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bending, compression, and tension, and research on creep in 
shear modes remains limited. Under complex loading con-
ditions, shear stresses occur in addition to vertical stresses 
such as compression and tension. Thus, for advanced appli-
cations of wood, the viscoelastic properties under shear 
conditions must be examined. Notably, most of the research 
in this domain has been limited to the observation of creep 
strain and compliance (Schniewind and Barrett 1972; 
Hayashi et al. 1993; Akter et al. 2023), with few address-
ing the underlying mechanisms (Huč and Svensson 2018a, 
b; Ando et al. 2023; Bengtsson et al. 2023; Shimazaki and 
Ando 2024).

Creep tests combined with creep recovery tests have 
been widely used to experimentally investigate creep phe-
nomena in wood. For example, Zhang et al. (2006) inves-
tigated the effect of delignification on mechano-sorptive 
creep in cypress specimens by combining a moisture con-
tent cycle with bending creep and creep recovery tests. The 
authors observed that the deflection induced by creep in the 
untreated samples was nearly recovered during the recov-
ery phase, whereas the delignified samples showed reduced 

1  Introduction

Wood, a viscoelastic material, exhibits elastic behavior 
under short-term loads but viscoelastic behavior under long-
term loads. Historically, wood has been widely used as a 
structural support material for buildings and has recently 
garnered significant attention as a sustainable material. With 
the increasing application of wood in non-residential and 
mid- to high-rise buildings, wood is anticipated to be sub-
jected to complex stress states.

In particular, creep, the increase in strain over time under 
constant stress, considerably affects the long-term perfor-
mance of wood. Although numerous studies have been 
conducted on creep in wood (Holzer et al. 1989; Navi and 
Stanzl-Tschegg 2009), most of them focused on creep under 
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Abstract
This study was aimed at exploring the sheer creep behavior of wood through off-axis tensile creep and creep recovery 
tests. Using the creep recovery data, the shear creep properties of softwood (Japanese Hinoki cypress, Chamaecyparis 
obtusa) and hardwood (Japanese Buna beech, Fagus crenata) were compared. The trends of three components of strain, 
i.e., instantaneous elastic, delayed elastic, and permanent strains, during shear creep were predicted by decomposing the 
total strain during creep recovery, assuming that the rate of increase in delayed elastic strain is the same as the recovery 
rate during creep recovery. Fitting a Burger model to each predicted strain yielded more reliable material parameters com-
pared with those obtained by simply mathematically fitting the Burger model to the total creep strain. The Burger model 
demonstrated excellent accuracy in fitting the measured creep curves of hardwood. However, it could not explain the 
shear creep behavior of softwood. This discrepancy in the fitting results was attributable to the differences in the behavior 
of permanent strain: The permanent strain of cypress exhibited a curvilinear trend, while that of beech displayed a more 
linear trend. To explain the curvilinear behavior of permanent strain, a modified Burger model, which assumes that the 
apparent viscosity of permanent strain changes in a strain-rate-dependent manner, was proposed. The modified Burger 
model yielded better fitting results than the conventional Burger model, suggesting that the viscous component of wood 
exhibits an apparent viscosity that depends on the strain rate rather than a constant value, as assumed in the conventional 
Burger model.
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recovery. Entwistle and Zadoroshnyj (2008) conducted two 
cycles of torsional creep and creep recovery tests on radiata 
pine specimens under relative humidity (RH) levels of 38% 
and 84%. The authors reported that the creep strain recov-
ered almost entirely after two loading cycles in both humid-
ity conditions. Engelund and Salmén (2012) conducted 
tensile creep and creep recovery tests on sliced sections of 
Norway spruce for 90 min each. The authors discussed the 
distinctions in strain behavior observed during creep and 
creep recovery in terms of differences in the reactions of cell 
wall and middle lamellas. Kutnar et al. (2021) conducted 
bending creep (60 min) and creep recovery (180 min) tests 
on thermo-hydro-mechanical (THM)-treated European 
beech under three RH conditions. The authors reported that 
recovery compliance was influenced by RH level and THM 
treatment, while relaxation recovery (amount of deforma-
tion recovered after load release) was influenced only by 
THM treatment. Ella et al. (2024) explored the effects of 
viscoelastic and mechano-sorptive creep on flexural creep 
of three wood species under two test configurations: 11-d 
creep and 3-d creep recovery test and 5-d creep and 1-d 
creep recovery test. The instantaneous recovery strain in the 
recovery tests was similar to the instantaneous elastic strain 
at the start of the creep tests, and a “memory effect” was 
observed.

