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To reveal the effects of vascular bundle and sheath-node tissues on 
mechanical strength, moso bamboo (Phyllostachys pubescens) was 
investigated via compression, bending, and tension tests. Quantitative 
analysis was applied on vascular bundle and sheath-node tissues using 
a mosaicking technique and Image-Pro Plus 6.0 software. Based on the 
analysis of internode and node specimens, it was found that 1) there was 
a significant difference between the tissues proportion and mechanical 
strength. A high tissues proportion resulted in a high compression 
strength, tension strength, and modulus of rupture, but a low modulus of 
elasticity. 2) There was no significant correlation between the tissues 
proportion and failure modes. 3) The presence of a bamboo node 
decreased the modulus of rupture, modulus of elasticity, and tension 
strength, but it did not affect the compression strength. 4) A bamboo 
node increased the likelihood of brash tension failure in the bending test 
and splintering tension failure in the tension test, but decreased the 
probability of splitting failure in the compression test. 5) The effects of 
bamboo node on strength were due to the irregular sheath-node and 
undifferentiated vascular bundles. 
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INTRODUCTION 
 

 The importance and irreplaceability of bamboo resources have been recognized 

by an increasing number of countries around the world. Facing the sharp decline of 

global forest area, bamboo forest area had an average annual growth rate of 3% until 

2006 (Lobovikov et al. 2007). There are as many as 1,642 bamboo species worldwide 

distributed in the tropic and subtropical regions, even in the temperate and frigid zones. 

The three largest bamboo producing areas are South America, Africa, and Asia Pacific 

(FAO 2010; Mao et al. 2017). 

 Unlike any other plants, each segment in bamboo has a meristem. Therefore, 

bamboo grows quickly, and moso bamboo (Phyllostachys edulis) grows the fastest (Fujii 

et al. 1996; Gamuyao et al. 2017). As a possible replacement material, bamboo has some 

important differences compared to wood. There is no radial transfer tissue (i.e., rays, 

radial intercellular canal, etc.) in bamboo, which leads to the low shear strength (Xu 

2010). However, the vascular bundle is “plum blossom”-shaped with regular arrangement 

(Fig. 1), and it gives high tensile strength to bamboo, approximately 2.5 times higher than 

Chinese fir (Richard and Harries 2015; Jiang et al. 2017). Of course, bamboo is an 

organism with certain variability in its microstructure. In the radial direction, the size, 

numbers, and formations of vascular bundles are gradual (Fig. 1) and closely related to 

strength. Another characteristic is the node and internode. The former is solid with low 
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density and irregular vascular bundle arrangement, while the latter is hollow (Taylor et 

al. 2015). As a result, the dimensions of a bamboo strip are limited by the culm-wall 

thickness. Today, two common bamboo elements used in bamboo-based composites are 

tangential and radial bamboo strip (Anwar et al. 2005; Du et al. 2013; Guan et al. 2018). 

In order to diminish the affect on the bonding force by the epidermal layer (bamboo outer 

skin) and waxy layer (bamboo inner skin), the thickness of the radial bamboo strip is thin, 

usually no more than 2 mm. The radial strip would be further processed into bamboo 

curtain, which can only be used as a sandwich layer of bamboo curtain plywood, 

laminated bamboo composite lumber, etc., due to the surface irregularities. The irregular 

shape is due to the relatively large taper near the top of bamboo culm, because the cutter 

is not able to  remove the bamboo node thoroughly. As a result, there are humps on both 

sides of the radial strip at bamboo nodes along the growth direction. In contrast, the 

tangential bamboo strip without bamboo outer and inner skin, and its thickness is usually 

6 mm. Thus, it can be processed into laminated bamboo lumber oriented in the edgewise 

and/or flatwise direction (Jiang et al. 2002). As it grows in size, the effect of 

heterogeneous microstructure on strength is becoming more visible. A qualitative 

analysis was obtained, namely a positive relationship between the strength and tissue 

proportion of the vascular bundle (Lo et al. 2008; Dixon and Gibson 2014; Penellum et 

al. 2018). However, the authors’ previous study found that the sclerenchyma cells lay 

among vascular tissues in an irregular shape in the bamboo node, and the pattern of 

vascular bundle had altered (Fig. 1).  

