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Abstract
Time-dependent creep behavior is one of the most important material characteristics 
in wood products exposed to various environmental conditions. The creep behav-
iors, including the general viscoelastic creep (VEC) at constant moisture content and 
the mechano-sorptive creep (MSC) during moisture content variations, are, how-
ever, not sufficiently described. Given the anisotropy of wood, comprehensive data 
on the creep behavior will require knowledge of its moisture-dependent properties 
in relation to the three principal axes of anisotropy. The present study examined the 
tensile orthotropic creep behaviors of Chinese fir (Cunninghamia lanceolata): VEC 
at constant moisture content and MSC during desorption process, at 0, 20, 40, and 
60% relative humidity (30 °C). The creep anisotropy of MSC was more pronounced 
than that of VEC. The free shrinkage caused the specimens to deform in the oppo-
site direction to load in MSC tests. Based on the databases of free shrinkage, VEC, 
and MSC, it is obvious that the mechanical stress has a positive effect on MSC, 
which is presumed to be a result of the double effect composed of the rearrange-
ment of hydrogen bonds and unstable state. The unstable state could be evaluated 
quantitatively by the mechano-sorptive strain. The mechano-sorptive strain of radial 
and tangential specimens is affected by the relative humidity to a higher degree than 
that of longitudinal specimens. Further, the unstable state exerted more influence on 
tangential specimens and less on longitudinal specimens.
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Introduction

The creep rate of wood is accelerated due to moisture content (MC) variations, i.e., 
the materials exhibit mechano-sorptive creep (MSC) (Hunt 1984; Holzer et al. 1989; 
Armstrong and Kingston 1960; Montero et al. 2012). Since deformation is usually 
the limiting factor in timber applications, any acceleration is evidently an important 
consideration. Given the distinctive anisotropy of wood, a complete creep charac-
terization requires knowledge of the MSC properties related to the three principal 
axes of anisotropy (longitudinal L, radial R, and tangential T).

The MSC behavior was first described in the early 1960s for timber wood sub-
jected to variable loading and humidity (Armstrong and Kingston 1960). Since 
then, a number of experiments have been carried out in order to investigate the 
complex MSC behavior. Most of them concern creep tests under variable humid-
ity (Navi et  al. 2002; Navi and Stanzl-Tschegg 2009; Huang 2016); in general, 
only few properties were tested for a given property–MC combination. In so far, 
comprehensive datasets comprising the MC-dependent orthotropic creep parame-
ters are missing. While the creep behavior of wood in the L direction is relatively 
well known, the behavior perpendicular to the grain (G⊥) (i.e., in R and T direc-
tion) remains underexplored (Hering and Niemz 2012; Kaboorani et  al. 2013; 
Peng et  al. 2017). Since tensile stress G⊥ represents the weakest timber point, 
knowledge of this pattern, especially with regard to load capacity and failure pre-
diction of wooden structures, is highly important. Although the creep behavior 
in R and T direction has been investigated by several authors (Takahashi et  al. 
2004, 2005; Jiang et al. 2016), data covering MC-dependent tensile MSC behav-
ior are limited to a few references. Most notably, orthotropic creep parameters 
(especially those pertaining to MSC) are essential input parameters for advanced 
computational models used in modern civil engineering.

When wood is subjected simultaneously to load and MC variation below the fiber 
saturation point (i.e., MSC), the mechano-sorptive (MS) effect might dominate the 
MSC behavior. The MS effect contributes to the higher creep in either adsorption 
or desorption processes in comparison with the general viscoelastic creep (VEC) at 
constant MC. Generally, the MS effect is attributed to an unstable state in the wood 
cell wall under the external load when MC varies. The unstable state was the repre-
sentation of moisture gradient and stress gradient in wood cell wall. When MC var-
ied, the occurrence of moisture gradient and stress gradient may form “free volume” 
within the wood cell wall and disturb the equilibrium state of the molecular packing 
mode (Takahashi et  al. 2004; Zhan et  al. 2018). The MS effect may be observed 
as an additional deformation that cannot be measured directly because it is always 
accompanied by shrinkage or swelling and the VEC behavior. By applying the strain 
partition assumption (Muszyński et al. 2005, 2006; Saifouni et al. 2016), it is possi-
ble to mathematically generate the MS strain representing the MS effect. It has been 
assumed that the MSC strain is a sum of three phases, specifically: (1) swelling/
shrinkage (ɛS) caused by MC variations, (2) VEC strain (ɛve) corresponding to con-
stant MC level and (3) MS strain (ɛms) which arises from MS effect. Consequently, 
creep strain in wood under nonequilibrium MC is expressed as a linear superpositon.
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To determine the magnitude of MS strain, the separation of strain components 
becomes the principal concern in the experimental design of creep. Quite fre-
quently, only separation of the effect of free swelling/shrinkage is carried out, 
while the viscoelastic component (i.e., VEC) is neglected without proper justifi-
cation (Navi et al. 2002; Saifouni et al. 2016; Peng et al. 2018).

