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Abstract 

Many researches have been conducted to investigate creep behavior of wood; however, the effects of structure on 
wood creep behavior remain unclear. Therefore, the effects of existence and distribution of earlywood vessel belt on 
creep behavior of white oak (Quercus alba L.) wood were investigated by dynamic thermal mechanical analyzer (DMA) 
with double cantilever bending in this study. Besides, a comparative numerical modeling simulation on strain curves 
of white oak specimens was completed using Burger and Five-parameter model. Results revealed that instantane-
ous strain and 45-min strain of specimens decreased with increase in the distance between earlywood vessel belt 
and stress acting surface obviously. Additionally, instantaneous strain and 45-min strain of specimens remarkably 
increased with increase in temperature from 20 to 80 °C. An obvious bending creep behavior was observed with 
increase in temperature from 20 to 80 °C. Both Burger and Five-parameter model can effectively simulate the creep 
behavior of white oak specimens with R2 values greater than 0.90. Furthermore, Five-parameter model illustrated a 
better fitting effect than Burger model in the final creep stage due to the introduction of a non-linear creep strain 
growth expression. It concluded that creep behavior of white oak wood strongly depends on the existence and distri-
bution of earlywood vessel belt.

Keywords:  White oak (Quercus alba L.), Earlywood vessel belt, Bending creep behavior, Multivariate linear fitting, 
Comparative numerical modeling
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Introduction
Wood, a porous, anisotropic and nonhomogeneous 
biopolymer of cellular structure, is classified as a viscoe-
lastic material with mechanical properties depending on 
test temperature, moisture content (MC), structure and 
chemical composition [1, 2]. It exhibits simple bend-
ing characteristic due to the viscoelastic behavior with 
porous structure [3]. Creep behavior of wood has been 
widely used to improve yield rate and promote the uti-
lization of precious wood in the production process of 

curved wood products [4], which have been widely used 
in the production of furniture, arched windows and 
doors, baskets, barrels, handicrafts, boats and ships, tool 
handles, agricultural implements and musical instrument 
[5].

As a polymer of viscoelastic materials, mechani-
cal property of wood is strongly depended on MC, 
stress, temperature, treatment time and so on. It has 
been reported that viscous flow of wood is observed 
to increase with increase in external stress under the 
high MC condition [6]. Tensile creep of wood has also 
been reported to increase with increase in MC [7]. It 
indicated that about 70% of the cells involved in hard-
wood are vessel cells and wood fiber cells, and all these 
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cells are longitudinally arranged in wood. Effects of 
vessel cells and wood fiber cells on creep performance 
have become an important research topic in wood pro-
cessing. A great deal of research has been conducted 
to explore the creep characteristics of wood under 
the static mechanical condition [8, 9]. Most of these 
researches focused on the effects of test temperature, 
MC, and texture direction on creep behavior of wood 
[10, 11]; however, little efforts have been found to ana-
lyze the effect of earlywood vessel belt locations on 
viscoelasticity and creep characteristics of ring-porous 
wood.

Wood is a polymer material composed of cellulose, 
hemicellulose, and lignin, and a natural porous poly-
mer material composed of countless cells with different 
shapes, sizes, and arrangements in comparison with other 
polymers. Additionally, the arrangement and combina-
tion of different types of cells in space constitute wood 
entity. Existence of these huge numbers of cells with dif-
ferent shapes and sizes makes an extremely complex vari-
able performance of physical and mechanical properties 
of wood in comparison with other solid materials, espe-
cially in hardwood, the cell type and arrangement are 
more complex and richer. As an important component 
of hardwood, earlywood vessel plays an extremely impor-
tant role in certain hardwood such as oak (Quercus spp.), 
elm (Ulmus pumila), ash (Fraxinus mandshurica) and 
so on. A vessel is a series of axial cells that combine to 
form a knotless tubular structure with an infinite length. 
Rheological behavior of wood is closely related to fac-
tors such as MC, temperature and external stress, and 
it is also closely related to the composition and arrange-
ment of wood cells. In some cases, the latter may have a 
greater influence. For the annular hardwood with a great 
deal of earlywood vessels, the effect of earlywood vessel 
distribution on rheological behavior of wood cannot be 
ignored. Oak wood has been widely used as raw material 
for manufacturing flooring, furniture and wooden build-
ing beams due to its excellent bending performance and 
beautiful texture [12, 13]. Many studies have been car-
ried out to investigate the effects of chemical (i.e., poly-
ethylene glycol) treatment, drying methods and other 
treatments on the creep characteristics of oak wood [14, 
15], as well as the effects of texture directions on the 
creep characteristics of oak wood under the high tem-
perature and humidity conditions [16–18]. More efforts 
have been made to investigate the mechanical behaviors 
of oak wood [4]. To the best of our knowledge, there has 
been no report of studying the effect of earlywood ves-
sel belt on creep behavior of white oak. Therefore, it is 
crucial to analyze and predict the creep behavior of white 
oak under various distributions of earlywood vessel belt 
conditions.

