at 75% RH and one drying cycle at 45% RH, then unloaded at 65% RH and subjected to a humidification cycle at 75% RH.

For the second series of tests, conducted over 5 days, the device was improved by adding a third bench (Fig. 2d) and by putting the loading system outside the box for high loads. These adjustments allowed us to test all three species simultaneously and did not alter the overall functioning of the experimental set-up. The whole device was now composed of 3-point bending creep test benches. The results of 3 tests (T 5 1 , T 5 2 , T 5 3 ) will be presented. In this series of tests, the reference humidity was 75% RH, with one drying cycle down to 45% RH during the loading phase and no humidity change after unloading. Figure 3 shows a schematic drawing of a test bench equipped with transducers: the total length is 160 mm and the lever arm (L/2) 70 mm. The distance between the transducers is 60 mm so that the gap between the position of each lateral transducer and the corresponding loading support is 10 mm. The study of creep at 65% and 75% RH was carried out to observe the viscoelastic behaviour of wood in an initial dry state (65% RH) and in an initial wet state (75% RH).

In both series of tests, each bench was composed of 3 transducers, two at the ends and one in the centre. The lateral transducers (T1, T3, T4, T6, T7, T9) allow estimating the transverse expansion along the height of the specimen and correcting the central deflection measured by the transducers at the centre (T2, T5, T8), as will be explained below; Preservatech's type MINI ONE positive pressure humidity controller. The experimental set-up (the box) was exposed in a large climatic room where the temperature was maintained at 20 °C and the RH at 65% for the tests. A preliminary study was carried out to determine the capacity of the controller (Preservatech MINI ONE) to keep a constant RH inside the box. For a set-point of 75% the controller has shown a cyclic sinusoidal behaviour varying between a minimum of 74.7% and a maximum of 75.3% of relative humidity (± 0.3% RH), confirming the optimal performance of the environmental control. For all tests carried out, control specimens of the same size were also placed in the box to estimate the moisture content (MC) by mass monitoring, using 4 specimens per species in the first series, 5 per species in the second. The specimens were taken out of the box to be weighed, via holes made in the sides of the box. This operation did not disturb the water status of the box. When they were taken out, they were placed in an isothermal bag to limit contact with the external environment before being weighed. Once weighed, the samples were returned to the box via the holes. Their mass m was measured in this way occasionally, before and during the creep experiments, and their MC calculated as:

where m 0 is the anhydrous mass and Mc-Exp stands for experimental MC. Table 2 shows the specific gravity (ρ) and initial MC of each control specimen before each series of tests.

Note that the placement of the cross-section, placed vertically along the T direction characterised by a slower diffusion, has been designed to favour the horizontal gradients of ( 2)

Mc -Exp(%) = (m -m 0 )∕m 0
moisture content in the transient phases during the humidity steps. At the same time, it reduces the sensitivity to the tangential surface cutting through earlywood or latewood, the upper and lower faces that most contribute to bending being radial sections.

Table 3 gives, for each specimen tested in creep, the test number, specific gravity and stress level applied, calculated as the ratio between the applied stress σ and the mean failure stress per species σ r given in Table 1. 

Analysis of the creep tests at changing moisture content

The analysis is based on the application of Bernoulli-Euler beam theory, assuming linear relationship between stress and strain and homogenous properties and moisture content within the specimen. For a small perturbation the strain ε as a function of space and time t can be expressed as:

where L is the total span (L = 140 mm) and ε 0 the maximum tensile strain in the centre of the beam, and the deflection v(x, t) verifies:

The time-dependent compliance J = ε/σ being assumed independent of the position, the stress distribution is (Fig. 4a):

where σ 0 is the maximum tensile stress, given like in Eq. ( 1) by: By successive integration of Eq. ( 4) we get the expression of the slope ω and the deflection v, as: where ξ = 2x/L is the relative axial position, and ω 1 the maximum slope (for ξ = 1) and v 0 the maximum deflection (for ξ = 0) are given by:

The central transducer being placed at position x = 0 above the specimen while the support points B are placed below (Fig. 4b), its measurement includes the height variation h and the deflection due to the trenching force v T0 :

(3)

