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Orthotropic hygro‑mechanical behavior 
of Chinese fir during cyclical relative humidity 
variation
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Abstract 

The orthotropic free swelling–shrinkage and mechano-sorptive creep (MSC) during cyclical relative humidity (RH) 
variation (0–80% RH) and time-dependent viscoelastic creep (VEC) in a steady state (0% RH) were examined in 
Chinese fir (Cunninghamia lanceolata). During RH changing, the occurrences of local maximum or minimum strains 
of the free swelling–shrinkage and MSC lagged behind the corresponding maximum or minimum RH. The lagged 
time decreased with increasing cyclical times. Furthermore, the lagged time exhibited an orthotropic behavior: the 
longer lagged time was found in longitudinal specimen compared to transverse specimens. MSC exhibited a more 
pronounced anisotropy than VEC. According to the three tests, the performance of free swelling–shrinkage and the 
mechano-sorptive effect on the orthotropic MSC behavior was addressed. The free swelling–shrinkage mainly domi-
nated the creep strain during cyclic RH variation, especially for longitudinal specimen. The mechano-sorptive effect 
on the MSC behavior exerted more influence on tangential specimen compared to radial and longitudinal specimens. 
The mechano-sorptive limit was observed for all specimens. Longitudinal specimen required more cyclic times to 
approach the mechano-sorptive limit than transverse specimens.

Keywords:  Orthotropic grain orientation, Mechanical stress, Cyclic relative humidity, Free swelling–shrinkage, 
Mechano-sorptive creep
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Introduction
Wood by nature is hygroscopic. As a consequence, the 
response of its mechanical performance in structures 
to varying climate conditions is of particular inter-
est. Mechanical response of wood to sustained loading 
(i.e., creep) is affected by the moisture content (MC) 
state [1–6]. The phenomenon, collectively referred to 
as hygro-mechanical behavior, includes free swelling–
shrinkage and a coupling between mechanical stress and 
MC changes, i.e., mechano-sorptive (MS) effect [7]. As 
reported by Armstrong and Kingston [1], the MS effect 
advances creep considerably.

A numerical simulation of creep behaviors have to be 
known. Numerous investigations have been conducted 
by considering the MS characteristics of wood and wood 
composites [3, 7–13]. However, only few MS properties 
were observed for a given property–MC combination. So 
far, comprehensive data comprising the MC-dependent 
orthotropic MS behavior is missing. While the influence 
of MC on the MS behavior of wood in the longitudi-
nal (L) direction is relatively well known [8, 14–18], the 
behavior in the perpendicular to the grain (radial, R and 
tangential, T), remains underexplored [19–23]. As tensile 
stress perpendicular to the grain represents the weakest 
timber point, its knowledge, especially as it relates to load 
capacity and failure prediction of wooden structures, is 
highly important in wood engineering. Most importantly, 
knowledge of orthotropic MS behavior is essential in 
the wood industry, particularly in the hygro-mechani-
cal treatment efficiency. Notably orthotropic MS creep 
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(MSC) parameters are also essential input parameters for 
computational models used in civil engineering.

The present study was aimed at characterizing the 
orthotropic hygro-mechanical behavior during cyclical 
relative humidity (RH) variation under tensile load. The 
time-dependent viscoelastic creep in a steady state (i.e., 
VEC), free swelling–shrinkage and MSC tests under RH 
cycles were performed in Chinese fir (Cunninghamia 
lanceolata) in L, R and T grain orientations. The dis-
tinct response of orthotropic MS behavior to cyclic RH 
variation was addressed. The contribution of free swell-
ing–shrinkage and MS effect to the orthotropic MSC was 
expected to be quantitatively analyzed.