In focus of the present study is the orthotropic MSC behavior in the course 
of decreasing MCs under relative humidity (RH) isohume (RHI) conditions. To 
obtain the MS strain induced by MS effect, the free shrinkage and VEC tests were 
conducted. The contribution of shrinkage, VEC, and MS effect on the orthotropic 
MSC during desorption process was expected to be quantitatively analyzed.

Materials and method

Materials

All the tests were performed on a 25-year-old Chinese fir. Without any visual 
defects and knots, clear wood specimens with L, R, and T grain orientations were 
cut to a size of 35 mm × 6 mm × 1.5 mm within the no. 6–14 growth rings (heart-
wood), see Fig. 1. The microfibril angle within no. 6 and no. 14 growth rings is 
about 13.26 ± 0.49° and 12.92 ± 0.65°, respectively. The effects of MFA variation 
could thus be neglected. Specimens were divided into five groups by grain orien-
tation to be conditioned at about 30 °C in climatic chambers at 0, 20, 40, 60, and 
80% RH for more than 9 weeks until a constant mass was achieved. The 0, 20, 
40, 60, and 80% RH conditions were attained via the humidification method over 
pentoxide or sulfuric acid (Peng et al. 2018), and the corresponding equilibrium 
MC (EMC) was about 0.6 ± 0.1, 3.5 ± 0.3, 6.0 ± 0.3, 9.3 ± 0.5, and 14.1 ± 0.7%, 
respectively.

(1)� = �
s
+ �

ve
+ �

ms

Fig. 1   Specimens in a L, b R, and c T grain orientation
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Methods

Tensile mode with a distance of 17 mm was applied to a dynamic mechanical ana-
lyzer (DMA Q800, TA Instruments) equipped with a DMA-RH accessory (Fig. 2). 
The accessory controls the RH in the testing chamber precisely by modulating the 
mixture of dry nitrogen and saturated moisture. In order to eliminate the MC change 
during mounting of the sample, a specimen with a given EMC was first equilibrated 
for 60  min at the corresponding RH level in the DMA chamber. Afterward, RH 
decreased to the target RH. During these periods, the sample was kept in a straight 
position using a preload force of 0.01 N. Then, 420-min tests were carried out to 
make the MC approximate the EMC value during desorption process at RHI condi-
tions (30 °C).

Free shrinkage tests under RHI conditions The specimens with 14.1% EMC were 
used to monitor free shrinkage deformation under the four RHI conditions. The load 
during collecting free shrinkage data was 0.01 N for all specimens. RH in the DMA 
chamber was first adjusted from 80 to 60, 40, 20, or 0% RH with the ramping rate 
of 2.0% RH min−1. Then, the free shrinkage strain was recorded for 420-min RHI 
period at all four RH levels (Fig. 3a, b). MC was measured by weighing specimens 
at a time point and after oven dry. The time points for monitoring MC are marked by 
symbols in Fig. 3b. Five measurements were taken for each hygroscopic condition 
and orientation, and the results were shown by the average values of the five meas-
urements. The MC evolutions during RHI conditions in Fig. 3c evidenced that the 
respective MCs approached the EMC values within 420 min.