In this study, we have systematically investigated the 
effects of existence and distribution of earlywood ves-
sel belt on bending creep behavior of white oak wood by 
dynamic thermomechanical analyzer (DMA) under the 
double cantilever bending loading in the longitudinal 
direction at different temperatures. The distribution of 
earlywood vessel in the cross section of white oak speci-
mens with various distributions of earlywood vessel belt 
was investigated by scanning electron microscopy (SEM) 
and Image-pro plus (IPP 6.0, Media Cybernetics, Inc., 
Rockville, USA) software. Burger model and Five-param-
eter model were selected further to simulate bending 
creep behavior of tested specimens with various distribu-
tions of earlywood vessel belt at different temperatures. 
This work provides valuable references for the selection 
of processing technology such as wood bending process-
ing, wood drying, wood heat treatment, and wood plas-
ticization processing technology and can also enrich the 
theory of wood physics and wood drying.

Materials and methods
Experimental materials
White oak (Quercus alba L.) lumber was obtained from 
Nanxun Timber Market in Huzhou city of Zhejiang 
Province in China. Size of tested white oak specimen 
was 40  mm (L) × 12  mm (W) × 2.2  mm (T). Four types 
of specimens were prepared, as shown in Fig. 1. A is the 
specimen with earlywood vessel belt on the stress sur-
face, B is the specimen with earlywood vessel belt in the 
middle part, C is the specimen with earlywood vessel belt 
on the back-stress surface and D is the control specimen.

As is well known that earlywood vessel is not evenly 
distributed in white oak wood, the tested specimens were 
carefully prepared and selected to ensure the number and 
distribution state of earlywood vessel in different types 
of specimens were relatively consistent. Structure of the 
end faces of tested specimens was required to be uniform 
and the fiber direction parallel to the four sides of tested 
specimens in the test process. The end, upper and lower 
faces of tested specimens corresponded to the cross and 
tangential section, respectively.

Microstructure analysis and ratio of earlywood vessel belt 
calculation
Distribution of earlywood vessel in the cross section of 
white oak specimens was investigated using a SEM (SS-
550, Hitachi Limited, Tokyo, Japan). Earlywood vessel 
belt ratio (RT) in the cross section of Specimen A, B, C 
and D was calculated according to the thickness of early-
wood vessel belt and that of the corresponding specimen 
from SEM image. Besides, earlywood vessel ratio (Rc) in 
the cross section of Specimen A, B, C and D was calcu-
lated in accordance with the area of earlywood vessel 
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cells and the area of white oak specimens in the cross 
section from SEM image. Twelve replicate SEM images 
from three adjacent repeated specimens were applied to 
calculate RT and Rc for each type of white oak specimen, 
and the average RT and Rc values were used for the final 
analysis. Thickness of earlywood vessel belt and tested 
specimens, area of earlywood vessel cells and tested spec-
imens were calculated by Image-pro plus (IPP 6.0) soft-
ware in this study.

