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The moisture dependence of different mechanical properties of bamboo 
has not been fully understood. In this work, the longitudinal tensile 
modulus, bending modulus, and compressive and shearing strength 
parallel to the grain were determined for bamboo of ages 0.5, 1.5, 2.5, 
and 4.5 years under different moisture contents (MC) to elucidate the 
sensitivity of different mechanical properties of bamboo to MC change. 
The results showed that the four mechanical properties of bamboo 
respond differently to MC changes. Compressive and shearing strength 
parallel to the grain were most sensitive to MC changes, followed by 
longitudinal tensile modulus, then bending modulus. This can be partially 
explained by the different responses of the three main components in the 
plant cell wall to MC change. For tensile modulus and bending modulus, 
the effect of bamboo age on the sensitivity to MC change was 
insignificant, while young bamboo (0.5 years old) was more sensitive to 
MC changes for shear strength and less sensitive for compression 
strength than older bamboo. 
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INTRODUCTION 
 

  Water exists in plant material during the plant’s entire life cycle from growth, to 

processing, to application. For wood and wood-based products, the relationship between 

mechanical properties and moisture content (MC) is important for quality control and 

product applications. For the past decades, considerable research has been performed on 

water in wood and its relevance to physical and mechanics properties (Green et al. 1986; 

Hernandez 1993; Kretschmann and Green 1996; Wang et al. 1999; Kojima and 

Yamamoto 2004; Liu and Zhao 2004; Esteban et al. 2005; Green et al. 2007). At a MC 

from oven-dry to the so-called fiber saturation point (FSP), bound or adsorbed water 

accumulates in the wood cell wall. Above the FSP, free water accumulates in the cell 

cavity (Hallwood and Horrobin 1946). It is well known that a decrease in moisture 

content below the FSP significantly influences the mechanical properties of the wood, 

whereas above the FSP, variations in moisture content have very little effect. 

Furthermore, it has been further revealed that different mechanical properties of wood 

have different sensitivities to a change in MC (Green et al. 1999; Ishimaru et al. 2001; 

Sudijono et al. 2004). Specifically, data in the United States Wood Handbook indicates 

that the longitudinal tensile strength of wood decreases 16.7% from an air-dried state 

(MC 12%) to a saturated state; other properties that decrease include bending modulus 
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(23.7%), shearing strength parallel to the grain (30.0%), and compressive strength 

parallel to the grain (42.5%). 

Bamboo is one of the most important non-wood forest resources in the world, 

growing faster than almost all other tree species on earth. As a plant material, bamboo is 

also hygroscopic, meaning that it gains or loses water to equilibrate with its environment 

(Hui and Yang 1998; Anwar et al. 2005; Hamdan et al. 2007). Although the effect of MC 

on the mechanical properties of bamboo might be similar to wood in general (Zhou 

1998), the specific relationship might be somewhat different, since significant differences 

in chemical composition and microstructure exist between bamboo and wood. 

Knowledge of the bamboo-water relationship is necessary because it influences physical 

and mechanics properties. These properties decrease as bamboo adsorbs moisture in the 

hygroscopic range (Janssen 1981). This study is part of a program aimed to better 

understand the effect of MC on the mechanical properties of bamboo. In this research, the 

effect of MC (from oven-dry to FSP) on four selected mechanical properties (namely 

longitudinal tensile modulus, bending modulus of elasticity, shear strength parallel to the 

grain, and longitudinal compression strength) of bamboo, ages 0.5, 1.5, 2.5, and 4.5 years 

was investigated in order to reveal the different sensitivities of the various aged bamboo 

to changes in MC on the selected mechanical properties. 

 

 

MATERIALS AND METHODS 
 

Sample Preparation 
Moso bamboo plants (Phyllostachys pubescens Mazei ex H. de Lebaie) of ages 

0.5, 1.5, 2.5, and 4.5 years were collected from a bamboo plantation located in Zhejiang 

Province, China. Thirty two bamboo culms were cut down in total with eight culms for 

each age. All the samples for mechanical testing were cut from 15 to 25 internodes and 

prepared according to a Chinese national standard for bamboo (GB/T 15780-1995). The 

specific dimensions of the samples were as follows: 20 (L)×20 (T)×t (thickness of 

bamboo culm wall) for compression strength parallel to the grain; 160 (L)×10 (T)×t 

(thickness of culm wall) for three point bending modulus. The specific shape and size of 

the samples for longitudinal tensile modulus and shear strength parallel to the grain are 

shown in Fig. 1. All the samples were air-dried in the lab environment for more than six 

months before moisture conditioning. 

