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Abstract This study investigates the effect of a wide

range of moisture contents (0–177 %) on the Poisson’s

ratio of wood taken from Japanese cypress and magnolia

by conducting longitudinal compression tests. Through

analysis of variance and multiple comparisons, it was

found that when the moisture content is below the

respective fiber saturation point Poisson’s ratio decreases

with increasing moisture content. In contrast, at moisture

contents above the fiber saturation point, the Poisson’s ratio

increases with moisture content. The same tendency was

observed in both wood species, but the effect was more

pronounced in magnolia than Japanese cypress.

Keywords Poisson ratio � Moisture content � Free water �
Transverse strain � Fiber saturation point

Introduction

Wood is an inherently hygroscopic material, and as its

mechanical behavior is highly dependent on its moisture

content (MC) [1–4], it requires careful attention to prevent

deformation and breakage during the drying process. More-

over, given that dried wood is often used as a structural

material in environments with changing climate, it is impor-

tant to understand how its mechanical behavior is affected by

changes in MC due to variation in relative humidity (RH).

In addition to Young’s modulus and the shear modulus,

Poisson’s ratio is one of the key elastic constants used to

express the two- and three-dimensional deformation of a

material. However, although there have been numerous

studies into the dependence of Young’s modulus and shear

modulus on the MC of wood and wood-based materials, the

relation between MC and Poisson’s ratio is still poorly

understood due to the fact that the results that have been

obtained [5–11] tend to vary with wood species, loading

method and loading direction; and thus, many aspects of

the control mechanism of the Poisson effect remain

unclear. Furthermore, most previous studies used a MC

range that was narrow and did not exceed 20 %, thus

making the results of limited value to understanding 2D

and 3D deformation during the drying of wood. Specifi-

cally, MCs above 30 % typically exceed the fiber satura-

tion point (FSP) of wood, with any further increase in MC

being due to a greater quantity of free water. This free

water is considered to have a significant influence on

Poisson’s ratio, especially on the development of trans-

verse strain. It is therefore worthwhile and physically

meaningful to examine the Poisson effect under a wide

range of MCs above the FSP.

In the present study, compression tests were carried out

in a longitudinal direction on Japanese cypress and mag-

nolia to investigate the dependence of Poisson’s ratio on

MC, with the MC being varied across a wide range

between 0 and 177 %.

Poisson’s ratio is defined as:

mij ¼ �
ej

ei

i; j ¼ L;T;Rð Þ ð1Þ

where ei is the longitudinal (positive) strain along the

loading direction and ej is the transverse (passive) strain in

the direction perpendicular to loading direction. The sub-

scripts i and j denote the orthogonal directions, which are

longitudinal (L), radial (R) and tangential (T). And we

determined both mLT and mLR in this study.
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Materials and methods

Materials and specimen preparation

Defect-free sapwood sections from air-seasoned logs of

Japanese cypress (Chamaecyparis obtusa Endl.) and Jap-

anese big-leaf magnolia (Magnolia obovata Thunb.) from

Aichi Prefecture in Japan were chosen for use in this study.

Sixteen specimens of each wood species, measuring

50 mm (L) 9 20 mm (T) 9 20 mm (R), were subjected to

compression testing along their length. The density of these

air-dried Japanese cypress and magnolia specimens at

25 �C and 55 % RH was 427 ± 7 and 462 ± 7 kg/m3,

respectively. The width of the annual ring in the Japanese

cypress and magnolia specimens was 1.6 ± 0.2 and

1.3 ± 0.3 mm, respectively.

All specimens were kept in a laboratory that was

maintained at a constant temperature of 25 �C and were

repeatedly conditioned at various RHs to achieve equilib-

rium MCs ranging from very high (177 or 164 %) to very

low (0 %). Compression tests were conducted at each MC

level using the same specimen, with the MC values tested

given in Table 1. In all, eight different MC levels were

used with the Japanese cypress and six levels were used

with the magnolia. To achieve MCs of 164.3 and 177.0 %,

the air-dried specimens were first immersed in purified

water under vacuum for 3 h, and then water was injected

into them under atmospheric pressure. Specimens with 77.6

and 84.8 % MC were obtained by gradually drying from a

water-saturated state in a thermo-hygrostat at 90 % RH,

after which they were conditioned at 100 % RH prior to

testing. Specimens with 23.7 and 26.4 % MC were con-

ditioned at 99 % RH after being gradually dried at 90 %

RH to the near the FSP. Specimens with 9.5 and 12.0 %

MC were conditioned at 70 % RH, while those with 6.8 %

MC were conditioned at 50 % RH. Specimens with a MC

in the range of 2.1–5.5 % were conditioned in a desiccator

containing different saturated salt solutions: MgCl2 for

MCs of 4.2 and 5.5 % (33 % RH), and LiCl for a MC of

2.1 % (11 % RH). Finally, specimens with 0.0 % MC were

conditioned inside a desiccator containing P2O5.