Experimental methods
Creep behaviors of white oak specimens were investi-
gated by a DMA (DMA-Q800, TA instruments, New 
Castle, USA) with humidity accessories under the 
bending loading in the longitudinal direction in this 
study. The adjustable range of relative humidity (RH) is 

5% ~ 95%, and the corresponding temperature ranged 
from 5  °C to 100  °C. The double cantilever fixture was 
selected in this experiment. The creep test was con-
ducted with double cantilever bending. The schematic 
diagram of double cantilever bending is presented in 
Fig.  2. The tested temperature applied was 20, 40, 60 
and 80  °C, respectively, with the corresponding RH of 
specimens controlled at 66, 72, 76 and 81% to keep the 
MC (12 ± 0.1%) and dimension parameters of tested 
specimens consistent. The specimens were adjusted 
to an equilibrium state under the corresponding tem-
perature and RH in a humidity chamber throughout the 
creep strain measurement process. This equilibrium 
state of reset temperature and RH was kept in the test 
furnace for 100 min to make MC of specimens achieve a 
stable value throughout the test process. Bending creep 

Fig. 1  Specimen preparation: Specimen A is the specimen with earlywood vessel belt on the stress surface, B is the specimen with earlywood 
vessel belt in the middle part, C is the specimen with earlywood vessel belt on the back-stress surface and D is the control specimen

Fig. 2  Schematic diagram of double cantilever bending
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characteristics of the tested specimens were investi-
gated under a constant stress of 5 MPa to avoid yield-
ing fracture of white oak specimens and further obtain 
more creep details of tested specimens in the investi-
gation process in accordance with an earlier study [17]. 
The corresponding hold time of preset temperature and 
RH was 45 min. Additionally, the static bending stress 
was preset to 0.01 N to fix the white oak specimen on 
double cantilever fixture. The recovery time was 45 min 
with the removal of 5 MPa constant stress [17]. Data of 
bending creep characteristics were collected by a DMA 
and recorded by a computer. The corresponding data 
graph of strain changes in percent as a function of time 
was generated under the creep model. Three adjacent 
repetitions for each type of tested specimen were pre-
pared for the creep measurement.

Model description
Burger model
A gradual increase is observed to wood strain with 
increase in application time under a constant exter-
nal stress due to its obvious viscoelastic behavior of 
wood. The establishment of mathematical model plays 
a more and more important role in investigation and 
prediction of wood creep behaviors [18]. From previ-
ous studies, the four-element Burger model connected 
by Maxwell model and Kelvin model in series, is a use-
ful mechanical model that can accurately describe the 
creep behavior of materials. Among which, Maxwell 
model is used to simulate elastic and viscous strains of 
materials, and Kelvin model is used to simulate viscoe-
lastic strains of materials. The constitutive equation of 
Burger model is [19, 20]:

where ɛ(t) is the strain; σ is the stress; E0 is the universal 
elastic modulus reflects the instantaneous response (i.e., 
ideal elasticity); E1 is the high elastic modulus; ƞ1 is the 
viscoelasticity coefficient reflects the lag elastic deforma-
tion; ƞ2 is the bulk viscosity reflects the unrecoverable 
deformation left in the recovery process after the remov-
ing of external forces; t is the time.

According to the four-element model, the creep for-
mula of Burger model can be simplified as follows [21]:

where ɛ(t) is the strain; p1 is the instantaneous elastic 
deformation; p2 is the delayed elastic deformation; p3 is 
the bulk viscosity; p4 is the viscosity coefficient; t is the 
time.
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Five‑parameter model
Although Burger model showed obvious advantages 
in simulating wood creep behavior, the creep variable 
of wood was overestimated in the final stage predicted 
by Burger model. An assumption of a constant defor-
mation rate to the viscous flow deformation of wood 
is applied in the simulation of Burger model, which is 
not consistent with the actual creep behavior of wood 
after the end of test [22]. Increment in the final defor-
mation of wood is regarded as a viscous deformation, 
and the expression used to simulate the viscous part of 
wood in Burger model is a linear formula, resulting in 
a linear trend of the simulated strain curve as a func-
tion of time. Actually, the increase rate of viscous flow 
deformation of wood is non-linear. Therefore, a Five-
parameter model assuming of a non-linear increase 
formula of viscoelastic has been proposed to further 
simulate wood creep behavior by Dinwoodie et al. [23]. 
Besides, the only difference between Burger model and 
Five-parameter model was the formula viscosity coef-
ficient as illustrated in Eqs. (2) and (3). The correspond-
ing creep formula of Five-parameter model is shown as 
follows:

where ɛ(t) is the strain; β1 is the instantaneous elastic 
deformation; β2 is the delayed elastic deformation; β3 
is the viscoelasticity coefficient; β4 is the viscosity coef-
ficient; β5 is an additional parameter, which solve the 
problem of viscosity part nonlinearity, and it has no 
practical significance; t is the time.