Materials and methods
Materials
A 25-year-old Chinese fir was selected. Clear specimens 
with L, R, and T grain orientations were cut into a size 
of 35 mm × 6 mm × 1.5 mm within the no. 6–14 growth 
rings (heartwood), see Fig.  1. Before testing, all speci-
mens were dried in a sealed container over pentoxide at 
30  °C for more than 9  weeks until a constant mass was 
achieved. The MC of the dried specimens was around 
0.6%. In addition, specimens conditioned at 80% RH were 
also prepared to determine the tensile stress used for 
MSC tests. The 80% RH conditions was attained via the 
humidification method over pentoxide or sulfuric acid 
[19], and the corresponding equilibrium MC (EMC) was 
about 14.1%.

Methods
Tensile tests were conducted by a dynamic mechanical 
analyzer (DMA Q800, TA Instruments) equipped with 
a DMA-RH accessory. The distance between the clamps 
was ca. 17  mm. After being mounted on the clamp in 
the testing chamber, the specimens were equilibrated 
at 0% RH for 60 min prior to the actual measurements. 
Straight specimens were obtained by a brief application 
of a preload of 0.01 N.

Three groups of tests were carried out to enable separa-
tion of the principal components of strains. The first test 

group consisted of simultaneous measurement of MC 
changes and the free swelling–shrinkage deformation, 
being monitored on unloaded specimens subjected to 
the cycling changes of RH. In the second test group, the 
MSC deformation of specimen subjected to load and the 
same climate changes as for free swelling–shrinkage was 
measured. The last group was used to conduct the time-
dependent VEC tests under a steady state.

Free swelling–shrinkage tests during the cyclical RH
The separate unloaded L, R and T specimens were used 
to monitor free swelling–shrinkage deformation. RH in 
the DMA chamber was firstly increased from 0 to 80% 
RH with the ramping rate of 2.0% RH min−1 (Fig. 2), and 
a moisture adsorption was then performed until adsorp-
tion time reached 60  min. The RH was set back to 0%, 
and a desorption process was, therefore, conducted sub-
sequently for another 60 min. The above moisture change 
cycle (adsorption–desorption) was then repeated 5 times. 
Totally, 6 moisture change cycles were performed in one 
test. In addition, MC was measured by weighing speci-
mens before and after MC changes. The time points for 
monitoring MC were marked by symbols in Fig.  2. Five 
replicates were performed for each test.

MSC tests during the cyclical RH
The specimens subjected to load and MC changes were 
used to examine MSC. The RH changing procedure was 
the same as displayed in Fig.  2. Based on stress/strain 
sweeps in 14.1% EMC samples under 80% RH, the ulti-
mate tensile stress of L specimen was not reached due to 
the 2.1  MPa maximum stress of DMA Q800; therefore, 
the stress value of 1.3 MPa was selected. In the case of R 
and T specimens, the stress level was set as 20% of ulti-
mate tensile stress (1.7 MPa in R and 0.45 MPa in T), i.e., 

Fig. 1  Specimens in a L, b R and c T grain orientations
Fig. 2  Plots of relative humidity (RH) and moisture content (MC) 
against cyclic time for Chinese fir
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as 0.34  MPa and 0.09  MPa for the R and T specimens, 
respectively.

VEC tests under steady state
The specimens subjected to load under a constant 0% 
RH condition were used to measure the 1200-min VEC 
behaviors. The stress for VEC tests is the same as for 
MSC tests. Five replicates were performed for each test, 
and the results were shown by the average values of the 
five measurements.

Results and discussion
Orthotropic free swelling–shrinkage
The coefficient of variation in MC among the L, R and T 
specimens was less than 5%. The average MC evolution 
during the cyclical RH variation is presented in Fig.  2. 
Moisture uptake or loss below the fiber saturation point 
is always accompanied by dimensional changes, i.e., by 
free swelling or shrinkage (Fig.  3). The standard devia-
tion of the free swelling–shrinkage was approximately 3% 
of the average values for each orientation. For all speci-
mens, the swelling–shrinkage displayed fluctuated with 
the change of MC: increased with increase of MC and 
decreased with the decreasing MC (Figs. 2, 3).