 

 
 
Fig. 1. The specific shape and size of the two kinds of samples: Longitudinal tensile (Left) and 
shear strength parallel to grain (Right) 
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Moisture Conditioning 
All the air-dried mechanical samples were randomly divided into nine groups for 

moisture conditioning. Each of the four groups (one group for each age group) contained 

20 samples for compressive strength, 16 samples for longitudinal tensile modulus, 16 

samples for bending modulus, and 12 samples for shear strength. The samples with a MC 

less than the FSP were conditioned in desiccators containing the different aqueous 

saturated sale solutions listed in Table 1. 

 
Table 1. Relative Humidity (RH) Levels in the Experiments and the 
Corresponding Equilibrium Moisture Contents (EMC) 
 
NO. RH, Average (%) EMC, Average (%) Chemicals for Conditioning 

A 2.9 0.5 Silica Gel 

B 12.5 4.7 LiCl 

C 37.1 5.5 MgCl2 

D 53.9 7.1 K2CO3 

E 68.7 11.8 NaBr 

F 74.1 12.5 NaCl 

G 88.9 16.3 KCl 

H 100 30.5 Watersoaking 

I 100 50.9 Watersoaking 

 

The desiccators were put in the lab with a constant temperature of 20 
o
C for at 

least one month. Relative humidity (RH) in the desiccators was measured with a 

hygrothermograph (TESTO 608-H1) placed in the containers. The actual EMC of each 

sample was measured by weighing after conditioning. The EMC above FSP were 

achieved by water soaking.  

 

Measurement of Mechanical Properties  
Mechanical testing was conducted according to a Chinese National Standard for 

bamboo (GB/T 15780-1995). A universal mechanical tester (5582, Instron Co. USA) was 

used for both three point bending and tensile testing. The span for the bending test was 

120 mm, and the loading speed was 4 mm/min. A noncontact video extensometer was 

used for measuring tensile strain during tensile testing. The tensile speed was set at 1.5 

mm/min. Compressive strength parallel to the grain and shear strength parallel to the 

grain were tested by another mechanical tester (WDW-E100D, JINANSHIJIN Co. China) 

because the 5582 mechanical tester was not equipped with the needed standard grips. 

 

 

RESULTS AND DISCUSSION 
 

Mechanical Properties of Bamboo under Different MC 
To a large extent, the general relationship between MC and mechanical properties 

of bamboo is similar to that of wood, but some specific differences still exist due to the 

different structures and chemical compositions between them. Tensile modulus, bending 

modulus, shear strength parallel to the grain, and compression strength parallel to the 

grain of bamboo plotted against MC are respectively shown in Figs. 2A to 2D. Figure 2A 

shows the effect of MC on the longitudinal tensile modulus of bamboo of different ages 

(0.5, 1.5, 2.5, and 4.5 years). A general decreasing trend with an increasing MC can be 
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easily observed; however, there seems to be a plateau from a MC of 10% to 15%, 

followed by a continuing decrease with rising MC until the FSP. For the bending 

modulus, a general decreasing trend with rising MC from nearly zero to the water 

saturation was also observed (Fig. 2B). The bending modulus of 0.5- and 1.5-year-old 

bamboos at a MC of 5% and 6%, however, was abnormally higher than the value 

measured at a nearly zero MC, which might be attributed to the inherent sample variation 

between groups since the bamboo that was 2.5 and 4.5 years old did not show similar 

behavior. The relationship between MC and shear strength parallel to the grain of the four 

ages of bamboo are shown in Fig. 2C. An initial reduction in the early stage of moisture 

increasing can be observed, followed by a rise to the maximum value at a MC of 8% and 

9%. The shear strength then decreased again with increasing MC to FSP. For 

compressive strength parallel to grain (Fig. 2D), a stable and more linear decreasing trend 

was obtained with MC increasing to 20% for the 1.5-, 2.5-, and 4.5-year-old bamboos, 

and 25% for the bamboo of 0.5 years old; however, an unexpected, small but stable 

increase when MC was about 25% or more was repeatedly observed for the bamboo of 

all ages, which has not been previously reported and no explanations can be presently 

proposed. 

 

Sensitivity to MC Change of Different Mechanical Properties of Bamboo 
In order to get a quantitative relationship between the four mechanical properties 

of bamboo and MC for practical application, a linear fit was performed on the data 

involving the four ages (Fig. 3). The values of mechanical properties at the FSP are 

actually the average of the two values measured at water saturation presented in Fig. 2. 