As discussed, most studies involving creep recovery tests 
have focused on the effects of temperature and humidity 
and primarily analyzed a specific range of recovery strain 
magnitudes. Only a few researchers have examined the 
viscoelasticity of wood by extensively analyzing the creep 
recovery curves. For example, Hanhijärvi and Hunt (1998) 
conducted bending creep and creep recovery tests on Bal-
tic redwood under multiple loading cycles to investigate 
the relationship between viscoelastic creep and mechano-
sorptive creep. The authors calculated the relative residual 
deflection (rate of deflection divided by the deflection value 
just before unloading) from the creep recovery test data 
and reported that the recovery rate was lower in the cyclic-
humidity period compared with that in a constant-humidity 
period of the same duration. Roszyk et al. (2010) conducted 
tensile creep and creep recovery tests on pine wood slices 
and investigated the relationship between the proportions of 
the three strain components in the total strain and the micro-
fibril angle (MFA). The authors reported that for larger 
MFAs, the contributions of instantaneous elastic recovery 
strain and permanent strain to the total strain were smaller 
and larger, respectively, while the contribution of delayed 
elastic strain was independent of MFA. Sala et al. (2022) 
conducted one-hour creep and one-hour creep recovery tests 
to compare the shear creep behavior of balsa wood panel, 
paper honeycomb, and recycled polyethylene terephthal-
ate. From the recovery data, the residual shear strain and 

time-delayed strain during the recovery stage of each mate-
rial were extracted. Taniguchi and Ando (2010) conducted 
tensile creep and creep recovery tests on 12 wood species 
for 24 h each and analyzed the recovery data to decompose 
the total creep strain into three components, i.e., instanta-
neous elastic, delayed elastic, and permanent strains. The 
observed increase in viscoelastic Poisson’s ratio during 
creep tests was attributable to the rising contribution of per-
manent strain over time.

This literature review highlights that only a few research-
ers have comprehensively analyzed strain data during creep 
recovery. Notably, the elastic and viscous components 
of creep strain can be extracted from such data, facilitat-
ing exploration of the mechanisms of creep phenomena in 
wood.

Previously (Shimazaki and Ando 2024), we analyzed 
the shear creep properties of wood using the Burger model 
with a constant viscosity, as well as several modified Burger 
models incorporating a time-dependent apparent viscosity. 
Our results demonstrated that a modified model, in which 
only the viscosity of the permanent strain unit varies, most 
accurately represented the experimental data. However, two 
key issues were identified: (1) As the creep strain (delayed 
elastic strain + permanent strain) could not be separated into 
its components prior to the regression analysis, the behavior 
of each creep strain was determined through simple math-
ematical regression without any experimental evidence, and 
the individual regression results deviated from the physi-
cal definitions in certain cases (e.g., decrease in the delayed 
elastic strain over time); and (2) the applied viscosity was a 
simple function of time and thus lacked physical meaning. 
To address the first issue, in this study, the creep recovery 
strain analysis method proposed by Taniguchi and Ando 
(2010) was used to separate the creep strain components, 
followed by regression analysis of each strain using a model 
equation. Additionally, to resolve the second issue, the vis-
cosity was expressed as a function of permanent strain rate. 
Furthermore, to examine the relationship between micro-
structural factors and shear creep, the differences in shear 
creep behaviors of cypress (softwood) and beech (hard-
wood), two wood species with different microstructures, 
were compared through creep and creep recovery tests.

2  Experiment details

2.1  Materials

Air-seasoned Japanese Hinoki cypress (Chamaecyparis 
obtusa Endl.) and Japanese Buna beech (Fagus crenata 
Blume) were sourced from the Nagoya University Experi-
ment Forest in Aichi Prefecture, Japan. Reaction wood 
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was not detected in any of the specimens. Each tensile test 
specimen measured 160 mm (length) ×  20 mm (width) ×  
6 mm (thickness), and the fiber inclination with respect to 
the loading direction was 15° in the longitudinal-tangential 
(LT) plane. The grip length was 40 mm, and the central part, 

excluding the grip area, had a length of 80 mm (Fig. 1). A 
triaxial rosette strain gage (Tokyo Measuring Instruments 
Lab. FRAB-5-11, gage length 5 mm) was attached to the 
center of each wide face of the specimen. The longitudi-
nal strain, 45° directional strain, and transverse strain were 
denoted by ϵA, ϵB, and ϵC, respectively. The specimens 
were conditioned at a constant temperature of 25  °C and 
RH of 55% until moisture equilibrium was attained. Table 1 
lists the number of specimens, density, average annual ring 
width, and moisture content.

