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The effects of a three-layer structure and age on the mechanical properties 
of moso bamboo were investigated. The ages of 1-, 3-, and 5-year-old 
bamboo were chosen to make test samples, and specimens from each 
age of moso bamboo were divided into three groups (raw bamboo, 
bamboo removed from outer layer, and bamboo removed from inner layer) 
for evaluation of modulus of rupture and parallel-to-grain compressive 
strength. The regression analysis was completed to evaluate the 
relationship between mechanical properties and bamboo age. The results 
showed that the age of moso bamboo was positively correlated with the 
flexural and parallel-to-grain compressive strengths. The mechanical 
strength of moso bamboo increased with the increased age of moso 
bamboo. For the moso bamboo with same age, the flexural and parallel-
to-grain compressive strengths decreased for the samples without 
bamboo outer layer. However, for the samples without bamboo inner layer, 
the parallel-to-grain compressive strength remained unchanged, but the 
flexural strength increased. The outer layer of bamboo with high 
toughness and flexibility played an important role during bending. 
However, the inner layer of bamboo is relatively brittle, which has negative 
effects on its flexural strength. These results provide an important basis 
for the bamboo used in engineering. 
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INTRODUCTION 
 

China has abundant bamboo resources and ranks first in both the area of bamboo 

forest and the annual yield of bamboo produced in the world. Bamboos are one of the fast-

growing and renewable non-timber plants with good mechanical properties. Normally, the 

3- to 5-year-old bamboo could be harvested for manufacturing of some industrial products 

(Scurlock et al. 2000). Moreover, some physical properties (such as hardness, strength, and 

elasticity) of bamboo are better than those of wood-based materials. Reasonable utilization 

of bamboo has important economic and social benefits (Scurlock et al. 2000; Chele et al. 

2012; Huang et al. 2012; Shao and Wang 2018). 

Different from wood materials, bamboo has a hollow structure and quasi-

cylindrical shape, which is periodically divided by diaphragms in the length direction (Tan 

et al. 2011; Chaowana et al. 2015). Its mechanical properties are much better than those of 

wood with the same density. Therefore, bamboo is an ideal material for construction, 

furniture, and some other related applications (Chen et al. 2020). Kumar et al. (2016) 

evaluated the influences of density and fiber direction on the mechanical properties of 

bamboo scrimber (such as compressive strength, tensile strength, shear strength, flexural 

strength, and elastic modulus for compression). The results revealed that all of the tested 
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mechanical properties of bamboo scrimber varied significantly with changes in the density 

and fiber direction. Krause et al. (2016) studied the influence of microstructure on 

mechanical performances of bamboo. They found that the density determined the 

compressive strength and the tensile strength was affected by the volume fraction of the 

fibers. In addition, Gutierrez and Maluk (2020) found that the mechanical properties of 

bamboo was reduced at elevated temperatures, which had significant impact on the failure 

mechanisms and stress–strain curves. In the past decades, some studies have been 

conducted on the physical and chemical properties of bamboo that provided some basic 

data for the processing and utilization of bamboo (Amada and Untao 2001; Dixon and 

Gibson 2014; Jakovljevic and Lisjak 2019; Liu and Yang 2019; Gu et al. 2020; Wei et al. 

2020). However, there is little information available in literature on the effects of bamboo 

inner and outer layers on its mechanical properties. 

Bamboo stem is composed of three layers, called the inner layer, middle layer, and 

outer layer (Chand et al. 2006; Li et al. 2014). The outer layer is bamboo skin, which is 

thin relative to the cross section. The inner layer is the innermost part of stem, which does 

not have vascular bundles. Normally, the middle layer is the part with better performance 

that is used in manufacturing various kinds of bamboo products. Due to the special 

structure and difference in properties, the bamboo inner and outer layers are often removed 

and treated as processing residues in practical applications, which produces much waste. 

To rationalize the complete utilization of moso bamboo, this study took moso bamboo with 

different ages as the research material to reveal the influence of age and three-layers of 

structure on its mechanical properties. It will provide a scientific basis for the selection and 

utilization of moso bamboo at different ages. 

