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Abstract 

Wood is a common flammable material in the building fire and the dominant fuel in the wildland fire. 

In this work, disc wood slices were examined under irradiation to characterize the smoldering burning 

and the corresponding deformation behaviors. Due to interactions between chemical reactions and 

thermomechanical stresses, four successive deformation stages were observed and hypothesized: (Ⅰ) 

drying shrinkage to ∪ shape, (Ⅱ) irradiation-driven thermal expansion to ∩  shape, (Ⅲ) pyrolysis 

shrinkage to ∪ shape, and (Ⅳ) oxidation-driven thermal expansion to ∩ shape. For these 5-15 mm 

thick samples, the degree and occurrence of these deformation stages are sensitive to the aspect ratio 

(i.e. 𝐷 𝛿⁄ ). Increasing the slice thickness decreases the deformation in the first three stages but increases 

the deformation of the fourth stage. These experimental observations are qualitatively reproduced by a 

2-D finite-element numerical model, coupling 3-step heterogeneous kinetics with a thermomechanical

solver. Modeling results further verified the underlying heterogeneous processes (dehydration, 

pyrolysis, and oxidation) and thermomechanical stresses (thermal expansion and pre-stress) for each 

deformation stage. This study helps understand the influence of burning processes on the deformation 

of wood and the failure of timber structures.  
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1. Introduction

Wood has been widely used for home decoration parts, furniture, and non-load bearing structural

components, because of its visual attractiveness, durability, high strength-to-weight ratio, and 

renewable nature [1,2]. However, the fire risk of timber structures is still a primary safety concern, due 

to its flammable nature and large fuel loads [3–6], especially for high-rise timber buildings [7]. Wood 

is also the dominant fuel in the wildland fire. Burning wood particles (firebrands or embers) can 

transport downwind to start numerous new ignition spots and fires in the wildland-urban interface (WUI) 

[8]. In the literature, many studies have explored the combustion characteristics of the wood particles 

in the [9–18], and the influences of particle shape and size [9–11], oxygen supply [12–14] and heating 

conditions [15–19]. As a typical charring material, wood particles can sustain both forms of flaming 

and smoldering [20–22], but most of the literature focused on the flaming fire behaviors while the 

smoldering of wood particles due to heterogeneous chemistry is still not fully understood. 

On the other hand, limited studies have looked into the deformation and failure of wood under 

mechanical loading and the thermal expansion under external heating [23–26]. Hori and Wada [24] 

found that the wood cellulose crystals had a linear thermal expansion below 180 °C and a faster 

expansion from 180 to 250 °C. Lineham et al. [27] studied the structural response of cross-laminated 

timber beams under structural loads and fire impact. Under external radiation, the formation of macro-
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crack patterns was observed on the pyrolyzing thick wood blocks, which was caused by the 

thermomechanical induced surface wrinkling or buckling [25,26]. Recently, the structural and thermal 

properties of wooden materials, as well as their fire resistance and durability for building applications are 

reviewed [5,6]. However, to the best of authors’ knowledge, few studies have addressed the burning and 

deformation behaviors during the smoldering wood fire, and the detailed interactions between 

heterogeneous chemistry and thermomechanical stress are still unclear.  

In this work, we first conducted experiments on small-scale disc wood particles to investigate the 

deformation behaviors during smoldering under irradiation. The temperature and mass-loss rate during 

the whole ignition and smoldering processes are measured, and then interactions between burning and 

deformation characteristics are analyzed. Afterward, numerical simulations are performed to reveal 

more detailed heterogeneous physicochemical processes and structure responses, as well as verify the 

hypothesized governing mechanisms for different deformation stages. 

2. Experiment 

2.1 Experiment setup 

In this work, typical beech wood slices were tested, which were cut perpendicular to the grains. All 

samples were first oven-dried at 80 ℃ for 8 h and then stored in the temperature and humidity chamber. 

Before the test, the circular wood slice was measured to have a density of 621 ± 21 kg/m3 and moisture 

content of 10 ± 1 % at an ambient temperature of 300 K and relative humidity of 80%. Nine slice 

samples with three diameters (D) of 25 mm (small), 40 mm (medium) and 60 mm (large), and thickness 

(δ) of 5 mm (thin), 10 mm (medium) and 15 mm (thick) were tested. Their initial mass ranges from 1.6 

± 0.1 g to 25.8 ± 0.6 g.  