 
Fig. 1. Bamboo structure 

   

The changes of microstructure are due to the growth and falling of bamboo 

leaves, similar to a live knot of wood. Then, this kind of tissue is called a sheath-node. In 
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terms of the authors’ previous study, there is an increasing proportion of sclerenchyma 

cells in the bamboo node. It is of interest to find out whether the bamboo node has an 

enhancement effect on strength. The purpose of this study was to determine the 

relationship between strength and microstructure in the bamboo node. Moreover, the 

correlation of types of failure modes and microstructure was investigated quantitatively. 

 

 
EXPERIMENTAL 
 

Materials 
Specimen preparation 

 The moso bamboo used in the tests was 4 to 5 years old and from Sanming, 

Fujian Province, China. The diameter at breast height was 10 cm. The specimens were 

collected from the bamboo culm at a height between 1.5 m and 6.0 m. After air-drying, 

the specimens were cut parallel to the grain into tangential bamboo strips. The moisture 

content of the strips was approximately 10% during the experiment. 

 
Testing properties 

The physical and mechanical properties of specimens were tested based on GB/T 

15780 (1995) Chinese national standard. The properties tested included moisture content, 

strength, and elasticity. The testing methods used, properties tested, number of replicates, 

and loading direction are given in Table 1.  

 

Table 1. Methods for Testing Properties 

Test 
(a) Compressive 

Strength 
(b) Centre Point Bending (c) Tensile Strength 

Direction Parallel-to-grain 

Perpendicular-to-grain 
and 

Parallel-to-tangential 
direction 

Parallel-to-grain 

n 
Internode 30 32 26 

Node 30 30 29 

Specimen size (mm) 
(thickness × width × 

length) 
6 × 20 × 20 10 × 6 × 160 

As shown  in 
pic.(c) 

 

 

 
 

(a) 

(b) 

(c) 
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All specimens were divided into two groups. One group was made from the 

internode, the other was made with one node located at the centers. For the compressive 

strength tests, the load should be applied through a metal bearing plate of 50 mm in width 

parallel to the growth direction of the bamboo. The span for centre point bending test 

should be 120 mm, measured to an accuracy of ± 1 mm. Both rounded supports and 

loading block were used, the diameter of the round portion should be 20 ± 0.5 mm. The 

load was applied through the bearing block to the tangential surface of specimen at the 

centre of span. The size of end-grain surface for tensile strength tests was 10 × 6 mm, but 

10 × 2 mm at the narrow section. Other sizes of specimens were in accordance with Table 

1(c). The specimen was fastened in grips, and then the load was applied continuously 

throughout the test. For each test piece, a moisture section approximately 20 mm in 

length was cut from the reduced section near the failure. 

 

Methods 
Determination of the tissues proportion 

The image recognition method was used for quantitative measurement of the 

tissue proportion. Each specimen approximately 10 mm in length was cut from the 

reduced section of the mechanical test sample near by the fractured part. After 6 h of 

boiling in deionized water, all specimens were immersed in water with a temperature of 

approximately 80 °C for 10 days. Water would enter in the hemicellulose, lignin, and 

amorphous region of cellulose, which could increase the plasticity of bamboo. This 

softened the specimens and then they were cut into 20-μm slices using a table microtome 

(REM-710; Yamato Kohki Industrial Co., Ltd., Saitama, Japan) for microscopic 

observation. All the slices were stained with safranine dye for 30 min, and then 

dehydrated step-by-step according to Wang et al. (2018). 

 

 
Fig. 2. Mosaic image of each slice with Photoshop 
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After the above steps, slices were observed under the microscope (DM2500; 

Leica Microsystems Inc., Germany) with a magnification of 40×. However, the 

microscope has a limited field of view, and this makes it impossible to see the whole 

microstructure of slice. To solve this problem, the image mosaicking technique provided 

a better view. The microscopic images were obtained from top to bottom for each slice, 

and then integrated into a whole one with Photoshop (Adobe Systems Incorporated, CS5, 

San Jose, America), as shown in Fig. 2. Afterwards, quantitative analysis on the vascular 

bundle and sheath-node tissues was investigated using the Image-Pro Plus 6.0 (Media 

Cybernetics Inc., Version 6.0, Maryland, America) software. In other words, the ratio of 

pixels in tissues was calculated. 