Results and discussion
Microstructure and tissue ratio of earlywood vessel belt
The anatomical structure of white oak specimens with 
various distributions of earlywood vessel belt is pre-
sented in Fig. 3. As illustrated in the figure, earlywood 
vessel was relatively evenly distributed in the earlywood 
vessel belt in cross section of Specimen A, B and C. Ear-
lywood vessel belt ratio (RT) and earlywood vessel ratio 
(RC) in Specimen A, B and C are listed Table 1. It indi-
cated that RT in tested specimens with various distribu-
tions of earlywood vessel belt was almost the same, the 
corresponding values of RT was 36.85 ± 1.70% (Speci-
men A), 35.82 ± 1.64% (Specimen B) and 36.13 ± 1.73% 
(Specimen C), respectively. As shown in Table 1, RC of 
Specimen A (26.44 ± 0.44%), B (24.46 ± 0.69%) and C 
(26.30 ± 0.28%) was also consistent under different dis-
tributions of earlywood vessel belt conditions. It was 
noted that RT and RC in Specimen A, B and C were the 
same, providing effective evidence for the reliability of 

(3)ε(t) = β1 + β2
(

1− e−β3t
)

+ β4t
β5 ,
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data obtained in this study. Therefore, the number and 
distribution state of earlywood vessel belt in the tested 
specimens were relatively consistent to obtain more 
useful details on creep behavior of white oak specimens 
with different distributions of earlywood vessel belt.

Effects of test temperature
Creep strain curves of white oak specimens at different 
temperatures are presented in Fig.  4. Results revealed 
that creep strain of white oak specimens strongly depend 
on test temperature. As can be seen in Fig. 4, a gradual 

increase in 45-min strain was observed with increase in 
test temperature. An obvious increment was generated 
to creep strain with increase in temperature from 40 to 
60  °C, and the increment in creep strain was increased 
further with increase in temperature from 60 to 80  °C 
in the initial 45  min. These notable changes are mainly 
caused by softening of cell wall matrix, which becomes 
significant with temperature changes and water sorp-
tion [23, 24]. It was also found that the creep strain of 
Specimen A, B and C increased to the maximum value, 
followed by a slight reduction with the further increase 
in time at 20 and 40 °C, and the corresponding ultimate 
residual creep strain values were negative. However, the 
creep strain was observed to increase rapidly to the maxi-
mum value and then followed by a slow increase with the 
further increase of the temperature to 60 and 80 °C, the 
corresponding ultimate residual strain values were posi-
tive. Furthermore, the ultimate residue creep strain at 
80 °C was nearly double or triple higher than that at 60 °C. 
For the white oak specimens with various distribution of 
earlywood vessel belt, an obvious creep phenomenon was 
generated with the further increase in temperature to 
80  °C. This may be due to the transient elastic response 
of wood under small loads provided by the elastic defor-
mation of micro-fibrils and cells. The thermal expan-
sion of micro-fibrils was increased with increase in test 

Fig. 3  Anatomy structure of white oak specimens with various distributions of earlywood vessel belt

Table 1  Tissue ratio of earlywood vessel belt (RT) and earlywood 
vessel (RC) for the specimens with various distributions of 
earlywood vessel belt

a Mean is for repeated specimens. CV is coefficient of variation
b White oak specimen without earlywood vessel belt (the control group)

Specimen 
code

Tissue ratio of earlywood 
vessel belt (RT)

Tissue ratio of earlywood 
vessel (RC)

Meana ± SD (%) CV (%) Meana ± SD (%) CV (%)

A 36.85 ± 1.70 4.63 26.44 ± 0.04 0.13

B 35.82 ± 1.64 4.56 24.46 ± 0.69 2.8

C 36.13 ± 1.73 4.78 26.30 ± 0.28 1.05

Db 0 ± 0 0 0 ± 0 0
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temperature, resulting in the changes in lattice internal 
of cellulose and further reduction of cohesion among cel-
lulose molecules, and further promoting the softening of 
cellulose in wood [25]. Moreover, mechanical strength of 
white oak wood was sharply decreased with the further 
increasing temperature to 80 °C or above as expected.