(x, y, t) = 0 (t)(1 -2x∕L)(1 -2y∕h) (4) 2 v∕ x 2 = ∕ y = (2 0 ∕h)(1 -2x∕L) (5) (x, y, t) = J(t) (x, y, t) = 0 (t)(1 -2x∕L)(1 -2y∕h) (6) 0 = (1∕J) 0 = L.F.h∕(8I) = (3∕2).L.F∕(h 2 b) (7) = v∕ x = ( 0 L∕2h) 1 (2ξ -2 ); v = v 0 (1 -3 2 ∕2 -3 ∕2) (8) 1 = 0 L∕(2h); v 0 = -0 L 2 ∕(6h) (9) V 0 = -v 0 -Δh -v T0 = 0 L 2 ∕(6h) -Δh -v T0
with v T0 = (6/5)•(h/L) 2 (E/G).v 0 ; E is the modulus of elasticity and G is the shear modulus. In our case the ratio (E/G) is 12.9 for Padauk, 16.6 for Silver fir and 13.6 for Okoume: these values were obtained thanks to dynamic tests carried out using 'Bing' method, based on the measurement of the first resonance frequencies of free-free vibration in bending mode [START_REF] Brancheriau | Modeling of the viscoelastic mechano-sorptive behavior in wood[END_REF]. The lateral transducers are also placed above the specimen at position A, at a small distance α•L/2 (α ~ 1/7) from the corresponding support point B. The measured displacement is given by: where v a is the deflection at position ξ = 1-α and Δh a is negligibly influenced by the slope at this position and

v Ta = (6α/5)•((h/L) 2 •(E/G) v 0 .
The effect of such rotation of the neutral axis on V 0 and V a is negligible as well, thanks to the small value of ω. Coefficient φ considers the mechanical effects on lateral transducers, its theoretical value is given in Eq. ( 10). However, this parameter will be determined experimentally by calculating the slope between v a and v 0 during loading and unloading. The slope between V a and V 0 is defined as follows:

In practice, it turned out that this value of φ was not the same during loading and unloading. This difference can be explained by several factors such as the contact effects of the beams on the supports, and by a small difference of moisture content.

The variables ε 0 and Δh can be derived from the expressions of V 0 and V a given by Eq. ( 9) and Eq. ( 10):

where λ=(6/5)•((h/L) 2 •(E/G). The compliance J(t) could be obtained as the ratio ε 0 /σ 0 from Eq. ( 6) and Eq. ( 12). However, in a creep test, the load F is kept constant, not the stress. When the moisture content changes, so do the transverse dimensions h and b, and consequently the stress:

(10) the test is no longer, strictly speaking, a creep test. But in the case of a test performed in the fibre direction of wood, the variation of cross section is mostly due to the deposition of water layers in the cell wall, that do not support a significant part of the load (Fig. 5); it is appropriate for the creep analysis to consider as effective the nominal stress σ*, ratio of axial load to initial cross section, related to σ by:

V a = -v a -Δha -v Ta = -v0 -Δh -v Ta ; = (3 ∕2)(1 -2 ∕3) (11) V a = ⋅ V 0 (12) 0 = (6h∕L 2 ) ⋅ (V 0 -V a )∕(1 -+ ) (13) Δh = ((1 + )V a -( + )V 0 )∕(1 + -( + ))
where S = bh is the cross section and S i = b i h i its initial value. In a tensile creep test, σ* thus defined would remain constant. In bending creep, variations of σ* exist although attenuated compared to those of σ:

where ε t = Δh/h i is the relative variation of specimen height, or transverse expansion since the time of loading. Since the moisture-induced variations of wood in the L direction remain small, such a correction is not needed for the strain ε. Consequently, for small fluctuations of σ*, according to Eq. ( 12) and Eq. ( 15) the effective compliance J* becomes:

where σ 0 has been calculated from Eq. ( 6). By replacing the stress by the nominal stress, and the compliance by a nominal compliance, we eliminate the geometrical effect of cross-section variation, and retain only the behavioural contribution to the softening effect of water. Such corrections are useful for the purpose of understanding and separating effects, whereas for practical applications it is preferable to avoid them.

Results and discussion

Transverse expansion and estimation of moisture content

Figure 6a and b show the average evolution of shrinkage measured by the two lateral transducers (V a ) for Okoume and Padauk. In addition to shrinkage, the transducers also

(14) * = (S∕S i )σ (15) * = (hb∕h i b i )σ = [(3∕2)L ⋅ F∕(h i 2 b i )]∕(1 + t ) (16) J * (t) = 0 ∕ 0 = [(4h I 3 b i )(1 -+ Ω)∕(L 3 F)][V 0 (t) -V a (t)][1 + t ]
measure the effects of mechanical loading (φ) as can be seen at the beginning and end of loading.