2.2  Off-axis tensile creep tests

Off-axis tensile creep tests were conducted on wood samples 
with a fiber inclination angle to induce shear stress. Specifi-
cally, a constant tensile load was applied using a universal 
testing machine (Shimadzu AG-X100 kN).

Prior experiments and finite element analyses (Yoshihara 
and Ohta 2000; Xavier et al. 2004) have identified 15° as the 
optimal fiber inclination for evaluating the shear behavior of 
wood in off-axis tests. To confirm whether the value of 15° 
is optimal for the specimen dimensions and wood species 
considered in this study, preliminary experiments were con-
ducted to identify the optimal angle for the test specimens. 
Specifically, three-axis rosette gages were attached to ten-
sile test specimens with seven fiber inclinations (10°, 15°, 
20°, 30°, 45°, 60°, and 75°) to determine the principal strain 
direction. The results showed that the angle of 15° resulted 
in the best alignment between the principal strain direction 
(± 45°) and the longitudinal (L) direction.

Figure 2 illustrates the setup for the tensile creep and 
creep recovery tests. The loading rate was such that the time 
from zero load to the target load was 20 s. Wedge-shaped 
gripping clamps were used, and the load was measured 
using a 50-kN load cell. Load and strain data were recorded 
at a sampling frequency of 1 Hz using a data logger (Kyowa 
Electric Instruments PCD-300 A/320A). The tensile strength 
was determined through static tensile tests, and the applied 
tensile creep stress corresponded to approximately 45% of 
the tensile strength: 16  MPa for cypress and 27  MPa for 

Table 1  Specifications of test specimens
Num-
ber of 
specimens

Density (kg/
m3)

Average 
annual 
ring width 
(mm)

Moisture 
content 
(%)

Japanese 
cypress

21 448 ± 26 2.8 ± 1.4 9.3 ± 0.3

Japanese 
beech

15 721 ± 34 2.0 ± 0.5 8.7 ± 0.1

Fig. 2  Setup of the off-axis tensile creep and creep recovery tests

 

Fig. 1  Schematic of the off-axis 
tensile test specimen. A three-axis 
rosette gage was attached to the 
center of each wide face
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using the creep recovery curve (Taniguchi and Ando 2010). 
Strain decomposition involves the following steps (Fig. 3): 
The strain appearing immediately after loading is the instan-
taneous elastic strain ( γe), which is identical to the recov-
ery strain observed instantaneously upon unloading. Thus, 
the area on the left side of the diagram can be transferred 
to the right side (Fig.  3a). The strain gradually recovered 
after unloading corresponds to delayed elastic strain [ γd (t)
], (Fig. 3b). The area is inverted vertically and transferred to 
the left side (creep period), and the remaining area is clas-
sified as permanent strain [ γp (t)] (Fig. 3c). In this study, 
this decomposition technique was used to investigate the 
behavior of delayed elastic strain and permanent strain dur-
ing shear creep.

The Burger model (four-element model, Fig. 4) is often 
used to analyze creep phenomena in wood. The Burger 
model represents instantaneous elastic, delayed elastic, 
and permanent strains and is considered a simple model. 
Research has shown that the Burger model can be applied 
to examine compression and bending creep phenomena 
in wood (Pot et al. 2013; Georgiopoulos et al. 2015; Her-
mawan and Fujimoto 2019; Yildirim et al. 2020; Dong et 
al. 2021; Wang et al. 2021; Saadallah et al. 2024). However, 
few studies on shear creep have used the Burger model or 
other rheological models in their analyses (Huč and Svens-
son 2018a, b; Bengtsson et al. 2023; Shimazaki and Ando 
2024). By fitting the theoretical equation of the Burger 
model (Eq. 3) to the total measured creep strain, the elas-
tic moduli of a spring (E1, E2) and viscosities of a dashpot 

beech. Each test involved an 8-h creep period under con-
stant load followed by an 8-h creep recovery phase. Both 
tests were conducted at a temperature of 25 ? and RH of 
55%.