MSC tests under RHI conditions The specimens with 14.1% EMC subjected to load 
and MC changes under the four RHI conditions were used to examine MSC during 
the desorption process. The experimental RH procedure was the same as displayed 

Fig. 2   Illustration of the experimental apparatus (left) and the mounted sample ready for tensile mode 
(right)
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Fig. 3   Changes in load (a), RH conditioning (b), and wood MC (c) in free shrinkage and mechano-sorp-
tive creep (MSC) tests
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in Fig.  3b. The load was applied at the beginning of the RHI period, and then, a 
420-min MSC was recorded (Fig. 3a, b). Based on preliminary stress/strain sweeps 
in 14.1% EMC samples under 80% RHI condition, the ultimate tensile stress of L 
specimen was not reached owing to the 2.1 MPa maximum stress of DMA Q800; 
therefore, the stress value of 1.3 MPa was selected. With regard to the R and T speci-
mens, the stress level was set as 20% of ultimate tensile stress (1.7 MPa in R and 
0.45 MPa in T), i.e., stress values were 0.34 MPa and 0.09 MPa for the R and T 
specimens, respectively. Five measurements were taken for each hygroscopic condi-
tion and orientation, and the results were shown by the average values of the five 
measurements.

VEC tests under RHI conditions The VEC tests were conducted with 0.6, 3.5, 6.0, 
and 9.3% EMC under 0, 20, 40, and 60% RHI conditions, respectively. The stress for 
VEC tests is the same as for MSC tests. Five measurements were taken for each RHI 
condition and orientation, and the results were shown by the average values of the 
five measurements.

Results and discussion

Orthotropic free shrinkage

The MC evolution during the RHI period is presented in Fig.  3c. Moisture loss 
below the fiber saturation point is always accompanied by dimensional changes, i.e., 
by free shrinkage (Fig. 4). The standard deviation of the free shrinkage was approxi-
mately 2% of the average values for each hygroscopic condition and orientation. The 
values of free shrinkage strain have a minus sign here to indicate the direction. The 
free shrinkage strain increased during all four RHI periods. The lower the RH level, 
the higher the free shrinkage strain irrespective of grain orientation. Higher reduc-
tion in MC resulted in greater changes of free shrinkage strain.

The orthotropic shrinkage is visible in Fig.  4. To understand the orthotropic 
shrinkage behavior, the ratios of R to L shrinkage (SR/SL), T to L shrinkage (ST/SL), 
and T to R shrinkage (ST/SR) determined at the end of RHI segments are listed in 
Table 1. Note that the L shrinkage was quite low; T shrinkage was 1.72–2.76 times 
higher than that of the R shrinkage. The orthotropic properties are highly dependent 
on the interactions among cell wall components. The wood cell wall can be viewed 
as a fiber composite system by cellulose microfibrils (CMFs) and lignin–hemicellu-
lose matrix (Salmén 2004; Peng et al. 2017; Lu et al. 2018). The CMFs, which dom-
inate the mechanical properties of L specimen, are by orders of magnitude stiffer 
than the matrix and largely unaffected by water desorption, i.e., they do not shrink 
(Schulgasser and Witztum 2015). Therefore, the CMFs restrict the shrinkage in the 
L direction. There is a large body of literature concerning the studies of the mecha-
nisms governing the differential shrinkage behavior between the R and T specimens, 
which can be subdivided into three groups: the interaction between earlywood and 
latewood (Pentoney 1953; Krzemień et al. 2015); restriction by ray tissues (Taguchi 
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et al. 2011; Bonarski et al. 2015); and differences in microfibril angle in the S2 layer 
(Skaar 1988; Gu et al. 2001; Bonarski et al. 2015).

The lower the RH level, i.e., the larger the MC decrement, the greater are the 
SR/SL, ST/SL, and ST/SR ratios. The SR/SL, ST/SL, and ST/SR increased by 3.8, 67.0, and 
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Fig. 4   Changes in free shrinkage during RHI periods (0%, 20%, 40%, and 60% RH) for L, R, and T speci-
mens
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60.9%, respectively, over the measured RH range. This result indicated that the T 
shrinkage is more sensitive to RH variation than R shrinkage, followed by L shrink-
age, and confirmed the theory that the CMF is highly unaccessible to water mol-
ecules and less sensitive to the RH changes.