 

 
RESULTS AND DISCUSSION 
 
Compressive Strength 

There were one and two outliers (based on standard deviation) in the samples for 

the internode group and node group, respectively. Excluding the outliers’ data, the 

average, maximum, minimum, standard deviation, and significance data are presented in 

Table 2. The bamboo node had no significant impact on the compressive strength (Deng 

et al. 2016).  

 

Table 2. Data Analysis of Compressive Strength between Internode and Node 
Specimens 

Summary 

Group n Mean (MPa) 
Max. 
(MPa) 

Min. 
(MPa) 

SD 

Internode 29 47.51 60.96 35.33 7.66 

Node 28 48.34 61.08 36.26 6.77 

Variance 
Analysis 

Sources of 
variation 

SS df MS F P-value Significance 

Between 9.73163 1 9.73163 0.18575 0.66816 
Not 

significant 

Within 2881.43 55 52.3896    

Sum 2891.16 56     

SS: stdev square; df: degree of freedom; MS: mean square; SD: standard deviation 

 

The relationship of compressive strength and proportion of vascular bundle for 

internode and node specimens are given in Fig. 3 and Table 3. There were three and four 

invalid samples for internode and node specimens, respectively. It was found that the 

compressive strength was significantly and positively related to the proportion of 

vascular bundle (Zhang et al. 2017a). The internode specimens could produce models 

with better R2. For the node specimens, the irregular tissue arrangement led to additional 

uncertainty. The proportion of vascular bundle distributed in the internode was among 26% 

to 38%, which was a little higher than that in the bamboo node.  

 

 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Guan et al. (2020). “Microstructure vs. properties,” BioResources 15(1), 1430-1444.  1435 

 
Fig. 3. Relationship between compressive strength and proportion of vascular bundle: (a) 
internode and (b) node 
 

Table 3. Variance Analysis on Compressive Strength and Proportion of Vascular 
Bundle 

Sources of Variation SS df MS F P-Value Significance 

Internode 
Between 2925.44 1 2925.44 80.0884 5.9E-12 Significant 
Within 1826.38 50 36.5276    
Sum 4751.82 51     

Node 
Between 4788.39 1 4788.39 160.673 1.3E-16 Significant 
Within 1370.9 46 29.8021    
Sum 6159.29 47     

SS: stdev square; df: degree of freedom; MS: mean square 
 

During testing, there were two types of failure modes observed in all tested 

specimens. One was splitting, and the other was brooming (Fig. 4) (Mackenzie-Helnwein 

et al. 2003).  

 

 
 
Fig. 4. Brooming (a) and splitting (b) 
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Approximately 54.2% pieces failed in the form of brooming for the internode 

specimens, but 75% for the node specimens. This was probably because of the sheath-

node that contributed to transverse binding. Further research indicated that there was no 

significant correlation between the failure modes and proportion of tissue in terms of 

variance analysis. Therefore, failure mode relates to the tissue distribution. In addition to 

the sheath-node, the vascular bundles gradually decreased from the outer skin to the inner 

skin. If the gradient distribution was obvious, it was revealed that the splitting mode 

resulted from the longitudinal sliding displacement of the parenchyma, and the failure 

occurred near the inner skin. 

 
Centre Point Bending 

Each group had an outlier, whether they were internode or node specimens. The 

data analysis, except for the outliers, is shown in Tables 4 and 5. It was revealed that 

modulus of rupture (MOR) and modulus of elasticity (MOE) of internode specimens 

increased 16.92% and 10.24%, respectively, compared with the node specimens. 

Moreover, the bamboo node had significant influence on the MOR and MOE values 

(Ribeiro et al. 2017).  