Figures  5 and 6 show instantaneous strain and 
45-min strain of white oak specimens at different tem-
peratures and distributions of earlywood vessel belt. An 
obvious increment in instantaneous strain and 45-min 
strain of white oak specimens was observed with the 
increase of temperature from 20 to 80  °C. Activation 
energy required for the moving unit was increased with 
increase in temperature, and the corresponding inter-
molecular interaction force was decreased, resulting 
in the increase in intermolecular distance and moving 
unit activity space. Therefore, an obvious change in 
creep strain of the tested specimens was expected [26, 
27]. In addition, it was reported that the glass transition 
temperature of lignin in general wet wood ranges from 

Fig. 4  Creep behaviors of the specimens at different temperatures

Fig. 5  Instantaneous strain of white oak specimens at different 
temperatures and distributions of earlywood vessel belt
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72 to 128  °C [17]. The state of lignin molecular chain 
segment was changed from the frozen state to a mov-
ing state, and the glass transition of the specimens was 
reached at 80 °C. In addition to the expansion of molec-
ular occupation volume, expansion of free volume of 
the lignin in wood occurs with the increase of tempera-
ture [28]. Therefore, movement space of motion unit is 
increased greatly, so did the creep deformation of the 
specimens. Moreover, the difference between energy 
elasticity and entropy elasticity may also result in the 
difference in creep behavior of tested specimens at dif-
ferent earlywood vessel distributions.

It was also noted that creep strain of Specimen D 
was smaller than that of Specimen A, B and C, which is 
related to the existence and distribution of earlywood 
vessel belt and various tested temperatures. An obvi-
ous creep phenomenon occurred in the specimens with 
various distributions of earlywood vessel belt and the 
corresponding strain obviously increased with the fur-
ther increase of temperature to 80 °C. Energy acquired 
for the extension or sliding of molecular chain in wood 
cell wall was increased with increase in testing time, 
leading to a violent molecular movement and the break 
of chemical bond among molecules. There was an 
increase in the fluidity and ductility of molecular chain 
[29, 30], an increase in the creep rate and creep com-
pliance finally as expected [31, 32]. Additionally, most 
of wood cells are arranged along the axial direction, 
which determines that the axial creep compliance of 
wood is generally smaller than that of the radial creep 
compliance [8]. However, the radial wood ray cells have 
the effect of strengthening on the radial orientation 

in comparison with that of the tangential direction 
arranged along the thickness direction, resulting in a 
greater radial creep compliance [24, 33].

Effects of existence and distribution of earlywood vessel 
belt
Creep strain curves of white oak specimens with vari-
ous earlywood vessel belt distributions are illustrated in 
Fig. 7. It was found that creep strain of white oak speci-
mens was obviously affected by the existence and various 
distributions of earlywood vessel belt. For different tem-
perature values chosen, the 45-min strain of Specimen A, 
B and C was decreased with increase in distance between 
earlywood vessel belt and stress acting surface. Creep 
strain of Specimen A, B and C was greater than that of 
Specimen D at the same tested temperature. However, 
the 45-min strain of Specimen A and B was decreased 
with increase in distance between earlywood vessel belt 
and stress acting surface, and increased with the further 
increasing distance between earlywood vessel belt and 
stress acting surface (Specimen C) at 80 °C. It also indi-
cated that creep strain of Specimen A was slightly greater 
than that of Specimen C, and creep strain curves of Spec-
imen B and D almost coincided with the 45-min strain. 
As described in the stress concentration problem of holes 
or circular holes in elasticity on the basis of Lamet equa-
tion of elasticity, stress at the edge of hole is much greater 
than that without hole, and it will also be greater than the 
stress slightly away from the hole as an elastic body with 
small holes subjected to external stress [34]. The effects of 
stress on circular hole or circular channel were decreased 
with increase in distance between the circular hole or 
circular channel and stress in accordance with the Saint-
Venant’s principle of elastic mechanics. The stress con-
centration phenomenon of earlywood vessel was more 
obvious with increase in distance between the stress and 
earlywood vessel as the specimens subjected to an exter-
nal stress. It was also observed that the earlywood vessel 
was compressed, bent, and deformed to a certain extent, 
which led to a brittle fracture of wood.