Static compression test

Once the various specimens reached an equilibrium MC, as

evidenced by the fact their weight had become constant,

compression tests in the L direction were performed using

a universal testing machine (Shimadzu Autograph AGI-

100kN). For this, a compressive force was applied at a

crosshead speed of 0.6 mm/min up to 30 % of the pro-

portional limit in the stress–strain diagram for each MC

level. Biaxial strain gauges (gauge length, 2 mm; Tokyo

Sokki Kenkyujo, WFCA-2-11) were attached to the central

regions of the four planes of the specimen to measure both

longitudinal and transverse strain; each value reported

being an average for the opposite planes. The Poisson’s

ratio of each sample was then determined from the linear

range of the longitudinal-transverse strain diagram.

All compression tests were performed immediately after

removing the specimen from its climate-controlled box,

and both the temperature (25 �C) and humidity (55 % RH)

were kept constant during the tests. The effectiveness of

this was confirmed by the fact that the MC of the 0.0 %

specimen did not increase by more than 0.1 % during

testing.

Results and discussion

Figure 1 shows the relationship between MC and Poisson’s

ratio in the R direction (mLR) of Japanese cypress and

magnolia, while Fig. 2 shows the same relationship in the

T direction (mLT). We can see from this that the Poisson’s

ratio of both Japanese cypress and magnolia is apt to

decrease with increasing MC when the MC is below the

FSP, but increases when the MC is above the FSP.

Specimens in this study were conditioned at various

equilibrium MCs after a water-saturated processing from

an air-dried condition; and although the drying history of

wood is considered to affect Poisson’s ratio, we could not

find any information pertaining to this effect in previous

reports.

Previous studies [11, 12] have, however, reported wide

variation in the Poisson’s ratio of wood due to a high

coefficient of variation, and this study arrived at a similar

conclusion. To overcome this, a one-way layout ANOVA

analysis was performed on the Poisson’s ratio values

obtained, which revealed a direct correlation with MC

regardless of the wood species or the difference in mLR and

mLT (p \ 0.05). To further examine the difference in

Poisson’s ratio between specific MC levels Tukey’s

Table 1 Moisture contents (%) used in the experiments

Japanese cypress Magnolia

Mean SD n Mean SD n

0.0 0.0 16 0.0 0.0 16

2.1 0.2 16 – – –

5.5 0.8 16 4.2 0.2 16

6.8 0.5 16 – – –

12.0 0.6 16 9.5 0.4 16

23.7 2.7 16 26.4 1.0 16

84.8 13.7 16 77.6 4.1 16

177.0 7.7 16 164.3 7.4 16

SD standard deviation, n number of specimens
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multiple comparisons were carried out, the results of which

are presented in Tables 2–5. It is evident from this that the

mLR of Japanese cypress varies significantly between MCs

of 23.7 (which is close to the FSP) and 0.0, 2.1, 5.5, 6.8,

12.0, 84.8 and 177.0, as well as between 0.0 and 12.0

(Table 2). Similarly, the mLR of magnolia exhibits signifi-

cant differences between MCs of 26.4 (which is close to

FSP) and 0.0, 4.2, 9.5, 77.6 and 164.3, as well as between

0.0 and 9.5 (Table 3). The mLT of Japanese cypress exhibits

a significant difference between MCs of 0.0 and 23.7

(Table 4). The mLT of magnolia shows significant differ-

ences between MCs of 26.4 and 0.0, 4.2, 9.5, 77.6 and

164.3; between 77.6 and 164.3; and between 9.5 and 0.0,

4.2 (Table 5). These results therefore confirm the notion

that the Poisson’s ratio of both Japanese cypress and

magnolia generally decreases with increasing MC when the

MC is below FSP, but increases when the MC is above

FSP. What is notable, however, is that this trend is much

more pronounced in magnolia than Japanese cypress.

Increasing the MC at levels below the FSP has been

previously shown by Carrington [5] in four-point bending

tests of spruce with a MC of 0–30 % to increase mLT and

decrease mLR; however, Kretschmann and Green [7]

observed a decrease in both mLT and mLR during the com-

pression of southern pine (MC of 4.4 % to FSP). Hering

et al. [8] also observed a slight decrease in both mLT and mLR

during the compression of beech (MC 8.7–17.9 %), yet the

beech using an ultrasonic method (MC 9.6–18.7 %) by

Ozyhar et al. [9] yielded an increase in both mLT and mLR.