Fig. 1 shows the schematic diagram of the experimental setup, which consists of a panel radiator, 

sample holder, and a precision scale. The 0.2 m × 0.2 m radiator panel was placed 50-mm above the 

wood slice, which provided uniform irradiation up to 60 kW/m2 on the wood top surface. Before the 

test, the irradiation could be varied by adjusting the heating power and calibrated by a radiometer. The 

center point of the wood slice was glued with a 0.2-mm-diameter aluminum rod stick, which acted as a 

sample holder. Afterward, it was placed for 5 hours to stabilize the glued connection between the stick 

and the sample. The deformation degree of the wood slice can be expressed by the rotation (𝜃), as 

shown in Fig. 1(b), where the positive and negative values represent the deformation towards ∪ (or 

bowl) shape and ∩ (or umbrella) shape, respectively. 

 

Fig. 1. Schematic diagram of (a) the experimental setup for the smoldering ignition and combustion of disc 

wood slice under irradiation, and (b) deformation process and rotation angle (𝜃) of disc sample. 
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Throughout the experiment, the irradiation level was fixed to be 20 ± 1 kW/m2, which was strong 

enough to initiate a smoldering ignition [10,20]. The mass evolution of the wood sample was measured 

by the electric balance (Mettler-Toledo XE10002S, resolution: 0.01 g). The top and bottom surface 

temperatures of wood were carefully monitored using two 0.1-mm K-type thermocouples, whose 

extension wires were not in contact with the sample to avoid any interruptions. A video camera (Sony 

FDR-AX60 at 50 fps) was placed to record the burning and deformation phenomena. At least two 

experiments were conducted for each type of sample. 

2.2. Burning and deformation phenomena 

Fig. 2 shows the ignition and burning processes of large wood slices with the same diameter of 60 

mm and two different thicknesses of 5 mm and 15 mm. Once heated by the irradiation, the sample 

started to release some visible smoke, most likely the water vapors and pyrolysis gases. Continuing the 

heating, glowing was always first visualized at the sample edge, because of the edge and curvature 

effects [10,28]. Afterward, the intensity of the smoke flow clearly increased, and occasionally smoke 

could eject from the crack. As a thicker layer of char and ash was formed on the top, the smoke flow 

reduced until burnout. Throughout the burning, there were four different deformation stages, and the 5-

mm thick sample in Fig. 2(a) is used as an example. To reveal interactions between burning and 

deformation characteristics, Fig. 3 shows the detailed deformation evolution (𝜃), mass flux (�̇�′′), and 

the temperature difference (∆𝑇) between the top and bottom surfaces. 

(Ⅰ) Drying shrinkage to ∪ shape. Once exposed to the irradiation, the wood top surface slightly 

shrunk, so that the sample deformed upward to form a ∪ shape. Such a deformation process occurred 

in the first 60 s and peaked at 27 s (Fig. 3a). The first deformation peak corresponded to the first peak 

mass flux due to drying, and maximum temperatures of the top surface (218 ℃) and bottom surface (70 

℃) were lower than the pyrolysis point (250-300℃ [29–31]). Therefore, the drying shrinkage causes 

the deformation in this stage.  

There are two possible reasons for such drying shrinkage, (1) the water introduced volumetric 

tension force is reduced by removing the bound water, and (2) the material stiffness is increased from 

the wet wood to dry wood. Both processes can result in the upward bend to form a ∪ shape. The 

dominant mechanism cannot be determined in the experiment but can be further verified by the 

subsequent numerical simulation (Section 3).  

 
Fig. 2. Snapshots of heating process of large wood slices with a diameter of 60 mm and the thickness of (a) 

5 mm (Video S1) and (b) 15 mm (Video S2). 
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(Ⅱ) Thermal expansion to ∩ shape driven by external radiation. Then, the sample gradually 

bent back to the original flat shape at about 60 s, and then continuously deformed to a ∩ shape. As 

shown in Fig. 3(a), the maximum deformation of ∩ shape occurred at about 90 s and coincided with 

the minimal mass loss rate between two peak values. During Stage II, the temperature difference was 

stable near 175 °C, and the maximum temperature of the top surface was 270 °C that approached the 

pyrolysis point. Due to the temperature gradient caused by external radiation, the expansion of the hot 

top surface occurred first, which was more significant than cool bottom surface. Thus, different degrees 

of thermal expansion between the top and bottom surfaces promoted the deformation into ∩ shape. 