Here oven-dry has not been selected as the start point of low MC only because such low 

MC is seldom encountered in practical applications; therefore, the ranges of variation of 

MC of longitudinal tensile modulus, bending modulus, shear strength parallel to the 

grain, and compressive strength parallel to the grain were approximately 5.5%, 5.5%, 8%, 

and 5% at the FSP, respectively. FSP was obtained by extrapolation from the adsorption 

isotherm (Stamm 1964; Martins 1992; Hamdan et al. 2007). A previous study found that 

the FSP of Moso bamboo is related to its age (Wang et al. 2010).  

For the 0.5-year-old bamboo, the FSP was about 28%, while the bamboo of ages 

1.5, 2.5, and 4.5 years had nearly the same FSP at 23%. From the obtained four linear 

equations, it can be inferred that a 1% MC change would result in an increase or decrease 

of 0.17 GPa for tensile modulus, 0.15 GPa for bending modulus, 0.52 MPa for shear 

strength, and 2.50 MPa for compression strength.  

In order to further compare the sensitivities of the four properties to MC change, a 

reference value must be obtained in advance. Here, the properties at MC 12% were 

selected as the reference value, which can be calculated according to the above four 

equations. The moisture sensitivity K, namely the change rate of the properties per 1% 

MC change, can then be defined by the ratio between the slope of the linear equations 

and the properties at 12% MC (P12) according to Eqn. (1). The calculation result is shown 

in Fig. 4. 
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Figs. 2A - D. Longitudinal tensile modulus (2A), bending modulus (2B), shear strength parallel to 
grain (2C), and compressive strength parallel to grain (2D) of four aged bamboos measured under 
different RH and in water 
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Fig. 3. The relation model of moisture content and mechanical properties 
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Fig. 4. The change rate of mechanical properties per 1% MC change; L: Longitudinal tensile 
modulus; B: Bending modulus; S: Shear strength parallel to the grain; C: Compression strength 
parallel to the grain 
The data of performance index for wood comes from the book “Science and technology of wood” 
(Tsoumis 1991)  

 

Figure 4 indicates that the bending modulus exhibits the smallest sensitivity to 

MC change by having a K value of 1.49%, followed by longitudinal tensile modulus with 

1.56%, shear strength parallel to the grain with 3.08%, and compression strength parallel 

to the grain with 3.76%. The bending modulus and tensile modulus showed much less 

5 10 15 20 25 30
0

5

10

15

20

25

y = 23.13 - 0.52 x

R
2
=0.5876

S
h
ea

r 
S

tr
en

g
th

 P
ar

al
le

l 
to

 G
ai

n
 (

 M
P

a 
)

Moisture content ( % )

4 6 8 10 12 14 16 18 20 22 24
0

3

6

9

12

15

18

y = 12.90 - 0.17 x

R
2
=0.2694

L
o

n
g

it
u

d
in

al
 T

en
si

le
 M

o
d

u
lu

s 
( 

G
P

a 
)

Moisture Content ( % )

2 4 6 8 10 12 14 16 18 20 22
0

3

6

9

12

15

18

y = 11.81 - 0.15 x

R
2
=0.1824

B
en

d
in

g
 M

o
d

u
lu

s 
( 

G
P

a 
)

Moisture Content ( % )

0 5 10 15 20 25 30
0

20

40

60

80

100

120

140

y = 96.44 - 2.50 x

R
2
 = 0.6850

C
o
m

p
re

ss
iv

e 
S

tr
en

g
th

 P
ar

al
le

l 
to

 G
ai

n
 (

 M
P

a 
)

Moisture content ( % )



 

PEER-REVIEWED REVIEW ARTICLE  bioresources.com 

 

 

Jiang et al. (2012). “Moisture & bamboo properties,” BioResources 7(4), 5048-5058.   5054  

 

sensitivity to MC change than shear strength and compression strength, which can be 

partially explained by the different responses to MC change of the three main 

components (cellulose, hemicelluloses, and lignin) in the plant cell wall. The mechanical 

properties of the lignin/hemicelluloses matrix have been experimentally (Cousins 1976, 

1978) and theoretically (Sakurada et al. 1962; Koponen et al. 1989) proven to be much 

more sensitive to MC changes than cellulose. In the process of shear and compression 

testing, the hemicellulose/lignin matrix gives considerable contribution to the final 

failure, while for the stiffness measurement both in the tensile and bending modes, 

cellulose undoubtedly dominates the whole process.  