As can also be seen in Figs.  5 and 6, instantaneous 
strain and 45-min strain of the specimens were obviously 
decreased with the enlargement of distance between ear-
lywood vessel belt and stress acting surface at 20, 40 and 
60  °C. A reduction of instantaneous strain and 45-min 
strain of Specimen C was nearly 40% and 50% in compar-
ison with Specimen A at 20 °C. Moreover, the reduction 
of instantaneous strain was decreased by 18.2 and 19.2% 
with the further increase of temperature to 40 and 60 °C, 
respectively, and that of 45-min strain was decreased by 
24.0 and 17.1%, respectively. However, instantaneous 
strain and 45-min strain only slightly decreased at 80 °C, 
and the corresponding difference between Specimen A 

Fig. 6  45-min strain of white oak specimens at different 
temperatures and distributions of vessel layer
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and C was 10.0 and 11.8%, respectively. This may be due 
to the generation of slippage among micro-fibrils in the 
earlywood vessel cell wall of tested specimens under the 
action of stress, the wall layer of earlywood vessel cell 
wall to fold. Besides, the compression surface of speci-
men was folded, and the tension surface was wrinkled 
under the action of bending moment [3]. The longitudi-
nal bending tensile strength of wood is generally greater 
than the compressive strength as known from previous 
researches. The effect of stress on vessel cell increases 
with reduction in distance between earlywood vessel 
belt and stress acting surface, the tensile and compres-
sive effect were increased as the specimens were bent 
longitudinally, leading to a tendency to deform easily and 
the creep is more distinct in white oak specimen. Obvi-
ous creep phenomenon occurred in the tested speci-
mens at 80  °C. While cellulose and hemicellulose will 
be softened at high temperature, simultaneously, the 
lignin will undergo glass transition. The volume expan-
sion of lignin (i.e., occupied volume expansion and free 

volume expansion) will lead to an obvious increase in 
activity space of moving unit with increase in tempera-
ture, which is shown as the increase of creep deforma-
tion [17], and the effect of earlywood vessel belt on creep 
strain of white oak specimens declined. Obvious creep 
phenomenon was generated in the specimens and their 
mechanical strength was sharply decreased with the fur-
ther increasing temperature to 80 °C or above. Therefore, 
it was concluded that the existence and distribution of 
earlywood vessel belt affects the creep strain of white oak 
specimens obviously.

It was also found that creep phenomenon of white 
oak specimens was not obvious at 20 and 40 °C, the cor-
responding creep curves of white oak specimens were 
intensified, and creep effect was more obvious with the 
further increasing temperature from 40 to 60  °C and 
80  °C, respectively. Increasing rate of creep strain for 
white oak samples at 80  °C was greater than that of the 
creep strain tested at 20, 40 and 60 °C. It was also noted 
that obvious creep phenomenon occurred in all the 

Fig. 7  Creep behaviors of the specimens with various distributions of earlywood vessel belt
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tested specimens. Difference of creep strain among the 
tested specimens with various distribution of earlywood 
vessel belt was limited, and the effect of earlywood ves-
sel belt distribution on creep strain of white oak speci-
men was not obvious. Therefore, it was concluded that 
the white oak is not suitable for application in environ-
ments with temperature above 80 °C. The reason was that 
most of the cellulose segments in wood exist in crystal-
line state, a few in amorphous form, both lignin and 
hemicellulose exist in amorphous form. Free volume of 
molecules is increased, and the movement is accelerated 

especially for the amorphous polymers such as lignin and 
hemicellulose with the rise in temperature, leading to a 
sharp increase in wood creep [35, 36].

Comparative numerical modeling results of Burger 
and Five‑parameter model
Comparison between fitting results of Burger and Five-
parameter model is presented in Tables 2 and 3, respec-
tively. The fitting results revealed that instantaneous 
elastic deformation (β1) of Five-parameter model was 
basically consistent with that of Burger model (P1). Both 

Table 2  Fitting parameters of Burger model for the specimens at different temperatures