 

Fig. 3. Time evolution of rotation (θ), mass flux, and surface temperature difference in the smoldering 

process of 60-mm-diameter samples, where the various shading zones represent the different deformations 

during smoldering. 

(Ⅲ) Pyrolysis shrinkage to ∪ shape. Afterward, as the temperature quickly exceeded the pyrolysis 

point, the ∩-shaped deformation gradually transitioned to another ∪ shape. During the second ∪-

shaped deformation, the largest rotation occurred at about 188 s, which was almost corresponded to the 

second peak mass flux in Fig. 3(a). At this maximum deformation point, the top and bottom surface 

temperatures were about 400 °C and 170 °C, respectively. Therefore, the formation of the second ∪ 

shape was mainly caused by the mass loss on the top surface due to strong pyrolysis (or charring) that 

converted the wood to the more porous char and resulted in a pyrolysis/charring shrinkage. Note that 

no crack of char surface was observed, different from thicker wood blocks in [25,26]. It was because 
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the non-uniform thermal stress inside the current thin slice was released through the deformation, which 

prevented the formation of cracks. 

(Ⅳ) Thermal expansion to ∩ shape driven by char oxidation. After the wood fully pyrolyzed 

into char, the wood sample continued to smolder, and the char further oxidized into ashes. As the ash 

layer accumulated on the top surface, the char oxidation slowed down, and the mass-loss rate decreased. 

The temperature difference decreased, as the smoldering front propagated downward. The sample bent 

back to the original flat shape, and then continued to bend downward and deformed to another ∩ shape. 

Like the previous ∩ shape in Stage II, it could also be caused by the greater thermal expansion on the 

hotter top surface. Nevertheless, the upper surface was mainly heated by the exothermic char oxidation, 

whereas the external radiation was largely shielded by the ash layer. When approaching burnout, cracks 

occurred on the top ash layer, because of weak adhesion between ash particles. 

As the slice thickness increased to 15 mm (Fig. 3b), the overall deformation degree was weaker. 

Before clear charring and pyrolysis, the wood slice was almost flat, although there was a clear horizontal 

shrinkage on the top surface and a large temperature difference at 4-5 min (∆T ~ 300 °C). Thus, this 

thicker sample was more difficult to bend by the drying shrinkage and thermal expansion of the wood. 

When the pyrolysis process became strong at 5-10 min, the wood slice eventually started to bend 

upward to form a clear ∪ shape, because as the wood converted into char, the effective thickness of the 

wood layer became smaller. Inconsistent with the 5-mm thick sample, the Stage-III ∪ shape also 

corresponded to the second peak mass loss. For this 15-mm thick sample, the Stage-IV ∩ shape was 

as apparent as the 5-min thick sample in Fig. 3a, because the char layer eventually became thin as the 

smoldering burning continued.  

2.3 Effect of size and aspect ratio  

Fig. 4 correlates the time of reaching maximum deformation (𝑡𝜃,𝑚𝑎𝑥) with (a) the time of reaching 

local peak mass flux (𝑡𝑚,𝑚𝑎𝑥) and (b) the time of reaching maximum temperature difference (𝑡∆𝑇,𝑚𝑎𝑥) 

under different sample aspect ratios. The time ratio close to 1 means a strong correlation between these 

two processes, while away from 1 means less relevant. There is a strong correlation between the 

maximum deformation in Stage Ⅰ (∪ shape) and the first peak mass flux, the maximum deformation in 

Stage Ⅱ (∩ shape) and first peak temperature difference, as well as the maximum deformation in Stage 

Ⅲ (∪ shape) and the second peak mass flux. 

 
Fig. 4. Effect of aspect ratio (D/δ) on Stages I-III, (a) the time of reaching maximum rotation (𝑡𝜃,𝑚𝑎𝑥) to 

the time of reaching the maximum mass loss rate (𝑡𝑚,𝑚𝑎𝑥) during upward bend to ∪ shape in Stages Ⅰ and 

Ⅲ, and (b) 𝑡𝜃,𝑚𝑎𝑥 to the time of reaching maximum temperature difference (𝑡∆𝑇,𝑚𝑎𝑥) during downward 

bend to ∩ shape for Stage Ⅱ.  
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In Fig. 4, y value of 0 indicates the disappearance of the deformation stage; that is, the occurrence 

of peak mass flux or the temperature difference does not affect the corresponding deformation. The 

larger aspect ratio (D/δ) means that the sample is slimmer. For the sample with larger D/δ (> 5), four 

deformation stages can be clearly observed (see Fig. 3a). With D/δ ≈4, Stage Ⅱ (∩ shape) disappears. 