The shear stress and shear strain were computed using 
Eqs.  1 and 2, respectively (Greszczuk 1966; Zhang and 
Sliker 1991).

τTL = σ · sin α cos α� (1)

γTL (t) = 2εA · sin α cos α − 2εC · sin α cos α

+ (2εB − εA − εC)
(
cos2 α − sin2 α

) � (2)

where α  is the fiber inclination angle (15°), and σ  is the 
uniaxial tensile stress in the loading direction.

2.3  Decomposition of creep strain using creep 
recovery data and Burger model

Creep strain consists of three components: instantaneous 
elastic strain ( γe), delayed elastic strain [ γd (t)], and per-
manent strain [ γp (t)]. Instantaneous elastic strain occurs 
instantaneously upon loading and recovers instantaneously 
upon unloading. Delayed elastic strain develops progres-
sively after loading and gradually recovers upon unload-
ing. Permanent strain develops upon loading and does not 
recover upon unloading. Assuming that the delayed elastic 
strain recovers at the same rate as it develops, the shear 
creep strain can be decomposed into its three components 

Fig. 3  Decomposition method of 
shear creep strain using a creep 
recovery curve: instantaneous elas-
tic strain γe, delayed elastic strain 
γd, and permanent strain γp
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We hypothesized that decomposing the creep strain into 
the delayed elastic strain and permanent strain compo-
nents using the graphical decomposition method (Fig.  3), 
followed by the regression analysis of each strain using a 
model equation, can enable a more reliable application of 
the Burger model.

3  Results and discussion

3.1  Transition of creep strain

Figure 5 shows the measured strains in three directions (lon-
gitudinal strain ϵA, 45° directional strain ϵB, and transverse 
strain ϵC) during the off-axis tensile creep and creep recov-
ery tests. Notably, t = 0 h refers to the time at which the creep 
load was completely applied. From 0 to 8 h, the absolute 
values of strain in the three directions exhibited a logarith-
mic increase or flat transition. Notably, the transverse strain 
ϵC showed both positive (negative Poisson’s ratio) and neg-
ative values (positive Poisson’s ratio). These outcomes are 
discussed in a later section.

Figure 6 shows a representative example of the shear 
strain γTL (t) calculated using Eq. 2. The shear creep strain 
increased logarithmically during the creep period, with 
instantaneous recovery upon unloading, followed by grad-
ual recovery and convergence. These observations are con-
sistent with previous reports on the shear creep behavior of 

( η1, η2) can be determined. In a previous study (Shimazaki 
and Ando 2024), these parameters were computed solely 
from creep data, yielding mathematical estimates. Thus, in 
this study, the theoretical equations of the components of 
the Burger model (Eqs. 4 and 5) were fitted to each of the 
delayed elastic strain and permanent strain transitions esti-
mated using the measured creep recovery curve.

γe + γd (t) + γp (t) = τT L

E1
+ τT L

E2

(
1 − e− E2t

η1

)
+ t

η2
τT L� (3)

γd (t) = τT L

E2

(
1 − e− E2t

η1

)
� (4)

γp (t) = t

η2
τT L� (5)

Fig. 6  Typical transition of the 
shear creep strain calculated using 
Eq. 2: a Japanese cypress b Japa-
nese beech

 

Fig. 5  Typical transition of the ten-
sile creep strain in each direction: 
longitudinal strain ϵA, 45° strain 
ϵB, and transverse strain ϵC for a 
Japanese cypress b Japanese beech

 

Fig. 4  Rheological Burger model combining Maxwell and Kelvin–
Voigt model units
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the Burger model could accurately explain the measured 
values for beech, it was less effective for cypress.

3.4  Differences between shear creep behaviors of 
Cypress and Beech

3.4.1  Elastic behavior: Poisson’s ratio at the start of the 
creep test

As discussed in the “Transition of creep strain” section, the 
transverse strain ( ϵC) exhibited both positive and negative 
values. The Poisson’s ratio at the start of the test (t = 0 h) 
was calculated using Eq. 6 to compare the transverse strain 
behaviors.

ν = −εC (t = 0)
εA (t = 0) � (6)

Figure 8 shows the Poisson’s ratios at the start of the test. 
The mean value of ν for cypress was − 0.05 2± 0.192, with 
nine specimens showing positive values and 12 specimens 
exhibiting negative values. The mean value of ν for beech 
was 0.29 0± 0.069, with all specimens showing a positive 
value.