In Fig. 6c and d the transverse expansion (ε t = Δh/h i ) is obtained by elimination of the mechanical contribution using Eq. ( 13) and the estimate of parameter φ as defined by Eq. ( 11). However, a discontinuity remains at unloading. Thanks to an adjustment of φ value at unloading, continuous curves are obtained as in Fig. 6e andf, where the transverse strain ε t has been obtained by eliminating the mechanical contribution during loading and unloading. We determined the moisture content of the specimens by linear correlation between the water deformations (ε t ) and the experimental measurements of the moisture content (Mc-Exp) given by Eq. ( 2):

where the constants (γ, κ) are fitted from cycle to cycle to have a better coefficient of determination.

Figures 7 and8 show the evolution of MC for the specimens of 14-day and 5-day test, respectively. On all curves we can see a good correlation between the experimental points (Mc-Exp) and the points obtained by correlation (Mc-Int). However, an isolated MC value can be observed in Fig. 7c for Padauk; this can be explained by an erroneous measurement of the mass when taking the measurements. The lack of experimental points between the end of the first day and the 4th day of the test is due to the laboratory being closed on weekends so that we could not measure the mass of the specimens. However, the analysis gave us an idea of the moisture content of the specimens tested during these periods.

Creep and recovery tests

Figures 9 and 10 show the results of creep and recovery tests at 35% and 10% stress level for the 14-day and 5-day test, respectively. The maximum strain ε 0 has been calculated according to Eq. ( 11). After loading the specimens, instantaneous strain is observed (a 0 -a 1 ) followed by viscoelastic strain at constant humidity (a 1 -a 2 ) then creep at varying humidity (a 2 -a 3 ). Unloading provokes an instantaneous recovery (a 3 -a 4 ) followed by a delayed recovery (a 4 -a 5 ). In the 3rd 14-day test (Fig. 9c) the end of Padauk data is ( 17) missing because of a problem with the sensors on the 11th day. Although the same stress level has been applied to all specimens, both their instantaneous and delayed response differ markedly. The observed strain is generally greater in Padauk and lower in Silver fir; in the first series the two tested specimens of Okoume exhibited extremely contrasted responses, while it was intermediate for the three specimens in the second. Step humidity variations under load always result in strain increase in the case of first wetting (Fig. 9) and drying (Figs. 9 and 10); for subsequent wetting, either a recovery or a small increase is observed. Such features are typical of the mechanosorptive behaviour of wood subjected to bending creep (Ranta-Maunus 1975) and will be analysed in more detail below. According to [START_REF] Hunt | The prediction of long-time viscoelastic creep from short-time data[END_REF], although both humidification and drying under load contribute equally to the mechanosorptive creep, an additional and reversible effect leads to an apparent difference, pseudo creep during drying and pseudo recovery during wetting. This phenomenon has been interpreted by Hunt as a difference of longitudinal hygroscopic expansion of the wood subjected to tension and compression. As a result, drying steps induce more creep than wetting steps, with sometimes apparent recovery observed during wetting steps, with the exception of the first wetting where the contribution of viscoelastic creep, triggered by the higher humidity, dominates the mechanosorptive response-thus explaining the so-called + + effect. In any case, the net result of the humidity variations under load (a 2 -a 3 ) is a significant strain increase, that can be mostly attributed to mechanosorptive creep, with an unknown contribution of viscoelastic creep. At the beginning of the first humidification (Fig. 9b), before the second day, the strain tended to decrease slightly as shown by the circled areas (ph). The observed behaviour is due to moisture expansion phenomena: after humidification at 75% RH, a slight peak in RH is observed, followed by a rapid decrease in RH leading to transitory shrinkage. The same observations were also made by [START_REF] Hunt | Present knowledge of mechano-sorptive creep of wood[END_REF].