If D/δ further decreases to 2.5~2.67, both stage Ⅰ (∪ shape) and Ⅱ (∩  shape) become invisible. 

Moreover, only Stage IV (∩ shape) can be clearly observed for D/δ=1.67 in Fig. 4. Thus, as D/δ 

decreases, the sample becomes less slim, and the deformation becomes smaller, where different stages 

disappear or overlap with each other.  

On the other hand, regardless of the sample size and shape, the last deformation Stage IV always 

exists. Fig. 5 summarizes the effect of sample characteristic size (both thickness and diameter) on (a) 

maximum temperature difference (∆𝑇𝑚𝑎𝑥), and (b) the maximum rotation (𝜃𝑚𝑎𝑥) or the maximum 

deformation in Stage Ⅳ. Fig. 5(a) shows that ∆𝑇𝑚𝑎𝑥  is more sensitive to the thickness than the 

diameter, because the variation of thickness is in the same direction of radiant heat flux and the 

smoldering propagation. As expected, the temperature difference also decreases as the thickness 

increases. 

 
Fig. 5 Diameter/thickness effect on (a) the maximum temperature difference (∆𝑇𝑚𝑎𝑥) and (b) the 

maximum rotation (𝜃𝑚𝑎𝑥) of Stage IV. 

Fig. 5(b) shows that the degree of deformation in Stage Ⅳ increases as the size increases, which is 

contrary to the trend of deformation in Stages Ⅰ-Ⅲ (see Fig. S1 in the Supplemental Material). The 

deformation in Stages Ⅰ-Ⅲ decreases as the size increases because the structural stiffness increases with 

the increasing thickness or diameter. At the end of Stage Ⅳ, ash is the main component of the residue, 

which has a weak adhesive force. As the thickness of the wood slice increases, the final ash layer is also 

thicker and heavier, so that the gravity may also contribute to the final rotation.  

3. Numerical simulation 

3.1 Model setup 

To further interpret the burning and deformation processes of wood slices and understand the effects 

of heterogeneous chemical reactions on stresses and deformation, a simplified 2-D numerical model is 

established. The details of the numerical model are provided in the Supplemental Materials, and only 

essential condensed-phase conservation equations of (1) mass, (2) species, and (3) energy are presented 
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𝜕�̅�

𝜕𝑡
= −�̅�0�̇�𝑓𝑔

′′′                                                                                  (1) 

𝜕𝑦𝑖

𝜕𝑡
= ∆�̇�𝑖

′′′                                                                                      (2) 

 (�̅�𝑐̅)
𝜕𝑇

𝜕𝑡
= 𝛻(�̅�𝛻𝑇) + ∑ �̅�0

𝑘

 �̇�𝑘
′′′∆𝐻𝑘                                          (3) 

At the top free surface (z = δ), the same irradiation of �̇� 
′′= 20 kW/m2 is applied. As the irradiator 

heats the air, the convective cooling coefficient (ℎ𝑐) is set to 5 W/m2-K. The bottom boundary (z = 0) 

faces a cold air with ℎ𝑐=10 W/m2-K. The surface re-radiation with a constant emissivity (ɛ = 0.9) is set 

for all surfaces. By assuming the thermal equilibrium between gas and solid, the release gases have the 

same temperature as the solid, and their mass and energy are removed from the domain instantaneously. 

In the preliminary model, the gas transport was also simulated driven by the Darcy law, and comparison 

showed that the effect of gas transport on the sample deformation process is very small. 