Although negative Poisson’s ratios in small wood speci-
mens with fiber inclination have been reported previously 
(Hearmon 1948; Yamai 1957; Sliker and Yu 1993; Bucur 
and Najafi 2003; Murata and Tanahashi 2010; Kawahara et 
al. 2015; Marmier et al. 2018, 2023), the underlying mecha-
nism remains unclear. The histological structural differences 
between cypress and beech primarily pertain to the organi-
zation of ray and axial cells. Japanese cypress is composed 
primarily (over 90%) of tracheids with only uniseriate rays. 
In contrast, Japanese beech has vessel elements with large 
diameters and broad rays. In addition, the proportion of rays 
present in beech is greater than that in cypress. These differ-
ences in tissue structure likely contribute to the differences 
in Poisson’s ratios.

wood (Hayashi et al. 1993; Ando et al. 2023; Bengtsson et 
al. 2023; Shimazaki and Ando 2024).

3.2  Estimation of delayed elastic and permanent 
strains using creep recovery data

Figure 7 shows typical transitions of the delayed elastic 
[ γd (t)] and permanent [ γp (t)] strains, predicted using the 
graphical decomposition method (Fig.  3). For both wood 
species, the delayed elastic strain γd (t) generally reached 
saturation after 6–8 h, whereas γp (t) exhibited a curvilin-
ear trend rather than a linear trend.

3.3  Estimation of parameters for the Burger model 
using creep recovery data

The theoretical equations of the components of the Burger 
model (Eqs. 4 and 5) were fitted to each of the delayed elas-
tic strain and permanent strain transitions estimated using 
the measured creep recovery curve to determine the elas-
tic moduli of the spring and viscosities of the dashpot in 
the Burger model. Fitting was performed using the least-
squares method with a tolerance (allowable error) of 0.1%. 
Table 2 lists the resulting parameters for the Burger model. 
The elastic modulus associated with shear modulus (E1), 
which determines the instantaneous elastic strain, was simi-
lar for cypress and beech. Instantaneous elastic strain was 
obtained by extrapolating the linear region of the load–time 
relationship to the target load. The parameters constituting 
the delayed elastic strain (E2, η 1) were smaller for beech 
than those for cypress. In contrast, the viscosity of the per-
manent strain ( η 2) was larger for beech than for cypress. 
The coefficient of determination (R2) indicated that although 

Table 2  Parameters for the Burger model (Fig. 4)
E1 (GPa) E2 

(GPa)
η 1 
(GPa·h)

η 2 
(GPa·h)

R2

Japanese 
cypress

0.96 ± 
0.14

9.49 ± 
3.26

9.63 ± 
9.84

41.2 ± 
13.0

0.66 ± 
0.24

Japanese beech 1.23 ± 
0.52

5.80 ± 
2.99

2.77 ± 
1.07

74.1 ± 
27.9

0.92 ± 
0.05

Fig. 7  Transitions of delayed 
elastic strain ( γd) and permanent 
strain ( γp) determined using the 
graphical decomposition method 
(Fig. 3): (a) Japanese cypress (b) 
Japanese beech
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For cypress, the permanent strain was slightly greater 
than the delayed elastic strain in many specimens. Con-
versely, for beech, the delayed elastic strain was pre-
dominant. Figure 9 shows the ratio of permanent strain to 
delayed elastic strain at the end of the creep test [ γp(8)

γd(8) ]. 

The average values of γp(8)
γd(8)  were 1.54 ± 0.92 for cypress 

and 0.56 ± 0.32 for beech, with a statistically significant 
difference at the 0.1% level (t-test p =  .0005). This differ-
ence was further corroborated by the Burger model param-
eters (Table  2). For cypress, the value of η1

η2
 was 0.234, 

whereas for beech, it was 0.037, indicating that beech had a 
larger viscosity η 2 of the permanent strain unit compared 
with η 1 of the delayed elastic strain unit. Furthermore, E2

E1
 

was 9.89 for cypress and 4.72 for beech, indicating that the 
modulus of elasticity E2 of the delayed elastic strain unit 
was smaller for beech than for cypress. These differences 
in material constants imply that the delayed elastic strain is 
more dominant in beech than in cypress. Notably, Roszyk 
et al. (2010) investigated the magnitude of delayed elastic 
and permanent strains using creep recovery curves. Tensile 
creep testing of pine, a softwood species, revealed that the 
permanent strain was approximately 10 times the delayed 
elastic strain. However, the delayed elastic strain had likely 
not fully recovered, owing to the inadequate creep recovery 
test time (60 min).