 

Table 4. Data Analysis of MOR between Internode and Node Specimens 

Summary 
Group n Mean (MPa) Max. (MPa) 

Min. 
(MPa) 

SD 

Internode 31 138.31 169.17 109.83 15.20 
Node 29 118.29 135.14 102.16 8.70 

Variance 
Analysis 

Sources 
of 

Variation 
SS df MS F 

P-
value 

Significance 

Between 6003.997 1 6003.997 38.48821 
6.27E-

08 
Significant 

Within 9047.753 58 155.9957    
Sum 15051.75 59     

SS: stdev square; df: degree of freedom; MS: mean square; SD: standard deviation 
 
Table 5. Data Analysis of MOE between Internode and Node Specimens 

Summary 
Group n Mean (MPa) Max. (MPa) Min. (MPa) SD 

Internode 31 10393.17 11943.16 8503.91 900.65 
Node 27 9427.44 10437.14 8233.98 481.91 

Variance 
Analysis 

Sources of 
Variation 

SS df MS F P-value Significance 

Between 1.3E + 07 1 1.3E + 07 24.8091 6.4E-06 Significant 
Within 3E + 07 56 542376    
Sum 4.4E + 07 57     

SS: stdev square; df: degree of freedom; MS: mean square; SD: standard deviation 
 

The relationship of bending strength and tissues proportion for internode and node 

specimens is given in Fig. 5, Table 6, and Table 7. Eleven effective slicing data were 

collected for each group. It was found that the bending strength of the internode group 

was significantly and positively related to the proportion of vascular bundle, and the 

MOR could produce models with better R2. When there was a bamboo node, the MOR 

and MOE were dispersed and decreased with increased tissues proportion. This was 

because of the existence of a sheath-node that was irregular, various-shaped, and 
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uncertain amounts. In addition, the sheath-node undermined the ordered arrangement of 

the vascular bundle and interrupted the fiber length in the longitudinal direction (Peng et 

al. 2014; Huang et al. 2015; Zhang et al. 2017b). Compared to the internode group, the 

tissues proportion of the node group was higher, among 28% and 45%. However, it had 

no contribution to bending strength. The proportion of vascular bundle located in the 

internode was among 25% and 31%. 

 

 

 
 
Fig. 5. Relationship between bending strength and tissues proportion: (a) MOR of internode 
pieces; (b) MOE of internode pieces; (c) MOR of node pieces, and (d) MOE of node pieces 
 

Table 6. Variance Analysis of MOR and Tissues Proportion 

Sources of Variation SS df MS F P-value Significance 

Internode 
Between 60735.2 1 60735.2 601.881 2.1E-16 Significant 
Within 2018.18 20 100.909    
Sum 62753.4 21     

Node 
Between 31771.14 1 31771.14 509.5666 1.06E-15 Significant 
Within 1246.987 20 62.34935    
Sum 33018.13 21     

SS: stdev square; df: degree of freedom; MS: mean square 
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Table 7. Variance Analysis of MOE and Tissues Proportion 

Sources of Variation SS df MS F P-value Significance 

Internode 
Between 5.7E + 8 1 5.7E + 8 1188.75 2.7E-19 Significant 
Within 9528049 20 476402    
Sum 5.8E + 8 21     

Node 
Between 4.85E + 8 1 4.85E + 8 7086.908 5.5E-27 Significant 
Within 1367341 20 68367.05    
Sum 4.86E + 8 21     

SS: stdev square; df: degree of freedom; MS: mean square 
 

All specimens started cracking at the tension side, then some of them fractured in 

the form of brash tension, and others in the form of simple tension (Fig. 6). There were 

approximately 36.4% samples that failed in the form of brash tension for internode 

samples, but 100% for node samples. Meanwhile, all the cracks of node samples were 

from the node. Furthermore, it was found that the vascular bundles were not fully 

differentiated (Fig. 6c), which was one of the main reasons that led to low bending 

strength.  

 

 
Fig. 6. Brash tension: (a) internode group and (c) node group; and simple tension: (b) internode 
group 
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To the internode group, there was no significant association between the failure 

modes and the proportion of vascular bundle according to the variance analysis. Thus, the 

tissue distribution was a key factor in determining the propagated mode of cracking. The 

cohesion strength of parenchyma was weaker than that of the vascular bundle. Therefore, 

the breakdown point was located in the parenchyma, then it propagated through the 

nearest parenchyma in the opposite direction of pressure. If there was an adequate 

amount of vascular bundles at a certain height along the way, the failure mode of simple 

tension would occur under the action of shearing. 