Orthotropic VEC and MSC

For each of orthotropic VEC and MSC tests, the specimens gave very close results: 
The standard deviation of the strain was no more than 3% of the average values dur-
ing the whole tests. Figure 5 shows the dependence of the orthotropic logarithmic 
elastic strain (ln ɛ0) on MC. For both VEC and MSC mode, the ln ɛ0 increased with 
the increasing MC in all orthotropic directions. However, the ln ɛ0 of MSC was 
lower than that of VEC, even if MC is the  same. The drying history before load-
ing (Fig. 3b, c) could contribute to the lower ln ɛ0 value in MSC. Additionally, the 

Table 1   Variation in SR/SL, 
ST/SL, and ST/SR ratios with 
respect to RH

S, free shrinkage. Subscripts indicate the orthotropic directions. Val-
ues in parentheses are standard deviation

Parameters RH (%)

0 20 40 60

SR/SL ratio 9.92
(0.19)

9.87
(0.21)

9.63
(0.19)

9.56
(0.20)

ST/SL ratio 27.38
(0.44)

25.12
(0.32)

24.13
(0.31)

16.40
(0.21)

ST/SR ratio 2.76
(0.06)

2.54
(0.06)

2.50
(0.05)

1.72
(0.04)

0 2 4 6 8 10 12 14
-4

-2

0
L
R
T

MC (%)

ln
 ε 0

(%
)

Fig. 5   MC dependency of the orthotropic logarithmic elastic strain (ln ɛ0) in VEC (open symbols) and 
MSC (solid symbols) tests
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individual ln ɛ0 in the three grain orientations was affected by the MC to a different 
degree: with an increase of 0.79 and 0.43% for ln ɛ0

L (ln ɛ0 in the L direction) of VEC 
and MSC, respectively, 1.09 and 0.47% for ln ɛ0

R (ln ɛ0 in the R direction) of VEC 
and MSC, respectively, 1.08 and 0.55% for ln ɛ0

T (ln ɛ0 in the T direction) of VEC 
and MSC, respectively, over the measured MC range. Accordingly, the rise of elastic 
strain for the R and T specimens was more pronounced than for the L specimen in 
MSC test. All these findings of elastic strain are similar to the findings of the cor-
responding elastic compliance, regardless of grain orientation and MC (Supplemen-
tary Figure S1).

The time-dependent creep strain is dominant. Figure  6 displays the changes of 
the log time-dependent VEC and MSC strains during the RHI period within and 
between the individual orthotropic grain orientations. The negative values of MSC 
strain indicate that the deformation of wood opposes the load, and minus sign just 
expresses the direction. Both VEC and MSC strains exhibit an increasing trend 

Fig. 6   Changes in VEC and MSC strains during RHI periods (0%, 20%, 40%, and 60% RH) for L, R, and 
T specimens
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with time and a dependence on orthotropic grain orientation. As seen in Fig. 6, the 
curves of VEC and MSC present the expected orthotropic creep behavior: the dis-
tinctly higher strain values in transverse direction. However, the creep strain anisot-
ropy was more pronounced in MSC tests, especially for the differential creep strain 
between T and L specimens. The ratio of T and L creep strains was approximately 
10 and 40 in VEC and MSC tests, respectively. The creep compliance anisotropy 
(Supplementary Figure S2) between T and L specimens showed the same ratio as 
creep strain. The greater value of the ratio of T and L creep strains in MSC indicated 
that the MC changes could aggravate the creep anisotropy. For the MC-dependent 
creep behavior, it is easy to observe the MC effect on VEC (Fig. 6): a higher strain 
with an increasing MC (RH level) due to the plasticization effect of moisture, i.e., 
the rearrangement of the hydrogen bonds, RHB (Engelund et al. 2013; Zhan et al. 
2019a, b). In the case of MC-dependent MSC, the logarithmic creep strain (ln |ɛ(t)|) 
as a function of MC is shown in Fig. 7. These creep trajectories, which eliminate 
time, allow the discussion on the MC-dependent creep strain during the desorption 
process. Each desorption process induced a significant strain increase. However, the 
lines connecting each plot can be separated according to the RH level during the 
desorption process, irrespective of the grain orientation. This means that the amount 
of creep per unit change in MC depends on the drying ranges of MC. Consequently, 
not only the MC level but also the MC ranges affected the creep during the desorp-
tion process. The MC dependency of creep compliance trajectories (Supplementary 
Figure S3) was the same as creep strain. This result of MC-dependent creep behav-
ior was consistent with previous studies (Takahashi et al. 2004, 2005).