Although bamboo belongs to the class of lignocellulosic materials, its mechanical 

responses to MC change show some differences from wood. The sensitivity of bending 

modulus to MC change in bamboo is slightly less than that of tensile modulus, while the 

former is higher than the latter for wood; meanwhile the sensitivity of shear strength to 

MC change in bamboo is nearly wood; however compression strength is significantly less 

than that of wood. Such differences seem to be incapable of being explained by the 

chemical differences between the two types of material, and is more likely attributable to 

the two-phase composite structure of bamboo with much softer parenchymal cells 

embedded in much stiffer fiber bundles.  

It is assumed that the increase of MC tended to weaken the interfacial bonding 

between parenchymal cells and fibers, resulting in extra internal slipping and reduced 

stiffness. Compared with wood, bamboo was less sensitive to MC changes when 

considering bending modulus and compression strength. However it was comparable or 

slightly more sensitive when considering tensile modulus and shear strength. This 

suggests that some mechanical properties of bamboo are better than wood in resisting a 

change in environmental humidity. 

 

The Effect of Age on the Sensitivity to MC Change of Different Mechanical 
Properties of Bamboo 

In order to further investigate the effect of age on the moisture dependence of 

different mechanical properties of bamboo, a linear fitting was performed for the MC 

range of 5.5% (or 8% for shear strength) to the FSP (Fig. 5). From the obtained linear 

equations, it could be inferred that the mechanical properties of 0.5-year-old bamboo 

normally had smaller changes in absolute value than older bamboo per 1% MC change. 

No significant difference was found, however, among bamboo of ages 1.5, 2.5, and 4.5 

years in general. Similarly, for further comparison of the different sensitivities that 

various aged bamboo has to MC change, the K values of bamboos were calculated 

according to the approach adopted in the previous section. The results were plotted in 

Fig. 6. 

It seemed that the age of the bamboo had little effect on the K value of the tensile 

modulus and the bending modulus. The K value of the shear strength of 0.5 year-old 

bamboo, however, was a little higher than that of mature bamboo of 1.5 to 4.5 years old, 

which means young bamboo may be more sensitive to MC change in shear strength. For 

compression strength, the K value of bamboo of 0.5 years old was significantly lower 

than that of bamboo 1.5 to 4.5 years old, which indicates young bamboo may be less 

sensitive to MC change in compression strength. The reason as to why different 

mechanical properties of bamboo of different ages respond differently to MC change 

needs to be further explored from the standpoint of both its microstructure and chemical 

composition. 
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Fig. 5. Correlation between the four mechanical properties and moisture content. A: longitudinal 
tensile modulus; B: bending modulus; C:shear strength; D:compressive strength 
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Fig. 6. The change rate of different mechanical properties per 1% MC change under different ages 
of bamboo; L: Longitudinal tensile modulus; B: Bending modulus; S: Shear strength parallel to the 
grain; C: Compression strength parallel to the grain 

 

 
CONCLUSIONS 
 

The results of combined investigation of four mechanical properties of bamboo 

under different moisture content (MC) permit the following conclusions: 

Four mechanical properties of bamboo exhibited different sensitivities to MC 

change. Compressive and shearing strength parallel to the grain were most significantly 

affected by MC, followed by longitudinal tensile modulus and then bending modulus. 

Age has little effect on the sensitivity of the tensile modulus and bending modulus to MC 

change, while young bamboo was more sensitive to MC change for shear strength and 

less sensitive for compression strength.  

 

 

ACKNOWLEDGEMENTS 
 

The authors are grateful to the National Natural and Science Foundation of China 

(31070491) and the National Natural and Science Foundation of China (30730076) for 

financial support. 

 

 

REFERECES CITED 
Anwar, U. M. K., Zaidon, A., Hamdan, H., and Mohd Tamizi, M. (2005). “Physical and 

mechanical properties of Gigantochloa scortechinii bamboo splits and strips,” 

Journal of Tropical Forest Science 17(1), 413-418. 

Cousins, W. J. (1976). “Elastic modulus of lignin as related to moisture content,” Wood 

Sci. Technol. 10, 9-17. 

Cousins, W. J. (1978). “Young’s modulus of hemicelluloses as related to moisture 

content,” Wood Sci. Technol. 12, 161-167. 



 

PEER-REVIEWED REVIEW ARTICLE  bioresources.com 

 

 

Jiang et al. (2012). “Moisture & bamboo properties,” BioResources 7(4), 5048-5058.   5057  

 

Esteban, L. G., Gril, J., Paloma, D. P., and Casasus, A. G. (2005). “Reduction of wood 

hygroscopi city and associated dimensional response by repeated humidity cycles,” 

Annal Forest Science 62, 275-284. 