 

Tensile Strength 
There was only an outlier in the samples for the node group. The data analysis 

except for the outlier is shown in Table 8. There were significant differences in tension 

strength between the node and internode specimens. Meanwhile, the tension strength of 

the internode group could be up to 39.0% higher than that of the node group (Shao et al. 

2010).  

The relationship between tension strength and tissues proportion for internode and 

node specimens is given in Fig. 7 and Table 9. There were 23 and 18 available slicing 

data for internode group and node group, respectively. A high tissues proportion 

corresponded to a high tension strength as a whole, and there was significant correlation 

between the two items. However, the tension strength in the node group had relatively 

higher dispersion from 26% to 40%. The reason for that was the same as above described 

for the bending strength. 

 

Table 8. Data Analysis of Tension Strength between Internode and Node 
Specimens 

Summary 
Group n Mean (MPa) 

Max. 
(MPa) 

Min. (MPa) SD 

Internode 26 136.93 180.54 96.10 22.57 
Node 28 98.52 136.33 62.48 20.32 

Variance 
Analysis 

Sources of 
Variation 

SS df MS F P-Value Significance 

Between 19894.24 1 19894.24 43.31289 2.3E - 8 Significant 
Within 23884.36 52 459.3146    
Sum 43778.6 53     

SS: stdev square; df: degree of freedom; MS: mean square; SD: standard deviation 

 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Guan et al. (2020). “Microstructure vs. properties,” BioResources 15(1), 1430-1444.  1440 

 
Fig. 7. Relationship between tension strength and tissues proportion: (a) internode and (b) node 

 

Table 9. Variance Analysis of Tension Strength and Tissues Proportion  

Sources of Variation SS df MS F P-value Significance 

Internode 
Between 128910 1 128910 475.256 3.3E-25 Significant 
Within 11934.7 44 271.243    
Sum 140845 45     

Node 
Between 40710.79 1 40710.79 308.3456 1.27E-18 Significant 
Within 4489.012 34 132.0298    
Sum 45199.8 35     

SS: stdev square; df: degree of freedom; MS: mean square 
 

The failures for tension strength were in three modes, namely brittle tension, 

splintering tension, and combined tension and shear (Fig. 8).  
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Fig. 8. (a) Brittle tension; (b) combined tension and shear; and (c) splintering tension; upper 
slices were part of internode group, and lower slices were part of node group 
 

The failure modes of internode specimens mainly consisted in brittle tension 

(39.1%) and combined tension and shear (43.5%). Whereas, the node specimens failed 

mainly in the form of splintering tension (44.4%) and combined tension and shear 

(44.4%). Similarly, there was no significant relationship between tissues proportion and 

failure modes. The distribution characteristics of vascular bundle determined the failure 

modes of internode specimens, but the sheath-node was the key factor affecting the 

failure patterns of node specimens. It was because of the short length and random 

distribution of sheath-node, and the form of splintering tension would appear multiple 

times. 

 

 

CONCLUSIONS 
 

1. The compression strength was not influenced by the bamboo node. However, for 

failure modes of compression strength, the bamboo node reduced the probability of 

splitting by enhancing the transverse strength. 

(a) (b) (c) 

Failure mode Failure mode Failure mode 
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2. The MOR, MOE, and tensile strength decreased with the presence of a bamboo node. 

Moreover, a bamboo node increased the dispersion of strength, and the likelihood of 

brash tension failure in the bending test and splintering tension failure in tension test. 

These were due to the following reasons: 1) the sheath-node was irregular with short 

length along the growth direction; 2) the vascular bundles in bamboo node were not 

fully differentiated; and 3) the sheath-node broke the fiber length in the growth 

direction and disturbed the arrangement of vascular bundles. 

3. A high tissues proportion corresponded to a high compression strength, bending 

strength, and tension strength, but to a low elasticity modulus as a whole. However, 

there was no significant relationship between tissues proportion and failure modes in 

any tests. The tissues proportion distributed in the bamboo node was relatively 

discrete and a little higher than that in the internode. However, the high proportion in 

the node showed  no significant effect on strength.  
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