The orthotropic swelling–shrinkage is visible in Fig. 3. 
The L swelling–shrinkage was quite low, and the T 
swelling–shrinkage was 1.5 times higher than that of 
the R swelling–shrinkage. The cell orientation in the L 
direction determined the lower free swelling–shrink-
age for L specimens. The wood cell wall is a composite 
biopolymer consisting of cellulose microfibrils (CMFs) 
and lignin–hemicellulose matrix [24–26]. The CMFs, 
which dominate the mechanical properties of L speci-
men, are by orders of magnitude stiffer than the matrix 
and largely unaffected by water sorption, i.e., they do not 
swell or shrink [27–29]. Thus, the stiff CMFs restrict the 
swelling–shrinkage in the L direction. Furthermore, the 
mechanisms governing the differential swelling–shrink-
age behavior between the R and T specimens have been 
largely concerned, which can be subdivided into three 
groups: restriction of ray tissues [30, 31]; the interaction 
between earlywood and latewood [32]; and the microfi-
bril angle in the S2 layer [30].

During the cyclical progress, 6 times of local maximum 
or local minimum strains of free swelling–shrinkage 
( εαmax and εα

min
 , respectively) alternately occurred (Fig. 3). 

The occurrences of εαmax and εα
min

 lagged behind the cor-
responding maximum or minimum values of RH (RHmax, 
80% RH or RHmin, 0% RH). The RHmin or RHmax are con-
sidered as the RH after 60-min isohume conditioning, 
as marked in Fig. 2. The fact that water molecular move 
into or out wood cell walls contributed the fluctuated 
free swelling–shrinkage. Since the water diffusion speed 

was slower than the RH changing rate, the occurrences of 
εαmax and εα

min
 lagged behind RHmax or RHmin.

Table  1 lists the lagged time of εαmax and εα
min

 dur-
ing 6 times of RH cycles for L, R and T specimens. It 
was revealed that the lagged time between occurrences 
of εαmax or εα

min
 and corresponding RHmax or RHmin 

decreased and leveled off with the increasing cycle time, 
regardless of grain orientation, in agreement with ear-
lier studies [33, 34]. The lagged time for L specimen was 
longest, followed by R and T specimens. The distinct 
response of lagged time for transverse specimens is con-
sistent with previous studies [35]. These results may be 

Fig. 3  Changes of free swelling–shrinkage strain during the cyclical 
relative humidity variation for a longitudinal, b radial and c tangential 
specimens
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related to the swelling–shrinkage properties of CMFs and 
matrix during MC variation [36]. The distinct responses 
of CMFs and matrix to the varying MC results in a phase 
lag of dimensional changes between these two parts [34]. 
With the cyclic RH changes, polymers asymptotically 
returned to a dynamic equilibrium state, and the phase 
lag between CMFs and matrix could be decreased. When 
compared with R and T specimens, the higher steric hin-
drance of the L specimen, due to the orientation of highly 
crystalline CMFs in the L direction [37], caused that the 
L specimen took a longer time to approach the dynamic 
equilibrium state (i.e., longer lagged time for L specimen).

Orthotropic MSC
The total strain during a creep experiment consisted 
of both the elastic strain and the creep strain. At times 
shorter than 3  s, the strain on samples included elas-
tic strain, which develops during uploading. The elas-
tic strain was 0.0001, 0.0006 and 0.0005 for L, R and 
T specimen, respectively. The creep strain dominates 
at loading times > 3  s, as shown in Fig. 4. Both elastic 
and creep strains exhibited a dependence on the ortho-
tropic grain orientation, especially for creep strain. 
The creep strain in T direction was 33.8 and 13.0 times 
higher than that in L direction for MSC and VEC tests 
after 1200-min tests, respectively (Fig.  4), indicating 
that MC changes affected the creep anisotropy. The 
creep strain in the MSC test was clearly larger than 
that in the VEC test, irrespective of grain orientations. 
In addition, Fig.  4 presents that the response of MSC 
to cyclical RH changes was fluctuated as well, similar 