Strain components in MSC

As can be seen in Figs.  4 and 6, the negative values of free shrinkage and MSC 
were found, indicating that the mechanical stress effect cannot compensate the free 
shrinkage. In order to analyze the contribution of free shrinkage and the mechanical 
stress effect to the orthotropic MSC behavior quantitatively, a “reduced strain (RS, 
εr)” obtained by subtracting the free shrinkage (ɛS) from the MSC strain is derived:

The RS evolution is shown in Fig. 8. The positive values evidenced that the free 
shrinkage affected the MSC behavior during the desorption process. Table 2 shows 
the ratio of free shrinkage and MSC strain (ɛS/ɛ) determined at the end of RHI seg-
ments for L, R, and T specimens. The proportion of free shrinkage in MSC strain 
demonstrated an anisotropy (Table 2); that is, the value of ɛS/ɛ for T specimen was 
distinctly lower than that for L and R specimens, and the ɛS/ɛ in L and R specimens 
was slightly discrepant, regardless of the RH level.

Higher RS value was achieved as a function of time for all specimens (Fig. 8). 
The RS values at 0 and 20% RH were obviously higher than that at 40 and 60% 
RH, irrespective of the grain orientation. According to Eqs. (1) and (2), the RS was 
the result of the coupling effects between mechanical stress and MC level and MC 
variation in MSC behavior. Generally, a VEC reflects the coupling effects between 
the mechanical stress and MC level, and the MC dependency of VEC strain is 

(2)�
r
= � − �

s
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attributed to the rearrangement of the hydrogen bonds (RHB) within the polymer 
network (Navi and Stanzl-Tschegg 2009; Engelund and Salmén 2012; Kaboorani 
et al. 2013). In addition, the MS strain corresponds to the coupling effects between 
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the mechanical stress and MC changes. The unstable state within the wood cell wall 
is associated with MS strain during MC changes (Zhan et al. 2018). Therefore, the 
change of the RS in Fig. 8 could be considered as a double effect composed of the 
RHB effect and the unstable state. More importantly, the unstable state within the 
cell wall can accelerate the RS strain, while RHB effect can inhibit the RS strain 
during the desorption process. This fact could thus explain why the RS values at 
0 and 20% RH were higher than that at 40 and 60% RH, mainly because a greater 
unstable state contributed to the RS strain at low RH.

The unstable state could be evaluated quantitatively by MS strain (Muszyński 
et  al. 2005, 2006; Guo 2009). Based on the dataset of VEC, the MS strain was 
derived from Eqs. (1) and (2) as follows:

where ɛr is given in Fig.  8 and ɛve is the VEC strain in Fig.  6. The evolution of 
MS strain is presented in Fig. 9. MS strain increased during the RHI period. Lower 
RH, i.e., higher reduction in MC, results in greater changes of MS strain. A lower 
increasing rate of MS strain appeared with increasing isohume time, indicating that 
the unstable state of the wood cell wall was mitigated at lower MCs toward the new 
EMC (Takahashi et al. 2004). The unstable state was analyzed at various RHI con-
ditions, by a closer look at the relation of MS strain and “the difference of MC to 
EMC (MCd)” (Fig. 10). MCd was calculated:

where the subscript “a” designates the EMC value, and the subscript “i” denotes the 
corresponding MC at each RHI time point as seen in Fig. 3.

Figure 10 shows where the MS strain was inversely proportional to the iso-
hume level, regardless of the grain orientation. In addition, here, the MS strain 
is dependent on the changing range of the MC during the desorption pro-
cess. Higher unstable state, which contributes to MS strain, could be seen at 
greater MC changing ranges (Takahashi et  al. 2004, 2005; Zhan et  al. 2018). 

(3)�
ms

= �
r
− �
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(4)MC
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= EMC

a
−MC
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Table 2   Proportion of strain components determined at the end of RHI in MSC at four RHI levels

ɛS/ɛ, proportion of free shrinkage in MSC strain; ɛve/ɛr, and ɛms/ɛr are the proportions of viscoelastic 
creep and MS strain in the reduced strain (ɛr), respectively. ɛr =  ɛ − ɛS. Values in parentheses are standard 
deviation

RHI
(%)

ɛS/ɛ (%) ɛve/ɛr (%) ɛms/ɛr (%)

L R T L R T L R T

0 183.9
(2.6)

175.7
(4.0)