Subsequent work by Ozyhar et al. [10] into beech under

tension (MC 5.9–16.3 %) found an increase in mLT and

slight drop in mLR; but with both tension and compression

[11], the effect of MC within a range of 0.0–16.3 was

determined to be minimal. Although the fact that these are

different wood species obviously needs to be considered,

unequal loading conditions and different specimen shapes

may also explain the wide variation in values and behavior.

Significantly, the behavior of Poisson’s ratio differs

Fig. 1 Relationship between moisture content and Poisson’s ratio, mLR, in (left) Japanese cypress and (right) magnolia. Error bars standard

deviation

Fig. 2 Relationship between moisture content and Poisson’s ratio, mLT, in (left) Japanese cypress and (right) magnolia. Error bars standard

deviation
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remarkably from that of Young’s modulus and strength,

both of which typically reduce with increasing MC until

the FSP is reached, regardless of the loading method. This

suggests that the mechanism of the Poisson effect in wood

is largely dominated by the microscopic/macroscopic tis-

sue structure of wood.

There have been very few studies to date into Poisson’s

ratios at MCs above FSP, although Carrington [5] did find

both mLT and mLR to remain almost constant with increasing

MC in four-point bending tests of spruce (MC 30–72 %).

This differs from the outcome of the present study, in

which an increase with MC was observed that is believed

to result from the filling effects of incompressible water. At

MCs above the FSP, the increase in MC is due to the

increase in free water. Moreover, the fact that this free

water does not combine with the wood substances means

that it has no significant effect on shrinkage or swelling of

wood. Instead, the cell lumina and void spaces between

cell-wall substances become filled with free water, which

being incompressible, causes them to move in the T and R

directions under the Poisson effect when a compressive

load is applied in the L direction. This results in greater

deformation in the transverse direction, with the sub-

sequent increase in transverse strain increasing both mLT

and mLR compared to instances in which there is no free

water. In other words, it is the presence of liquid water

(which has a Poisson’s ratio of 0.5) that increases the

Poisson’s ratio of wood with a MC above its FSP.

Conclusions

Through compression tests of Japanese cypress and mag-

nolia specimens at equilibrium MCs ranging from water-

saturated to completely dry, it has been shown that Pois-

son’s ratio mLT and mLR decrease with increasing MC at

levels below the FSP, but increase at levels above the FSP.

Table 2 P values derived from a Tukey’s multiple comparison test of mLR at eight different moisture content levels in Japanese Cypress

MC0.0 MC2.1 MC5.5 MC6.8 MC12.0 MC23.7 MC84.8

MC2.1 0.998 –

MC5.5 0.893 0.997 –

MC6.8 0.607 0.935 0.999 –

MC12.0 0.044* 0.236 0.699 0.940 –

MC23.7 0.000** 0.000** 0.000** 0.001** 0.020* –

MC84.8 0.132 0.469 0.899 0.994 0.999 0.008** –

MC177.0 0.783 0.987 1.000 1.000 0.765 0.000** 0.939

MC2.1 represents a moisture content of 2.1 %

* Significant difference at p \ 0.05, ** significant difference at p \ 0.01

Table 3 P values derived from a Tukey’s multiple comparison test of

mLR at six different moisture content levels in Magnolia

MC0.0 MC4.2 MC9.5 MC26.4 MC77.6

MC4.2 0.425 –

MC9.5 0.001** 0.179 –

MC26.4 0.000** 0.000** 0.028* –

MC77.6 0.105 0.937 0.805 0.001** –

MC164.3 0.999 0.613 0.004** 0.000** 0.187

MC4.2 represents a moisture content of 4.2 %

* Significant difference at p \ 0.05, ** significant difference at

p \ 0.01

Table 4 P values derived from a Tukey’s multiple comparison test of mLT at eight different moisture content levels in Japanese Cypress

MC0.0 MC2.1 MC5.5 MC6.8 MC12.0 MC23.7 MC84.8

MC2.1 1.000 –

MC5.5 0.999 1.000 –

MC6.8 0.999 1.000 1.000 –

MC12.0 0.977 0.998 0.999 0.999 –

MC23.7 0.046* 0.191 0.345 0.431 0.731 –

MC84.8 0.609 0.813 0.877 0.905 0.990 0.991 –

MC177.0 0.971 0.998 0.999 0.999 1.000 0.727 0.990

MC2.1 represents a moisture content of 2.1 %

* Significant difference at p \ 0.05
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This same trend was observed in both wood species, but

was more pronounced in magnolia than Japanese cypress.

The change in the behavior of the Poisson’s ratio at MC

levels above FSP is attributed to the presence of incom-

pressible free water, but further work is still needed to

explore this relation in different wood species and under

different loading directions/methods.
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