Mc(t) = t (t) +
In the 14-day test, for Okoume and Silver fir the humidification after unloading triggered the recovery, while in Padauk it had no visible effect, which could be explained by the slower diffusion. For all the tests carried out, we note that the specimens present a memory effect because the instantaneous deformation is equal or slightly lower than the instantaneous recovery [START_REF] Navi | Transient moisture effects on wood creep[END_REF]. The tests carried out on Padauk and Okoume do not show the memory; this can be explained by a malfunction of the sensor due to the frictional effects of the sensor during discharge. So, on the Silver fir this memory effect can be observed. From the tests carried out we notice that Padauk has a higher instantaneous deformation than Okoume and Silver fir. To better analyse this effect, we will determine the elastic parameters of these species in the following section. Figure 11 shows in concrete terms the phenomenon of pseudo-creep and pseudo-recovery. The pseudo-creep is characterized by an increase in deflection during drying and the pseudo-recovery by a decrease in deflection during wetting, due to expansion influenced by deformation. 

Analysis of the elastic response

The calculation of the elastic moduli requires the measurement of the instantaneous strain. First, the initial time t 0 is estimated by considering the average time between a 0 and a 1 (Fig. 12a). Then, the strain ε 0 (t) calculated according to Eq. ( 11) is plotted against the logarithm of time, expressed in second (Fig. 12b) so that the beginning of the viscoelastic response can be fitted to a straight line; the y-intercept is the elastic strain ε 1 , defined at time t 1 = t 0 + 1 s, one second from the beginning of the test. Note that ε 1 is not actually an actually measured strain, but an extrapolation to a lower time range. The longitudinal Young's modulus (E L ) of the specimen can be calculated as:

using the expression of stress σ 0 given by Eq. ( 6). Table 4 gives for each specimen the value of ε 1 and E L . The specific modulus E L /ρ is also given in the Table, as an indicator of the well-wall rigidity and mean microfibrillar angle.

The instantaneous deformations of Padauk and Okoume are close. E L values found are slightly lower than literature values for Padauk and Silver fir [START_REF] Cerre | Tropical timber atlas: technological characteristics and uses[END_REF]. For Okoume, an unusually high rigidity has been obtained especially with specimen 03.1. Overall, it appears that Silver fir and Okoume have a much greater specific modulus than Padauk, indicating a smaller mean microfibril angle in the S2 layer (MFA). ( 18) 

E L = 1∕J(t 1 ) = 0 ∕ 1

Mechanosorptive trajectories

Based on the observation that mechanosorptive effect is time-independent [START_REF] Grossman | Use of Leicester's rheological model for mechano-sorptive deflections of beams[END_REF], [START_REF] Hunt | The mechano-sorptive creep susceptibility of two softwoods and its relation to some other materials properties[END_REF] proposed the use of mechanosorptive trajectories giving the compliance as a function of MC. They have been constructed here for Okoume, Silver fir and Padauk using Eq. ( 16) for the corrected compliance J* and Eq. ( 17) for the MC. Figure 13 shows the mechanosorptive trajectories of the 5-day test, where the initial loading of the specimens was done at 75% RH and only one drying cycle was applied. Silver fir differs from Okoume and Padauk in having a slightly lower instantaneous compliance (C 0 -C 1 ). The first variation in humidity (in drying C 1 -C 2 ) led to a compliance increase known as the (-) effect. As already visible in Fig. 10, subsequent moisture changes, known as the (+) effect, are either marked by a slight decrease or increase in compliance.

Figure 14 shows the mechanosorptive trajectories of the 14-day test; on these figures for a better visualization the instantaneous compliance is not fully represented. The loads were applied in a dryer state (65% RH). The tests show the effects of the moisture content on the compliance. We note that the instant compliance of Padauk is high compared to Okoume and Silver fir. It appears after the instantaneous loading (C 0 -C 1 ) that the first adsorption (C 1 -C 2 ) led to a drastic compliance increase indicated here as (+ +) effect [START_REF] Ranta-Maunus | The viscoelasticity of wood at varying moisture content[END_REF][START_REF] Hanhijärvi | Experimental indication of interaction between viscoelastic and mechano-sorptive creep[END_REF][START_REF] Gril | Modelling mechano-sorption in wood through hygro-locks and other approaches[END_REF]. After the first adsorption phase, the subsequent changes in moisture content (C 2 -C 3, C 3 -C 4 ) did not lead to a significant increase in compliance. On the other hand, the last phase of sorption (C 4 -C 5 , C 5 -C 6 ), marked by a significant drying, did lead to a compliance increase. These results are strongly marked by the phenomenon of pseudo-creep and pseudo-recovery during the successive drying and wetting phases. Above all, it appears that the mechanosorptive effect is not very important or pronounced after the first humidification phase. The slope of the observed trajectories is similar to that of the evolution curves of the compliance of [START_REF] Hunt | Linearity and non-linearity in mechano-sorptive creep of softwood in compression and bending[END_REF] and seems to highlight the existence of a marked limit creep for our tests. Indeed, we notice that the straight lines tend to be superimposed at each sorption cycle.