 

 

EXPERIMENTAL 
 

Materials 
The moso bamboo (Phyllostachys heterocycla) was harvested in Jinzhai Anhui, 

China. The information of round bamboo is listed in Table 1. All the defect-free (which 

means no decay, no cracking, no moth eaten, etc.) samples were obtained from round 

bamboo at the height of 1.5 m and prepared according to Chinese standard GB/T 15780 

(1995), as shown in Fig. 1. The sample dimensions of flexural strength and parallel-to-

grain compressive strength tests were 160 mm × 10 mm × t mm (Longitudinal × Tangential 

× Radial) and 20 mm × 20 mm × t mm (Longitudinal × Tangential × Radial), respectively. 

Before mechanical strength testing, all the samples were dried and the moisture content 

was about 9.7 %. Figure 2 represents the schematic diagram of the samples. 
 

 
 

Fig. 1. Flow chart of samples preparation 
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Table 1. Round Bamboo Information 

Serial number Age (years) Height (m) Number of Bamboo Joints 

1-1 1  11.0 55 

1-2 1  10.9 49 

1-3 1  11.8 47 

1-4 1  15.0 52 

1-5 1  13.3 48 

3-1 3  10.0 42 

3-2 3  11.8 46 

3-3 3  14.5 53 

3-4 3  16.0 58 

3-5 3  18.0 51 

5-1 5  15.5 50 

5-2 5  16.0 51 

5-3 5 16.0 55 

 

 
 
Fig. 2. Specimens used for MOR testing (a), Parallel-to-grain compressive strength testing (b), 
and divided cross section (c) 

 
Experimental Methods  

Thirty samples were prepared for flexural strength testing and parallel-to-grain 

compressive strength testing. The specimens were randomly divided into three groups. The 

first group contained raw bamboo samples (marked as RB). The dimensions of RB samples 

for flexural strength and parallel-to-grain compressive strength tests were 160 mm × 10 

mm × t mm (Longitudinal × Tangential × Radial) and 20 mm × 20 mm × t mm 

(Longitudinal × Tangential × Radial), respectively. The second group of samples were 

obtained after removing the bamboo outer layer (marked as RO). The third group of 

samples were made from removing the bamboo inner layer (marked as RI). The samples 

used for testing parallel-to-grain compressive strength were prepared in the same way as 

the samples used for flexural strength testing. The parallel-to-grain compressive strength 

and flexural strength were measured according to Chinese standard GB/T 15780 (1995). 

Each experimental condition was repeated five times. During the testing, the relative 

humidity (RH) and temperature in the laboratory were about 50% and 20 ℃, respectively. 

 

Modulus of rupture   

The modulus of rupture in the tangential direction was tested by three-point bending 

method with a span of 120 mm. The loading was performed at a uniform speed, and the 

samples were destroyed within 1 ± 0.5 min. Immediately after the flexural strength test, a 

bamboo block with the length of 30 mm was intercepted near the failure point of the sample 

to measure the moisture content. The modulus of rupture (MOR) can be calculated using 

the following Eq. 1, 

(a) (b) (c) 
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𝜎bw=3𝑃max𝐿/2𝑏ℎ2                              (1) 

where 𝜎bw is modulus of rupture (MPa) of the sample with moisture content of W (%), 

𝑃max is the failure load (N), L is the span between two supports with a value of 120 mm, b 

is width of sample (mm), and h is the height of sample (mm). 

When the moisture content of the sample was at 12%, the MOR was calculated 

according to the following Eq. 2, 

𝜎b12 = 𝜎bw[1 + 0.025(W - 12)]                     (2) 

where 𝜎b12 is ultimate flexural strength of the sample with the moisture content of 12% 

(MPa), and W is the moisture content of the sample (%). 

 

Parallel-to-grain compressive strength  

Firstly, the thickness of bamboo wall was measured at the midpoint of the sample. 

Secondly, the sample was placed in the center of the spherical sliding support of the testing 

machine and the compressive direction is parallel to the fiber direction. Finally, the sample 

was broken within 1 ± 0.5 min with a uniform speed and its water content was immediately 

measured. The parallel-to-grain compressive strength was calculated using the following 

Eq. 3, 

𝜎w=𝑃max/𝑏𝑡                                 (3) 

where 𝜎w  is the parallel-to-grain compressive strength (MPa) of the sample with the 

moisture content of W (%), 𝑃max is the failure load (N), b is the width of sample (mm), 

and t is the thickness of sample (mm). 