Temperature (°C) Sample code P1 P2 P3 P4 R2

20 A 0.02046 0.00395 0.14802 − 1.04 × 10–5 0.98981

B 0.01759 0.00135 0.17429 − 1.99 × 10–6 0.96644

C 0.01283 0.00107 0.10117 − 1.21 × 10–5 0.90926

D 0.01018 0.00176 0.12493 5.96 × 10–5 0.99999

40 A 0.02150 0.00464 0.25875 − 3.15 × 10–5 0.99562

B 0.01889 0.00366 0.34299 − 7.47 × 10–5 0.99832

C 0.01723 0.00278 0.26179 − 9.35 × 10–6 0.98840

D 0.01658 0.00255 0.15264 8.14 × 10–6 0.99999

60 A 0.02568 0.00624 0.14331 6.52 × 10–5 0.99791

B 0.02187 0.00680 0.17319 7.20 × 10–5 0.99781

C 0.02090 0.00494 0.16969 6.36 × 10–5 0.99865

D 0.01247 0.00452 0.14327 4.07 × 10–5 0.99811

80 A 0.02780 0.01526 0.19556 2.90 × 10–4 0.99877

B 0.02386 0.01132 0.20024 2.28 × 10–4 0.99854

C 0.02263 0.01408 0.17289 2.82 × 10–4 0.99693

D 0.02081 0.01018 0.14403 1.93 × 10–4 0.99861

Table 3  Fitting parameters of Five-parameter model for the specimens with various distributions of earlywood vessel belt

Temperature (°C) Sample code β1 β2 β3 β4 β5 R2

20 A 0.02009 − 1.66751 0.00178 0.00386 0.92857 0.99488

B 0.01746 − 1.03732 0.00166 0.00205 0.94681 0.96900

C 0.01274 − 0.93413 0.00071 0.00082 0.94286 0.92799

D 0.01002 − 1.95205 0.00097 0.00224 0.95604 0.99811

40 A 0.02127 − 1.68162 0.00288 0.00621 0.92280 0.99029

B 0.01901 − 1.57371 0.00286 0.00554 0.92944 0.99029

C 0.01710 − 1.00274 0.00396 0.00403 0.94384 0.99799

D 0.01632 − 0.78150 0.00219 0.00233 0.91761 0.99818

60 A 0.02501 − 1.40544 0.00237 0.00484 0.90517 0.99930

B 0.02113 − 1.01594 0.00339 0.00533 0.88446 0.99900

C 0.02044 − 1.70978 0.00223 0.00511 0.92322 0.99920

D 0.01202 − 1.87526 0.00178 0.00440 0.92936 0.99930

80 A 0.02658 0.00261 0.35869 0.00755 0.31304 0.99999

B 0.02295 − 0.28655 0.00833 0.00657 0.74727 0.99942

C 0.02303 − 0.04828 0.01365 0.00820 0.49506 0.99928

D 0.02107 − 0.32570 0.00530 0.00474 0.77182 0.99969
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of instantaneous elastic deformation coefficient in Burger 
model (P1) and Five-parameter model (β1) of Specimen 
A, B and C were increased with increase in temperature 
from 20  °C to 80  °C. However, the corresponding val-
ues of instantaneous elastic deformation coefficient for 
Burger model (P1) and Five-parameter model (β1) were 
decreased with the enlargement of distance between ear-
lywood vessel belt and stress acting surface. It was also 
noted that the correlation coefficient (R2) related to Five-
parameter model was greater than that of Burger model 
under the same test condition (Tables 2 and 3). The rea-
son was that creep variable of wood was overestimated 
in the ultimate stage predicted by Burger model due to 
a constant viscous deformation rate assumed in the last 
stage of creep behavior, which is inconsistent with the 
actual creep behavior of wood and the increment of ulti-
mate deformation belongs to viscous deformation [37]. 
The expression used in the simulation of viscosity part 
in Burger model is a linear formula, resulting in a linear 
change rule of simulated curve as a function of time [18, 
20]. Nevertheless, the fifth parameter (β5) was introduced 

into Five-parameter model, which makes the last stage of 
creep show a non-linear growth trend. This is evidently 
consistent with the actual creep deformation change [38]. 
Therefore, Five-parameter model exhibits obvious advan-
tage in predicting and describing creep characteristics of 
white oak wood due to the introduction of a non-linear 
growth expression of creep strain which is more consist-
ent with the actual creep process of wood.