Interaction between viscoelasticity and mechano-sorption

In this section we will attempt to separate the contribution of viscoelasticity and mechanosorption to the time-dependent behaviour. First, let define the relative creep of a specimen as:

where J 0 = 1/E L is the elastic compliance estimated at 1 s, according to Eq. ( 18). Figure 15 shows, in the case of Okoume, the relative creep of all tests performed in a logarithmic time scale. In the first part of the curves, corresponding to the creep at constant humidity observed during the first day, a linear fit was applied during the period defined by ( 19) X(t) = J * (t)∕J 0 -1 -0.5 < log 10 (t) < 0 (t in days) and used to extrapolate the viscoelastic behaviour over 14 or 5 days, depending on the test. At tf = 11 days or 4 days, respectively (just before unloading), the humidity has returned to that of the first day of the test. The extrapolated value X VE at tf is taken as the final value of the relative viscoelastic creep, and the difference X MS with X(t f ) as the final value of the relative viscoelastic creep:

In Fig. 15 the extrapolation process is illustrated for the Okoume specimens and the values of X V and X MS shown in the case of specimen O3.1. The same was done for Padauk and Silver fir. Table 5 shows the results obtained for all specimens. Note that this method disregards the fact that the VE contribution is in reality influenced by MC, that theoretically differs during the sorption cycles.

(20) Although the dispersion on J vs and J vs is quite large within each species, there is no evidence of larger viscoelastic creep for the stress level of 35%, although it was performed at a slightly higher humidity level. This finding rather confirms the studies of several authors on viscoelastic linear limit ranging from 35 to 45% of the rupture stress for a bending test [START_REF] Hoyle | Creep of Douglas fir beams due to cyclic humidity fluctuations[END_REF]Foudjet 1986;[START_REF] Mukudai | Evaluation of linear and non-linear viscoelastic bending loads of wood as a function of prescribed deflections[END_REF]. Concerning the mechanosorptive creep, first, the positive X MS values confirm its occurrence. From the higher number of humidity cycles in case of 14-day test, a higher X MS would have been expected, but this was observed only for Okoume. Surprisingly, as shown by Fig. 16, no clear relationship is observed between the contribution to relative creep of mechanosorption and viscoelasticity: Padauk generally exhibited a strong viscoelastic response but little mechanosorption. Its relatively high viscoelasticity could be due to a unusually high MFA, also suggested by the low specific moduli (Table 4). Concerning its small MS, it can be explained by smaller MC variations, these being due to the slower diffusion resulting in a partial effect of RH cycles, and to an unusually small hygroscopicity attributable to specific extractives. In the case of Okoume, on the contrary the two specimens from 14-day test expressed a much larger mechanosorption than any other specimen. To evaluate the interaction between viscoelastic and mechanosorptive behaviour, a longer final period at the RH of loading would have been needed to compare the slope to that of the linear extrapolation against logt.

X MS = X(t) -X VE
In Fig. 17 both contributions to relative creep have been plotted against the specific elastic compliance (ρJ 0 , the inverse of the specific Young's modulus) known to be positively correlated with the MFA as recalled above. As expected, a positive trend is observed between the viscoelastic response and ρJ 0 (Fig. 17a): the much higher viscoelastic creep of Padauk could be explained by a higher lower cell-wall rigidity than the specimens of the other species, except Okoume specimen O3.2 also characterised by a high ρJ 0 and high X VE . The trend is not so clear with mechanosorption (Fig. 17b), especially due to the poor contribution of Padauk, possibly due to its high density as suggested above. 