Kinetic model: The heterogeneous chemistry in the smoldering wood fire can be described by a 3-

step global kinetic scheme, proposed previously by the thermogravimetric analysis. These three steps 

are (1) dehydration or drying (dr), (2) wood pyrolysis (py) and (3) char oxidation (co) as 

wet wood → 𝑣𝑑,𝑑𝑟dry wood + 𝑣𝑔,𝑑𝑟H2O                                     (4) 

dry wood → 𝑣𝑐,𝑝𝑦char + 𝑣𝑔,𝑝𝑦gas                                                (5) 

char + 𝑣𝑂2,𝑐𝑜𝑂2 → 𝑣𝑎,𝑐𝑜ash + 𝑣𝑔,𝑐𝑜gas                                       (6) 

where 𝑣 is the mass stoichiometric coefficient, and subscripts of w, d, c, a, and g represent wet wood, 

dry wood, char, ash, and gas, respectively. Table 1 lists the thermomechanical parameters for all solid 

species. The average properties of the cell are calculated by using the appropriate mass fraction or 

volume fraction of each species. The detailed species kinetic parameters are chosen from [26,32,33] 

(see Table S1 in Supplemental Material). The initial conditions are taken from experimental 

measurements as 

𝑦𝑤,0 = 1, 𝑦𝑑,0 = 𝑦𝑐,0 = 𝑦𝑎,0 = 0, 𝑇0 = 300𝐾                                                      (7)                                  

Thermomechanical model: Due to the axial symmetry of the disc wood slice, its deformation can 

be solved through a 2-D thermo-elasticity equation (i.e., an eigenvalue problem) on a thin elastic layer 

which is restrained at the central point of the bottom face (Fig. 1). The governing equation of 

deformation is  

∇�⃗� + �⃗�𝑣 = 0                                                                                    (8) 

where �⃗�𝑣 is its overall body load, and the gravity force is the only body force in this model. For the 

wet wood, the existence of the small amount of bond water creates a volumetric tension force that acts 

like the pre-tension stress. As the water is released during the drying processes, such a tension force 

gradually decreases. 

The stress tensor of the material (�⃗�) is written according to the Hook’s law as 

�⃗� = 𝑪 ∶ (𝜀 − 𝜀𝑡ℎ)                                                                              (9) 

where the symmetric elasticity (C) is a function of the Young’s modulus (𝐸𝑌) and the Poisson's ratio, 

and the thermal strain tensor (𝜀𝑡ℎ) simulates the influence of thermal expansion. The total deformation 
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or strain tensor 𝜀 can be explicitly written by the displacement �⃗⃗�, 

𝜀 =
1

2
[(∇�⃗⃗�)𝑇 + ∇�⃗⃗� + (∇�⃗⃗�)𝑇∇�⃗⃗�]                                                   (10) 

 𝜀𝑡ℎ = 𝛼∆𝑇                                                                                       (11) 

where the thermal expansion tensor 𝛼 = 6.67 × 10-5 1/K is set for all species.  

Table 1. Physical parameters in model 𝜌 (bulk density), 𝑘 (solid conductivity), 𝑐 (specific heat), 𝐸𝑌 (the 

Young’s modulus), where for all species, the Poisson’s ratio is 0.4 [26,32,33].   

Species 
𝜌 

(𝑘𝑔 𝑚3⁄ ) 

𝑐 

(J kg∙K⁄ ) 

𝑘 

(𝑊 (𝑚 ∙ 𝑘)⁄ ) 

𝐸𝑌 

(𝑃𝑎) 

wet wood 720 2128.6 0.384 0.5E9 

dry wood 650 1900 0.324 0.74E10 

char 260 1260 0.2 0.7E7 

ash 35 880 0.1 0.5E5 

 

To solve the Cauchy problem (or the displacement field �⃗⃗�), appropriate boundary conditions are 

assumed. The calculated zone is the free expansion with the initial field �⃗⃗�|𝑡=0 = 0, except that the 

position of the sample bottom center is always fixed like the experiment. All transient equations are 

customized in the FEA solver of COMSOL. Physical parameters in the model are measured in the 

experiments or chosen from [26,32,33] (Table 1). The computational domain has the initial cell size of 

∆𝑧 = 0.1 mm (i.e., 3000 cells), and an initial time step is 0.01 s. Reducing the cell size and time step 

by a factor of two gives no major difference in modeling results, so calculations are sufficiently resolved.  

3.2. Numerical results 

Fig. 6 compares the simulated and experimental (Fig. 3a) transient rotation (𝜃) and temperature 

profiles (∆T) of wood slice with a diameter of 60 mm and a thickness of 5 mm. The smoldering ignition 

of the wood particle is successful for all samples when applying irradiation of 20 kW/m2 on the top 

surface. More importantly, all four deformation processes are successfully captured. Note that for such 

a complex system, the comparison between simulation and experiment is qualitative in nature. The 

modeled deformation Stage IV occurs later than the experiment, mainly because an average rate is set 

for the entire char-oxidation reaction, whereas in reality, the char oxidation is faster when the ash layer 

becomes thinner. Other assumptions, such as the isotropy elastic model and the uniform cooling 

boundary on the upper surface, also prevent the comparison with experiments at a quantitative level.  