When the moisture content was 12%, the parallel-to-grain compressive strength 

was calculated according to the following Eq. 4,  

𝜎12 = 𝜎w[1 + 0.045(W - 12)]                         (4)  

where 𝜎12  is the parallel-to-grain compressive strength (MPa) of the sample with the 

moisture content of 12% and W is the moisture content of the sample (%) (Chen et al. 

2020). 

 

 

RESULTS AND DISCUSSION 
 

Modulus of Rupture 
Tables 2 and 3 list the measured values of mechanical property parameters (MOR 

and parallel-to-grain compressive strength) of the moso bamboo samples. All the values of 

mechanical property parameters in these two tables were converted to the strength at 12% 

moisture content.  

From Table 2, it is obvious that the values of MOR for RI was the highest, and then 

followed RB and RO samples. The change tendency was almost same for all bamboo 

samples with the selected ages. Compared to RB, the MOR of RO with ages of 1, 3, and 5 

years-old decreased 17.4%, 27.1%, and 21.0%, respectively. However, the MOR of RI with 

ages of 1, 3, and 5 years-old increased 39.5%, 19.6%, and 20.5%, respectively. In other 

words, the effect of removing outer layer of bamboo had a noticeably negative influence 

on the MOR of samples. However, removal of the inner layer of bamboo had positive 

effects on the MOR (Fig. 3). The results of MOR indicated that the outer layer made the 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Han et al. (2021). “Moso bamboo age & structure,” BioResources 16(2), 2406-2415.  2410 

greatest contribution to the MOR of moso bamboo. This could be attributed to the presence 

of many vascular bundles in bamboo outer layer, and the vascular bundles had good 

flexural strength. At the same time, the distribution of vascular bundles becomes denser 

from the inner layer to the outer layer, and even the bamboo inner layer has no vascular 

bundles (Lo et al. 2004; Kanzawa et al. 2011; Chen et al. 2019a). 

 

Table 2. MOR of Moso Bamboo 

Age 1 years old 3 years old 5 years old 

Sample Type RB RO RI RB RO RI RB RO RI 

Average Value 
(MPa) 

136.8 113.0 190.8 169.1 123.3 202.2 184.7 145.9 222.5 

Standard 
Deviation 

42.0 22.0 25.3 11.4 8.7 13.8 20.5 17.3 21.0 

Coefficient of 
Variation (%) 

26.68 17.4 12.48 10.41 13.82 9.67 11.10 11.86 9.42 

 

Table 3. Parallel-to-grain Compressive Strength of Moso Bamboo 

Age 1 years old 3 years old 5 years old 

Sample Type RB RO RI RB RO RI RB RO RI 

Average Value (GPa) 58.2 46.0 58.7 59.9 39.1 59.4 64.2 53.4 64.0 

Standard Deviation 6.3 6.9 5.7 5.4 2.9 5.6 5.0 5.8 5.8 

Coefficient of Variation (%) 10.82 15.19 9.70 9.03 7.61 9.51 7.85 10.88 9.02 

 

 

 
 
Fig. 3. Changes in MOR values with bamboo age 
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Fig. 4. MOR of each bamboo sample under three experimental groups with age 

 
The MOR of moso bamboo showed a trend of gradual increase with increasing age 

of sample (Fig. 4). The MOR of 5-year-old samples was the highest, but its value with the 

1-year-old samples was the lowest. This was because the mechanical properties of bamboo 

had not reached the peak, and the bamboo cell tissue is still in the stage of continuous 

strengthening before reaching 5 years. The effects of age on MOR of bamboo indicated 

good agreement with previous research (Okahisa et al. 2017). 