Conclusion

The aim of this work was to study the viscoelastic and mechanosorptive behaviour of two tropical and one temperate species under mechanical loading. Thus, we carried out viscoelastic and mechanosorptive tests on Padauk, Okoume and Silver fir. The specimens were loaded in 3-point bending at 10% and 35% of the rupture stress for 14 days and 5 days under two relative humidity cycling (45, 65 and 75% RH) and (45 and 75% RH). These results also agree with those of several authors, highlighting mechanosorptive and viscoelastic effects at low stress. It was observed that the deformation decreases during the wetting phases, except during the first wetting, and that the drying phases cause an increase in deformation. It was also found that despite its high modulus of elasticity and density, Padauk has higher instantaneous deformation and viscoelastic behaviour than Okoume and Silver fir, but sorption cycles cause less deformation in this species than in the other two. The difference in the level of mechanical (10% and 35% of the rupture stress) and hydric (cycle with moderate and sudden RH variations) loading that we applied to the specimens did not have a significant effect on the viscoelastic behaviour of the wood and tends to confirm that the viscoelastic behaviour remained linear in the two types of tests performed. For this work the mechanosorptive effects were not very pronounced, this is understandable due to the short loading cycles. On the other hand, (+ +) and (-) effects were observed for the 14-day test. It also appeared that the sorption cycles (wetting and drying) are in favour of an increase in compliance, although the observed behaviour tends to confirm the existence of a limit creep. This work highlighted the viscoelastic and mechanosorptive behaviour of two previously unstudied tropical species and provides an important database for the analysis of the mechanical behaviour of tropical woods, which is not widely available in the literature. The next phase will consist of describing the viscoelastic and mechanosorptive behaviour of the tests carried out with a rheological approach. A similar study will also be carried out on notched specimens to highlight the effects of cracking on the viscoelastic and mechanosorptive behaviour. 
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 1 Fig. 1 Experimental setup for rupture test: a specimens of Okoume (1), Silver fir (2) and Padauk (3); b AMSLER press test bench

Fig. 2 Fig. 3

 23 Fig. 2 Experimental setup: a overall experimental set-up; b view of the two creep benches for the 14-day creep test; c plastic support for the application of the load; d view of the three creep benches for the 5-day creep test

Fig. 4

 4 Fig. 4 Application of beam theory: a stress and strain distribution in the specimen; b deflection and measured displacement

Fig. 5

 5 Fig.5The effective (nominal) stress in the longitudinal direction of wood: a initial dry state; b swollen wet state; c equivalent to the wet state in fibre direction

Fig. 6

 6 Fig. 6 Transverse expansion; a, b swelling shrinkage of 5-day test and 14-day test; c, d strain due to the swelling shrinkage of species; e, f strain corrected for the mechanical effects

Fig. 8 Fig. 9

 89 Fig. 8 Evolution of moisture content by linear interpolation of control specimens for the 5 days test; a Okoume; b Silver fir; c Padauk. Open circles: occasional measurements on matched specimens (Mc-Exp); continuous lines: result of the interpolation (Mc-Int)

Fig. 10

 10 Fig. 10 Creep at 35% stress level for 4 days followed by 0-2 days of revovery; a test 1, Okoume (O2), Padauk (P1) and Silver fir (S2); b test 2, Okoume (O5), Padauk (P3) and Silver fir (S10); c test 3, Okoume (O1), Padauk (P6) and Silver fir (S12); d applied stress

Fig. 12

 12 Fig.[START_REF] Infre Nch Saifouni | Experimental study of the mechanosorptive behaviour of softwood in relaxation[END_REF] Estimation of the instantaneous parameters; a estimation of the initial time (t 0 ); b estimation of the instantaneous strain and the Young's modulus(MOE) 

Fig. 13

 13 Fig. 13 Mechanosorptive trajectories (J*) of 5 days; a test 1 Okoume (O2), Silver fir (S2) and Padauk (P1); b test 3 Okoume (O1), Silver fir (S12) and Padauk (P6); c test 2 Okoume (O5), Silver fir (S10) and Padauk (P3) (C 0 , C 2 and C 3 = sorption cycle); J 0 instantaneous compliance

Fig. 14

 14 Fig. 14 Trajectories mechanosorptive (J*) of 14-day test; a, b test 1 Okoume (O3.2), Silver fir (S4C.4); c, d test 2 Okoume (O3.1), Padauk (P4.1); e, f test 3 Padauk (P4.23), Silver fir (S4C.12); (C 1 , C 2 …C 6 = sorption cycle); J 0 instantaneous compliance

Fig. 15

 15 Fig. 15 Separating viscoelastic and mechanosorptive behaviour in the case of Okoume. X VE : viscoelastic contribution obtained by linear extrapolation of 1-day creep; X MS mechanosorptive contribution obtained by difference at the end of the test

Fig. 17

 17 Fig.17Relationship between the contribution to relative creep of a viscoelasticity and b mechanosorption; empty symbols, 14-day test; filled symbols: 5-day test