 
Fig. 6. Comparison of experimental and simulated rotation and temperature difference for a wood slice 

with the 60-mm diameter and the 5-mm thickness. 
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 Fig. 7 shows the simulated internal stress and deformation pattern of the wood disc with the 60-

mm diameter and the 5-mm thickness (also see simulation Videos S3-4). The profiles of temperature, 

reaction rate, and species mass fraction on the central plane are shown as well. For Stage-I, the upward 

bending and the drying processes occur at the same time. Moreover, numerical simulations can capture 

the increasing displacement along with the increasing stiffness and the release of volumetric pre-stress 

during the drying process. Result reveals that the removal of bond water-induced pre-stress dominates 

in the drying shrinkage rather than the change in stiffness from wet wood to dry wood. 

Stage II corresponds to the largest temperature gradient before the completion of drying, where 

pyrolysis starts to occur on the top surface. Stage III corresponds to the intense pyrolysis reaction, where 

the entire wood layer is charred, and the char oxidation starts to occur on the top surface. Stage IV is 

dominated by strong char oxidation, where the charred sample gradually burns into the ash. Increasing 

the rate of char oxidation, for example, blowing a wind to increase the oxygen supply and remove the 

top ash layer, will speed up the final deformation process. Modeling also shows a good stiffness of 

sample and a negligible gravity (body force) effect throughout the burning. Only near burnout, gravity 

starts to contribute the downward bend when most of the char is oxidized into ash. Therefore, the 

established numerical model successfully determines the dominant force and mechanism for different 

deformation stages, verifies the hypothesis in Section 2.2, and quantified the competitions of the 

heterogeneous chemistry and thermomechanical stress.  

 
Fig. 7 Simulated deformation processes (Video S3-4) and profile of the temperature, reaction rate and 

species mass fraction for a wood slice with the diameter of 60 mm and the thickness of 5 mm at the 

deformation Stage (I) 16.5 s, (II) 78.5 s, (III) 212.5 s, and (IV) 490 s, where the x-axis of reaction rate is 

adjusted for different stages. 
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4. Conclusions 

In this work, a well-controlled experiment was performed to characterize the smoldering and 

deformation processes of disc wood slices (diameter of 25-60 mm, thickness of 5-15 mm, and mass of 

1.6-26 g) under the irradiation of 20 kW/m2. The interactions between chemical reactions and 

thermomechanical stresses lead to four successive deformation stages, (Ⅰ) drying shrinkage to ∪ shape, 

(Ⅱ) irradiation-driven thermal expansion to ∩ shape, (Ⅲ) pyrolysis shrinkage to ∪ shape, and (Ⅳ) 

oxidation-driven thermal expansion to ∩ shape.  

For these 5-15 mm thick slices, the degree and occurrence of these deformation stages are sensitive 

to the aspect ratio (i.e. 𝐷 𝛿⁄ ). Increasing the slice thickness decreases the deformation in the first three 

stages but increases the deformation of Stage IV. These experimental observations are qualitatively 

reproduced by a 2-D finite-element numerical model, coupling 3-step heterogeneous kinetics with a 

thermomechanical solver. Modeling results further verified the underlying heterogeneous processes 

(dehydration, pyrolysis, and oxidation) and thermomechanical stresses (thermal expansion and pre-

stress) for each deformation stage. This study helps understand the influence of fire on the deformation 

of wood and the failure of timber structures.  
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Nomenclature 

𝑐 heat capacity [J/kg K] 𝛼 thermal expansion [1/K] 

𝐶 symmetric elasticity 𝛿 thickness [mm] 

𝐷 diameter [mm] 𝜀 strain tensor [m] 

𝐸𝑌 Young’s modulus [Pa] 𝜃 rotation [°] 

𝐹𝑉 body load [N] 𝜈 stoichiometric coefficient [–] 

FEA finite element analysis 𝜌 density [kg/m3] 

ℎ𝑐 conductive coefficient W/(m2-K) 𝜎 stress tensor [N/m2] 

𝑘 thermal conductivity [W/m K] �̇�′′′ normalized reaction rate [s−1] 

�̇�′′ mass flux [g/m2 s]   