The permanent strain displayed a curvilinear transition 
in cypress, whereas in beech, it transitioned in a nearly lin-
ear manner (Fig.  7). The curvilinear behavior in cypress 
resulted from a more rapid decrease in the permanent strain 
rate γ̇p (t) over time. In the case of the nearly linear transi-
tion, the change in the strain rate over time was small. To 
quantitatively assess the permanent strain rate transition, 
a regression analysis for the creep period was performed 
using Eq. 7.

γ̇p (t) = At−B + C� (7)

where A, B, and C are constants. The fitting was performed 
using the least-squares method with a tolerance error of 
0.1%. Figure 10 presents representative regression results of 
the permanent strain rate trends for cypress and beech. The 
permanent strain rate [ γ̇p (t)] decreased sharply in the early 
stages and then stabilized. This rapid initial decrease was 
more pronounced in cypress than in beech. The decrease in 
strain rate was evaluated using the parameter B in Eq.  7, 
with a larger B corresponding to a greater rate of decrease. 
Figure 11 shows the B values during the creep test (up to 
8  h) for cypress and beech. The average value of B was 
0.045 ± 0.030 for cypress and 0.01 2± 0.021 for beech, 
with a statistically significant difference at the 1% level 
(t-test, p =  .001). These findings indicate that in terms of 

3.4.2  Viscoelastic behavior: delayed elastic and permanent 
strains

Figure 7 presents typical examples of delayed elastic strain 
and permanent strain behaviors, derived from the graphical 
decomposition of the creep recovery curve. The permanent 
strain [ γp (t)] generally increased in a curvilinear manner, 
but many beech specimens exhibited a nearly linear behav-
ior. This trend is quantitatively discussed in a subsequent 
section. Two differences were observed between cypress 
and beech, in terms of the (i) proportions of delayed elastic 
strain and permanent strain in the total creep strain and (ii) 
behavior of permanent strain.

Fig. 9  Predicted ratio of permanent strain to delayed elastic strain at 
the end of the creep test. Error bars indicate standard deviations. * 
represents a significant difference (t-test) at p < .001

 

Fig. 8  Poisson’s ratio at the beginning of the off-axis tensile creep test. 
Error bars indicate standard deviations. * represents a significant dif-
ference (t-test) at p < .001
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3.5  Proposal and validation of a modified Burger 
model with strain-rate-dependent apparent 
viscosity

All specimens exhibited a curvilinear increase in permanent 
strain, although beech displayed a nearly linear behavior, 
which the conventional Burger model cannot explain. In a 
previous study (Shimazaki and Ando 2024), we proposed 
improved Burger models, with the apparent viscosity of the 
dashpot [ ηa (t)] varying with time (Eq. 8).

ηa (t) = K (t + 1)n� (8)

where K is a proportional constant. The apparent viscosity 
used in Eq. 8 was simply a function of time and thus lacked 
physical meaning. To address this issue, in this study, we 
further refined this model by defining the apparent viscos-
ity as a function of the permanent strain rate (Eq. 9). The 
modified Burger model in this study, an improvement of 
the Burger model presented in Eq. 3, can be mathematically 
expressed as in Eq. 10.

ηa (t) = K (γ̇p)n−1� (9)

γe + γd (t) + γp (t) = τT L

E1
+ τT L

E2

(
1 − e

−E2t
η1

)
+ t

K (γ̇p)n−1 τT L� (10)

The second term on the right-hand side in Eq. 10 represents 
the delayed elastic strain, and the third term describes the 
permanent strain. The components of the modified Burger 
model (Eq.  10) were fitted to each strain transition esti-
mated from the measured creep recovery curves. Each strain 
(delayed elastic strain or permanent strain) was regressed 
using the least-squares method, and the resulting values 
were added.