to the responses of free swelling–shrinkage. There are 
local maximum or local minimum strains of MSC (εmax 
and εmin, respectively). Moreover, combinations of εmax 
and εαmax or εmin and εα

min
 arise simultaneously behind 

the corresponding RHmax or RHmin.
Generally, the creep strain under variable environ-

mental conditions is assumed to be composed of three 
distinct contributions. The first is the time-dependent 
viscoelastic strain, i.e., VEC in a steady state. The sec-
ond is free swelling–shrinkage strain caused by MC 
change, and the third arises from the coupling effects 
between the mechanical stress and the MC changes, 
i.e., MS effect. MS effect is attributed to unstable state 
in wood cell walls [21–23]. Several causes of instability 

Table 1  Changes in  local maximum or  minimum value 
of  free swelling–shrinkage (εα) during the cyclical relative 
humidity variation

Lagged time = tεαmax min
− tRHmax min

 ; the RHmax min are considered as the RH after 
60-min isohume conditioning, as marked in Fig. 2

Local maximum 
or minimum value of εα

Occurred 
sequency

Lagged time (min)

L R T

εαmax 1 3.80 2.62 2.22

2 3.53 2.42 2.02

3 3.01 2.12 1.92

4 2.72 2.02 1.87

5 2.69 1.92 1.85

6 2.60 1.94 1.82

εα
min

1 4.11 3.02 2.51

2 3.62 2.79 2.33

3 3.06 2.42 2.21

4 3.02 2.29 2.12

5 3.03 2.14 2.03

6 2.98 2.11 2.05

Fig. 4  Changes of mechano-sorptive creep (MSC) strain during the 
cyclical relative humidity variation and time-dependent viscoelastic 
creep (VEC) strain at steady state (0% RH) for a longitudinal, b radial 
and c tangential specimens
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have been considered. One possible explanation is the 
transient redistributions of stresses caused by the ani-
sotropic hygroexpansion [38, 39], and another expla-
nation is the redistributions of stresses attributed to 
sorption-induced stress gradients [40]. After consid-
ering a molecular interpretation of the mechanism, 
Gibson [41] postulated that the reciprocated diffusion 
of water into and out of wood cell walls leads to the 
continuous breaking and reforming of hydrogen bonds 
within the wood cell wall. Takemura [42, 43] believed 
that desorption of water molecules provides spaces 
contributing to a higher mobility between molecular 
chains. Furthermore, transient hydrogen bonds cre-
ate or eliminate the free volume in wood cell wall, dis-
turbing the equilibrium state of the molecular packing 
mode [7]. Under an external load, the unstable state 
enhances the flexibility of the polymer network and 
causes the MS effect.

As is visible from Figs.  3 and 4, the magnitude of the 
strains in MSC is higher than that in free swelling–
shrinkage. A high ratio of free swelling–shrinkage to 
MSC strain, εi

α/εi, was found for all grain orientations 
specimens (Table  2). This agrees with earlier studies [7, 
19, 20] indicating that the majority of strain in MSC is 
expansion. Quite frequently, only separation of the effect 
of free shrinkage/swelling are reported and analyzed, 
while the MS effect is neglected without proper justifica-
tion [7, 15]. In order to analyze the contribution of MS 
effect to the orthotropic creep behavior quantitatively, a 
“MS strain (εms)” obtained by subtracting the free swell-
ing–shrinkage (εα) and time-dependent VEC strain 
(εve) in a steady state from the MSC strain (ε) has the 
appearance:

The MS strain evolutions are shown in Fig.  5. It was 
obvious that after each cycle the MS strain increased, 
regardless of grain orientation. Table  2 shows the ratio 

(1)εms(t) = ε(t)− εα(t)− εve(t).