131.1
(3.2)

17.5
(0.3)

13.5
(0.3)

13.4
(0.3)

82.5
(1.4)

86.5
(2.2)

86.6
(1.7)

20 177.6
(2.3)

146.5
(2.6)

117.4
(2.1)

49.3
(0.8)

48.7
(1.0)

47.2
(0.6)

50.7
(0.8)

51.3
(1.0)

52.8
(0.6)

40 188.0
(2.9)

174.2
(3.7)

128.9
(3.3)

86.0
(1.6)

83.8
(2.0)

82.4
(1.5)

14.0
(0.3)

16.2
(0.3)

17.6
(0.3)

60 426.5
(8.4)

413.3
(8.0)

221.4
(5.8)

96.7
(1.8)

95.1
(2.6)

94.5
(1.6)

3.3
(0.1)

4.9
(0.1)

5.5
(0.1)
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Additionally, MS strain exhibited a distinctly orthotropic behavior at the four 
RHI conditions. The RH-dependent MS strain anisotropy could be evaluated at 
the end of RHI segment (MCd = 0), as seen in Fig.  11. Lower RH level could 
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aggravate the differential MS strains among L, R, and T specimens. The reduc-
tion in MS strain for transverse specimens was more pronounced than for L 
specimen in the RH range. The results presented here proved that the unstable 
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state of R and T specimens is affected by the RH to a higher degree than that of 
L specimen.

Based on the database of VEC and MS strains, the contribution of VEC and MS 
strains to RS strain can be addressed, respectively. The proportions of VEC strain in 
RS strain εve/εr, and MS strain in RS strain εms/εr are listed in Table 2. Higher RH 
level, higher εve/εr and lower εms/εr are observed. This result confirmed the RHB 
effect enhanced the flexibility of the polymer network at higher RH level, and the 
unstable state contributed to the pronounced MS effect at lower RH level during the 
desorption process. Comparing the values among L, R, and T specimens in Table 2, 
εve/εr and εms/εr showed an opposite trend. The greater εve/ε and εms/ε values were 
found in L specimen and T specimen, respectively. Therefore, the coupling effects 
between the mechanical stress and MC changes exerted more influence on T speci-
men and had less contribution to L specimen.

Conclusion

The present study provides an overview on the orthotropic MSC during the desorp-
tion process in tension. The creep behaviors, VEC under constant MC conditions 
and MSC under varying MC conditions, were considered separately. At a given 
MC, the lower elastic strain in MSC tests compared to VEC tests revealed that the 
drying history before loading affected the elastic response. The creep anisotropy of 
MSC was more pronounced than that of VEC, indicating that MC changes could 
aggravate the creep anisotropy. In addition, the free shrinkage and MSC data offer 
an opportunity to calculate the contribution of free shrinkage and the mechanical 
stress effect on the orthotropic MSC behavior. The free shrinkage affected the defor-
mation response during the desorption process, resulting in the negative MSC value 
in tensile mode. The mechanical stress can accelerate the MSC response, which is 
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presumed to be a result of the double effect composed of the RHB effect and the 
unstable state. The unstable state could be evaluated quantitatively by MS strain. 
The MS strain of R and T specimens was affected by the RH to a higher degree than 
that of L specimen. Further, the coupling effects between the mechanical stress and 
MC changes (i.e., unstable state) exerted more influence on T specimen and had less 
contribution to L specimen.

The above results provided the comprehensive data sets of the orthotropic MSC 
behavior at RHI conditions. However, wood suffers from different load configura-
tions and continuous changes in humidity at large time scales in practice. Supple-
mentary research, investigating the orthotropic MSC behavior at various humid-
ity values closer to actual humidity conditions, could be conducted at a large time 
scale. Additionally, both the tensile and compressive MSC experiments can be per-
formed to evaluate possible differences between the viscoelastic behavior in tension 
and compression. Moreover, a generalized Kelvin–Voigt model integrating specific 
hygro-lock springs will be used to model the orthotropic MSC behavior. Such model 
would allow interpreting the long-term response of timber structures, particularly 
in the case of various environmental conditions. Notably, when using a hygro-lock 
spring, the MC at current time determines the current “active box” within a hygro-
lock spring. Thus, the dynamic vapor sorption (DVS) apparatus could be used to 
monitor the MC.
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