 

Parallel-to-grain Compressive Strength 
The variation in parallel-to-grain compressive strength with bamboo age indicated 

a different trend from MOR. Compared to RB, the parallel-to-grain compressive strength 

of RO with ages of 1, 3, and 5 years decreased about 21.0%, 34.7%, and 15.3%, 

respectively. However, the change in parallel-to-grain compressive strength of RI with ages 

of 1, 3, and 5 years was not noticeable (Fig. 5). Noticeably, the outer layer of moso bamboo 

played an important role in parallel-to-grain compressive strength and had greater influence 

on parallel-to-grain compressive strength than MOR of bamboo materials, while the inner 

layer of the bamboo played a negligible role. In these three groups of samples, the parallel-

to-grain compressive strength of RO decreased noticeably (Fig. 5). However, the parallel-

to-grain compressive strength of RI did not change noticeably. This indicated that the 

parallel-to-grain compressive strength of bamboo inner layer was very close to that of the 

raw bamboo. 

For the index of bamboo age, the parallel-to-grain compressive strengths of 1-, 3-, 

and 5-year-old bamboo samples showed a small increase. This result is similar to the study 

of Li (2009) that the mechanical properties of bamboo gradually increased with increasing 

of age.  
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Fig. 5. Changes in the parallel-to-grain compressive strength of different samples 

 

 
 
Fig. 6. Parallel-to-grain compressive strength of each bamboo under three conditions 

 

Discussion 
The mechanical properties of moso bamboo are mainly affected by the composition 

and distribution of the vascular bundles and parenchyma tissues (Parameswaran and Liese 

1976; Liese 1987; Kanzawa et al. 2011). The mechanical properties of moso bamboo 

varied with the change of the distribution and the shape of vascular bundles protected by 

bundle sheaths. From bamboo outer layer to inner layer, the distribution density of vascular 

bundles decreased the volume of vascular bundles and the content of parenchyma cells 

increased. However, parenchyma tissues, which consisted of thin-walled parenchyma cells, 

contribute little to the rigidity of bamboo. Bamboo inner layer is composed of multilayered 

thick-walled sclereids with relatively high density, but its texture is brittle and the 

toughness is poor. Therefore, the flexural strength of RI was increased while the parallel-

to-grain compressive strength was almost unchanged. 
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In Fig. 7, it can be clearly observed that the vascular bundles near the bamboo inner 

layer are sparse and relatively large. In contrast, the vascular bundles in the bamboo outer 

layer are dense and small (Kanzawa et al. 2011). Vascular bundles are composed of 

metaxylem vessel and sheaths of sclerenchyma fiber that amount to approximately 40% of 

the mass and 60% to 70% of the weight of the bamboo culm. It is commonly known that 

fiber-reinforced structure enhances the flexibility of bamboo. The fiber bundles play an 

important role when bamboo is subject to bending, which not only strengthen bamboo, but 

also restrict crack propagation and delay fracture (Xie et al. 2016; Chen et al. 2019b). 

Therefore, the mechanical strength of samples without outer layer decreased apparently. 

 

 
 
Fig. 7. Typical transverse cross-sectional features of moso bamboo 

 
 
CONCLUSIONS 
 

This study focused on the effects of 3-layer structure and age on the mechanical 

properties of moso bamboo. The special structure of moso bamboo has significant effects 

on the properties of each part, which directly affects the preparation process and properties 

of bamboo composite materials. This research will help to guide the rational use of different 

layers during the structure design of bamboo composite materials, which will have positive 

effects on improving bamboo utilization rate. And reasonable cutting of bamboo in 

different years also plays an important role in bamboo planting efficiency and sustainable 

utilization of bamboo forest. The detail conclusions are shown as follows: 

1. In consideration of economic benefits, the industrial use of moso bamboo age is 

generally 3 to 5 years old. In the selected samples, the results of parallel-to-grain 

compressive strength and MOR values showed that the mechanical properties of 5 

years-old moso bamboo was highest, and then followed 1 and 3 years-old moso 

bamboo. 

2. The three-layers of structure also had noticeable effects on bamboo mechanical 

properties. The removal of bamboo outer layer reduced the parallel-to-grain 

compressive strength and MOR values. In addition, the removal of bamboo inner layer 

had little effect on parallel-to-grain compressive strength.  

3. The outer layer of bamboo with high toughness and flexibility played an important role 

when bamboo was subjected to bending. The inner layer of bamboo had a certain 

amount of compressive strength, but poor flexural strength. 
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