Table 2  Ratios of  free swelling–shrinkage to  mechano-sorptive creep strain (εi
α /εi) and  mechano-sorptive strain 

to mechano-sorptive creep strain (εi
ms /εi) determined at the end of each cyclical relative humidity variation

i is occurred sequency

Occurred sequency εi
α/εi (×10−2) εi

ms/εi (×10−2)

L R T L R T

1 78.95 78.36 58.88 15.96 19.31 38.22

2 75.36 75.68 55.88 18.51 21.66 40.81

3 73.18 74.75 54.85 20.27 22.58 41.65

4 71.67 74.44 54.96 21.80 22.94 41.92

5 70.21 73.50 55.63 23.37 23.92 42.31

6 69.00 72.89 55.37 24.81 24.59 42.57

Fig. 5  Changes of mechano-sorptive (MS) strain during the cyclical 
relative humidity variation for a longitudinal, b radial and c tangential 
specimens
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of MS strain to MSC strain, εi
ms/εi, determined the end 

of each cyclical relative humidity variation. The εi
ms/εi 

increased with the increasing cyclic time, indicating the 
humidity cycle promoted the contribution of mechani-
cal stress in the MSC behavior. Moreover, εi

ms/εi dem-
onstrated an anisotropy (Table  2); that is, the value of 
εi

ms/εi for L specimen was distinctly lower than that for 
T specimen. Therefore, the coupling effects between 
the mechanical stress and the MC changes exerted 
more influence on the T specimen compared to R and L 
specimens.

To compare the orthotropic MS strain corresponding 
to each complete cycle, the MS-trajectory curves (MS 
strain versus MC) were plotted from the results in Fig. 5, 
as shown in Fig.  6. These trajectories, which eliminate 
time, allow the discussion on the MC-dependent ortho-
tropic MS strain during the adsorption–desorption pro-
cess. Figure 6 confirms that when the MC was cycled, the 
corresponding MS strain increment gradually decreased 
so that on this basis the existence of a MS limit appeared 
plausible. The results were consistent with those previ-
ously given by Navi [7]. In addition, the increasing rate 
of MS strain after each cycle is presented in Fig. 7. It was 
obvious that the increasing rate of MS strain decreased as 
cycled MC. With the cyclic changes of RH, the unstable 
state within the wood cell wall is relaxed and polymers 
can be stabilized due to the reorientation of molecular 
chains [22, 34], resulting in a decrease in the increasing 
rates of MS strain.

Figure  7 shows a greater increasing rate of MS strain 
for L specimen than for transverse specimens, indicated 
that the more cyclic times are required for L specimen to 
approach the MS limit. The result is related to the steric 
hindrance of molecular motion. In tensile mode, the 
steric hindrance of the L specimen is clearly higher than 
that of the transverse specimens because of the orienta-
tion of highly crystalline CMFs in the L direction [37], 
which means that the L specimen takes a longer time to 
approach new dynamic equilibrium state.

Conclusion
The orthotropic hygro-mechanical characteristics of 
Chinese fir under cyclic RH conditions were inves-
tigated. Free swelling–shrinkage and MSC behav-
iors fluctuated with cyclic RH, but lagged behind the 
imposed RH. The lagged time decreased with increasing 
cyclic periods. Furthermore, the lagged time showed 
a close relationship with anatomy structure of wood: 
transverse specimens had a shorter lagged time than L 
specimen. Based on the datasets of VEC in steady state 
and MSC under RH cycles, it seems like that the creep 
anisotropy of MSC was more pronounced than that of 

VEC. The VEC, free swelling–shrinkage and MSC data 
offered an opportunity to calculate the performance 
of free swelling–shrinkage and the MS effect on the 
orthotropic MSC behavior, respectively. The majority 
of strain in MSC is free swelling–shrinkage, especially 
in the axial direction. The MS strain, arising from the 
coupling effects between the mechanical stress and the 
MC changes, exerted more influence on T specimen 
compared to R and L specimens. The MS strain trajec-
tories evidenced the existence of MS limit. Moreover, L 
specimen required more cyclic times to approach the 
MS limit than transverse specimens.

Fig. 6  Mechano-sorptive (MS) strain trajectories versus moisture 
content (MC) for a longitudinal, b radial and c tangential specimens
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