Green, D. W., Link, C. L., DeBonis, A. L., and McLain, T. E. (1986). “Predicting the 

effect of moisture content on the flexural properties of southern pine dimension 

lumber,” Wood Fiber Sci. 18(1), 134-156. 

Green, D. W., Winandy, J. E., and Kretschmann, D. E. (1999). “Mechanical properties of 

wood,” In: Wood Handbook, Forest Products Laboratory, Forest Service, USDA. 

Green, D. W., Evans, J. W., Barrett, J. D., and Aplin, E. N. (2007). “Predicting the effect 

of moisture content on the flexural properties of Douglas-fir dimension lumber,” 

Wood Fiber Sci. 20(1), 107-131. 

Hallwood, A. J., and Horrobin, S. (1946). “Absorption of water by polymers: Analysis in 

terms of a simple model,” Transactions of the Faraday Society 42B, 84-102. 

Hamdan, H., Hill, C. A. S., Zaidon, A., Anwar, U. M. K., and Abd. Latif, M. (2007). 

“Equilibrium moisture content and volumetric changes of Gigantochloa scortechinii,” 

Journal of Tropical Forest Science 19(1), 18-24. 

Hernandez, R. E. (1993). “Influence of moisture sorption history on the swelling of sugar 

maple wood and some tropical hardwoods,” Wood Science Technology 27, 337-345. 

Hui, C. M., and Yang, Y. M. (1998). Bamboo Timber Resources, Yunnan Science and 

Technology Publishing House, Kunming. 

Ishimaru, Y., Arai, K., Mizutani, M., Oshima, K., and Iida, I. (2001). “Physical and 

mechanical properties of wood after moisture conditioning,” J. Wood Sci. 47, 

185-191. 

Janssen, J. J. A. (1981). “The relationship between mechanical properties and the 

biological and chemical composition of bamboo,” In: Higuchi, T. (ed.), Bamboo 

Production and Utilization, Proceedings of the XVII IUFRO World Congress, Kyoto,  

6-17. 

Kojima, Y., and Yamamoto, H. (2004). “Properties of the cell wall constituents in 

relation to the longitudinal elasticity of wood,” Wood Sci. Technol. 37, 427-434. 

Koponen, S., Toratti, T., Kanerva, P., Koponen, S., Toratti, T., and Kanerva, P. (1989). 

“Modeling longitudinal elasticity and shrinkage properties of wood,” Wood Sci. 

Technol. 23, 55-63. 

Kretschmann, D. E., and Green, D. W. (1996). “Modeling moisture content-mechanical 

property relationships for clear southern pine,” Wood and Fiber Science 28(3), 

320-337. 

Liu, Y. X., and Zhao, G. J. (2004). Wood Resource Materials, China Forestry Publishing 

House, Beijing. 

Martins, V. A. 1992. “Dimensional stabilisation by chemical modification of wood,” PhD 

thesis, University of Wales, Bangor. 

Sakurada, I., Nukushima, Y., and Ito, T. (1962). “Experimental determination of the 

elastic modulus of crystalline regions in oriented polymers,” J. Polym. Sci. 57, 

651-660. 

Stamm, A. J. (1964). Wood and Cellulose Science, Ronald Press, New York. 

Sudijono, D. W., Yusuf, S., Iida, I., Furuto, Y., and Minato, K. (2004). “Characterization 

of major, unused, and unvalued Indonesian wood species. I. Dependencies of 

mechanical properties in transverse direction on the changes of moisture content 

and/or temperature,” J. Wood Sci. 50, 371-374. 



 

PEER-REVIEWED REVIEW ARTICLE  bioresources.com 

 

 

Jiang et al. (2012). “Moisture & bamboo properties,” BioResources 7(4), 5048-5058.   5058  

 

Tsoumis, G. (1991). Science and Technology of Wood, Published by Van Nostrand 

Reihhold, 172-174. 

Wang, H. K., Yu, Y. S., Yu, Y., and Sun, F. B. (2010). “Variation of the fiber saturation 

point of bamboo with age,” Journal of Central South University of Forestry & 

Technology. 32(2), 112-115. 

Wang, S. Y., and Wang, H. L. (1999). “Effects of moisture content and specific gravity 

on static bending properties and hardness of six wood species,” Wood Sci. Technol.  

45, 127-133. 

Zhou, F. C. (1998). Bamboo Cultivation School, China Forestry Publishing House, 

Beijing. 

 

Article submitted: June 28, 2012; Peer review completed: August 9, 2012; Revised 

version received and accepted: August 17, 2012; Published: August 27, 2012. 

 