Effects of test temperature on fitting results of creep model 
parameters
Comparison between the model simulation and experi-
mental points of white oak specimens at different 
temperatures is presented in Fig. 8 (BM is for the simu-
lation of Burger model and FM for the simulation Five-
parameter model). It indicated that the creep curves of 
specimens at different temperatures can be accurately 
modeled by Burger model and Five-parameter model. 
Besides, results related to Burger model are listed in 
Table 2. Instantaneous elastic deformation viscosity coef-
ficients (P1) of Specimen A, B and C were increased with 

Fig. 8  Comparison between the model simulation and experimental points of white oak specimens at different temperatures
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increase in tested temperature as illustrated in Table  2. 
This is mainly because instantaneous elastic response of 
wood is generated as the elastic deformation of micro-
fibrils and the corresponding cells under a small external 
load. Thermal expansion was generated in the micro-
fibrils with increase in test temperature, resulting in the 
lattice spacing change of cellulose. The decrease of force 
among the cellulose molecules results in the softening of 
cellulose [39]. Instantaneous elastic deformation (P1) of 
Specimen D was decreased with the increase of tempera-
ture from 20 to 60 °C, and rapidly increased as a function 
of time under the constant stress of 5 MPa with further 
increasing temperature to 80  °C. For the data related to 
Five-parameter model shown in Table  3, instantaneous 
elastic deformation (β1) of Specimen A, B and C were like 
the fitting results from Burger model. However, the fitted 
results of Specimen D were not. The correlation coeffi-
cient (R2) fitted using Five-parameter model was greater 
than that of the Burger model under the same tempera-
ture condition (Tables 2 and 3).

Effects of existence and distribution of earlywood vessel 
belt on the fitting results of creep model parameters
Comparison between the model simulation and experi-
mental points of white oak specimens with various 
distributions of earlywood vessel belt is illustrated in 
Fig.  9 (BM is for the simulation of Burger model and 
FM for the simulation Five-parameter model). It indi-
cated that the creep curves of specimens with various 
distributions of earlywood vessel belt can be accurately 
modeled by Burger model and Five-parameter model. 
As shown in Table  2, it indicated that instantaneous 
elastic deformation (P1) of Specimen A, B and C was 
decreased with increase in distance between earlywood 
vessel belt and stress acting surface at 20, 40 and 60 °C. 
It has been reported that vessel cells are widely distrib-
uted in hardwood such as oak, elm, ash and so on. The 
reinforcement effect of earlywood vessel is weakened 
with increase in distance between earlywood vessel 
belt and the stress acting surface in the bending pro-
cess, the creep effect offset by earlywood vessel belt is 

Fig. 9  Comparison between the model simulation and experimental points of white oak specimens with various distributions of earlywood vessel 
belt
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also reduced [34]. The counteraction effect of early-
wood vessel belt on creep behavior is also weakened 
at 80  °C and the effect of temperature on wood creep 
behavior was more remarkable. Instantaneous elastic 
deformation (P1) of Specimen D was greater than that 
of Specimen A, B and C at 20 °C and it became smaller 
with further increase in temperature to 40, 60 and 
80  °C. In addition, the variation rule of instantaneous 
elastic deformation (β1) of Specimen A, B and C using 
Five-parameter model shown in Table  3 was similar 
with that of Burger model. Moreover, the correlation 
coefficient (R2) fitted using Five-parameter model was 
greater than that of Burger model under the same dis-
tribution of earlywood vessel belt condition (Tables  2 
and 3).

Conclusion
This work systematically investigated the effects of 
existence and distribution of earlywood vessel belt on 
creep behavior of white oak under the double cantile-
ver bending condition. Results revealed that existence 
and distribution of earlywood vessel belt significantly 
affected creep behavior of white oak. Instantaneous 
strain and the 45-min strain of white oak specimens 
were decreased with increase in distance earlywood 
vessel belt and stress acting surface and increased 
with increase in temperatures. A counteraction effect 
was obtained in creep behavior of white oak due to 
the existence of earlywood vessel belt and decreased 
with increase in distance between earlywood vessel 
belt and stress acting surface and temperature. Both 
Burger model and Five-parameter model can predict 
the effects of temperature, existence and distribution 
of earlywood vessel belt on creep behavior of wood. 
Moreover, Five-parameter model showed a better fit-
ting effect than Burger model according to the R2 value. 
It was concluded that the introduction of a non-linear 
creep strain growth expression exhibited greater agree-
ment with the experimental data of creep behavior of 
wood.
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