The fitting results for the modified Burger model are 
shown in Fig.  12. For cypress, the coefficient of determi-
nation was 0.94 ± 0.14, demonstrating that the modified 
Burger model could accurately represent the shear creep 
behavior of cypress. The modified model could capture 

permanent strain, cypress was characterized by a significant 
decrease in permanent strain rate and a significant increase 
in viscosity, while beech was characterized by a near-con-
stant viscosity and permanent strain rate. This discrepancy 
was also reflected in the fitting results of the Burger model. 
For beech, where permanent strain was assumed to increase 
linearly, the Burger model provided a highly accurate fit, 
as indicated by the coefficient of determination (Table 2). 
However, for cypress, where the permanent strain exhib-
ited a curvilinear increase, the fitting results of the Burger 
model were not as accurate. These findings suggest that the 
applicability of the Burger model varies across wood spe-
cies. The observed differences between cypress and beech 
indicate that the behavior of delayed elastic and permanent 
strain components in shear creep may be influenced by the 
microstructure of the wood.

We confirmed that the delayed elastic strain saturated at 
approximately 6–8 h. Thus, the creep duration of 8 h was 
considered sufficient, as any additional strain beyond 8  h 
was attributable only to permanent strain, with the rate of 
increase following Eq. 7.

Fig. 11  Values of B in Eq. 7 during the creep test (up to 8 h). Error 
bars indicate standard deviations. * represents a significant difference 
(t-test) at p < .01

 

Fig. 10  Typical predicted transition 
of the permanent strain rate: a 
Japanese cypress b Japanese beech
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to the total creep strain: In cypress, the permanent strain 
was approximately 1.5 times larger than the delayed elastic 
strain. In contrast, the delayed elastic strain was predomi-
nant in beech. (iii) Behavior of permanent strain: Permanent 
strain in cypress exhibited a curvilinear increase, whereas 
that in beech displayed a nearly linear transition.

To explain the curvilinear behavior of permanent strain, 
we proposed a modified Burger model, in which the appar-
ent viscosity varies as a function of the permanent strain 
rate. This model could accurately explain the shear creep 
behavior of both species, suggesting that the permanent 
strain in wood, particularly in cypress, exhibits non-Newto-
nian fluid-like properties rather than Newtonian fluid prop-
erties, as indicated by the original Burger model.

Cypress and beech differ in their microstructures, such as 
ray structures and axial cells. Future work can be focused 
on examining the influence of these microstructural factors 
on Poisson’s ratio and viscoelastic properties under shear 
creep conditions.
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the curvilinear variation in permanent strain, effectively 
explaining the creep behavior of cypress. The coefficient 
of determination for beech using the modified model was 
0.92 ± 0.04, comparable with that achieved using the orig-
inal Burger model ( 0.92 ± 0.05). This outcome suggests 
that the original Burger model can also sufficiently explain 
the shear creep behavior of beech. The fitting results indi-
cate that the permanent strain of wood, especially cypress, 
does not conform to Newtonian fluid characteristics with 
constant viscosity. Instead, it exhibits non-Newtonian fluid-
like behavior, where viscosity changes depending on the 
strain rate. This result is consistent with the work of Tanigu-
chi and Ando (2010), who observed non-Newtonian behav-
ior of the permanent strain during tensile creep testing of 12 
wood species, suggesting that the permanent strain likely 
exhibits non-Newtonian behavior under wood creep.

4  Conclusion

Off-axis tensile creep and creep recovery tests were con-
ducted to investigate the shear creep behavior of wood using 
a creep strain decomposition technique based on the creep 
recovery curve. Additionally, the shear creep behaviors of 
cypress (softwood) and beech (hardwood) were compared.

Creep strain was graphically decomposed from the creep 
recovery curve to estimate the delayed elastic strain and per-
manent strain, assuming that the rate of increase in delayed 
elastic strain is the same as the recovery rate during creep 
recovery. These strain components were analyzed using the 
Burger model, which is commonly applied to study wood 
creep phenomena. Although the Burger model provided a 
highly accurate fit for beech, it failed to adequately explain 
the shear creep behavior of cypress.

Key differences between cypress and beech were identi-
fied in three aspects: (i) Poisson’s ratio at t = 0: Immediately 
after the start of the creep test, all beech specimens showed 
a positive Poisson’s ratio, whereas approximately half of the 
cypress specimens showed a negative Poisson’s ratio. (ii) 
Contributions of delayed elastic strain and permanent strain 

Fig. 12  Representative fitting 
results of creep strain based on the 
Burger model (Eq. 3) and modified 
Burger model (Eq. 10): a Japanese 
cypress b Japanese beech
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