  

Table 1

 1 Characteristics and rupture stresses of the specimens tested for static fracture tests

	Specimen	Species Specific gravity (ρ)	Failure stress σr (MPa)
	O8.7	Okoume 0.46	88.8
	O3.5	0.51	91.7
	O3.10	0.50	92.2
	Mean ± standard devia-tion	0.49 ± 0.03	90.9 ± 1.8
	P4.11	Padauk 0.77	126.3
	P4.17	0.77	141.3
	P4.20	0.76	102.2
	Mean ± standard devia-tion	0.77 ± 0.01	123.3 ± 19.7
	S4C.2	Silver fir 0.41	75.1
	S4C.5	0.45	81.6
	S4C.9	0.40	71.9
	Mean ± standard devia-tion	0.42 ± 0.03	76.2 ± 5.0

Table 2

 2 Properties

	of the control specimens for the 14-day and the 5-day test	14-day test Specimen	Species	Specific gravity (ρ)	Initial MC (%)	5-day test Specimen	Species	Specific gravity (ρ)	Initial MC (%)
		O3.3	Okoume	0.49	11.2	O9	Okoume	0.40	13.35
		O3.9		0.48	11.69	O11		0.41	13.44
		O3.8		0.47	11.18	O16		0.44	13.25
		O3.11		0.49	11.32	O17		0.41	13.43
						O33		0.40	13.27
		S4A.2	Silver fir	0.40	11.11	W2	Silver fir	0.41	13.62
		S4A.3		0.40	11.06	W4		0.42	12.86
		S4A.1		0.42	10.94	W8		0.44	13.35
		S4A.4		0.42	11.54	W15		0.38	13.44
						W17		0.39	12.66
		P4.8	Padauk	0.81	8.67	P8	Padauk	0.73	10.96
		P4.14		0.76	8.53	P13		0.71	10.62
		P4.16		0.77	8.25	P15		0.70	11.10
		P4.19		0.80	8.55	P23		0.70	10.80
						P24		0.70	10.90

Table 4

 4 Elastic properties

	Okoume				Padauk				Silver fir			
	nb	ε 1	E L (GPa)	E L/ ρ (GPa)	nb	ε 1	E L (GPa)	E L/ ρ (GPa)	nb	ε 1	E L (GPa)	E L/ ρ (GPa)
	O3.2	0.11	8.0	16.4	P4.1	0.12	11.2	14.3	S4.C4	0.06	11.1	26.4
	O3.1	0.06	14.3	29.8	P4.23	0.15	9.2	12.2	S4C.12	0.08	9.1	22.8
	O2	0.30	10.7	26.1	P1	0.29	14.4	18.9	S2	0.24	11.1	27.1
	O5	0.31	10.5	25.5	P3	0.31	13.3	17.6	S10	0.19	13.7	30.4
	O1	0.37	8.9	21.7	P6	0.37	11.2	14.4	S12	0.26	10.1	25.3
	Mean		10.5	23.9			11.8	15.5			11.0	26.4
	s.d		2.4	5.1			2.0	2.7			1.7	2.8
	ε 1 : elastic strain (at 1 s); s.d. standard deviation								

Table 5

 5 Relative creep due to viscoelasticity and mechanosorption for each test

	Okoume					Padauk				Silver fir	
	nb	test	X VE	X MS	nb	test	X VE	X MS	nb	test	X VE	X MS
	O3.2 O3.1 O2 O5 O1 Mean	T 14 1 T 14 2 T 5 1 T 5 2 T 5 3	0.29 0.19 0.19 0.14 0.17 0.20	0.40 0.38 0.21 0.17 0.19 0.27	P4.1 P4.23 P1 P3 P6	T 14 2 T 14 3 T 5 1 T 5 2 T 5 3	0.21 0.28 0.40 0.25 0.19 0.27	0.08 0.11 0.16 0.11 0.18 0.13	S4.C4 S4C.12 S2 S10 S12	T 14 T 14 T 5 1 T 5 2 T 5 3	1 3	0.20 0.12 0.18 0.20 0.15 0.17	0.23 0.18 0.15 0.17 0.25 0.20
	s.d		0.06	0.11			0.08	0.04				0.03	0.04
	X VE : relative viscoelastic creep; X MS : relative mechanocsorptive creep T 14 i : 14-day test at 10% of failure stress; T 5 i : 5-day test at 35% of failure stress				
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