�̇�′′ heat flux [W/m2] Subscripts  

𝑡 time [s] a ash 

𝑇 temperature [°C or K] c char 

∆𝑇 temperature difference [°C] d dry wood 

𝑢 displacement [m] i condensed species index 

∆𝐻 heat of reaction [kJ/kg] k reaction index 

𝑦 mass fraction [–] s solid 

𝑧 depth [mm] w wet wood 
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Supplemental Materials 

The details of the heterogeneous chemistry model are reported here: 

𝜕�̅�

𝜕𝑡
= −𝜌0̅̅ ̅�̇�𝑓𝑔

′′′                                                                                                          (S1) 

𝜕𝑌𝑤

𝜕𝑡
= −�̇�𝑑𝑟

′′′                                                                                                              (S2) 

𝜕𝑌𝑑

𝜕𝑡
= 𝜈𝑑,𝑑𝑟�̇�𝑑𝑟

′′′ − �̇�𝑝𝑦
′′′                                                                                           (S3) 

𝜕𝑌𝑐

𝜕𝑡
= 𝜈𝑐,𝑝𝑦�̇�𝑝𝑦

′′′ −  �̇�𝑐𝑜
′′′                                                                                         (S4) 

𝜕𝑌𝑎

𝜕𝑡
= 𝜈𝑎,𝑐𝑜�̇�𝑐𝑜

′′′                                                                                                       (S5) 

�̇�𝑓𝑔
′′′ = (1 − 𝜈𝑑,𝑑𝑟)�̇�𝑑𝑟

′′′ + (1 − 𝜈𝑐,𝑝𝑦)�̇�𝑝𝑦
′′′ + (1 + 𝜈𝑂2,𝑐𝑜 − 𝜈𝑎,𝑐𝑜)�̇�𝑐𝑜

′′′        (S6) 

The nondimensional reaction rate of species 𝐴 is expressed by the Arrhenius law [34]: 

�̇�𝑘
′′′ = 𝑍𝑘 exp (−

𝐸𝑘

𝑅𝑇
) (

𝑚𝐴

𝑚𝐴0
)

𝑛𝑘

                                                                        (S7) 

where 𝑍𝑘 and 𝐸𝑘 are the pre-exponential factors and the activation energy for reaction k. To simplify 

the model, the rate of char oxidation is assumed as a constant (0.2×10-3 s-1) above a threshold 

temperature of 400 ℃. The drying process is modeled as a heterogenous reaction (i.e., the dehydration 

of the wood bond water) in a narrowed temperature region around 100 °C. The detailed species kinetic 

parameters are chosen from [34–36], as shown in Table S1. 

 

The averaged properties in each cell are calculated, for example, as 

�̅� = ∑ 𝑋𝑖𝜌𝑖 ,      𝑐̅ = ∑ 𝑋𝑖𝑐𝑖 ,    �̅� = ∑ 𝑌𝑖𝑘𝑖 ,     𝐸𝑌
̅̅ ̅ = ∑ 𝑌𝑖𝐸𝑌𝑖 ,     𝑋𝑖 = �̅�

𝑌𝑖

𝜌𝑖
             (S8) 

where 𝑋𝑖 is the volumetric fraction of species 𝑖, and 𝑌𝑖 is the mass fraction of species 𝑖. 

 

 

Table S1. Chemical kinetic parameters and yields of 3-step reactions for the beech wood. Reaction 

expression is A +ν𝑂2
O2→𝜈𝐵B + 𝜈𝑔 Gas, and 𝛥𝐻>0 is endothermic and 𝛥𝐻<0 is exothermic. [34–36]. 

Reaction 𝑘  𝑍𝑘  (s-1) 𝐸𝑘 (kJ/mol) 𝑛𝑘 (-) 𝜈𝐵 (-) 𝛥𝐻𝑘  (MJ/kg) ν𝑂2
(-) 

Drying 10E10 80 2 0.9 0.205 0 

Pyrolysis 3.29E9 135 4.78 0.4 0.533 0 

Char oxidation 2E-4 0 0 0.1 −22.31 1.7 
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Fig. S1. The maximum rotation (i.e., degree of deformation) of the Stages I-III increases with the 

aspect ratio (D/δ) of slice, where 𝜃 > 0 means a deformation towards the ∪ (or bowl) shape, and 

𝜃 < 0 means deformation towards the ∩ (or umbrella) shape. 
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