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Bamboo hardness test standards are not available. This study developed 
a new test method for bamboo indentation hardness with the U-shaped 
cylindrical and V-shaped compression heads in bamboo rings with 
different lengths. The mechanical behaviors of bamboo rings under two 
kinds of compression heads were analyzed. The results showed that U-
shaped indentation hardness and V-shaped indentation hardness were 
closely correlated with compression strength and that the difference 
between U-shaped indentation hardness and V-shaped indentation 
hardness was significant. However, the bamboo rings with different 
lengths showed no significant difference in indentation hardness. 
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INTRODUCTION 
 

In many countries, especially in Asia, bamboo is an important natural resource. Due 

to its rapid growth rate and excellent flexibility and machinability, bamboo is widely used 

as a material in construction, furniture, pulping, and handicraft works. It resembles a 

hollow cylinder with many nodes (circular discs inserted into the hollow cylinder). The 

function of these nodes is to prevent buckling caused by bending. In addition, they may 

also act as axial crack arresters. Compared with wood, bamboo has a unique structure. 

Hardness reflects the ability of a material to resist the entry of other rigid bodies. It 

is the common parameter in testing the mechanical properties of materials (Tsoumis 1991). 

This property is particularly important in processing and utilization of wood and bamboo. 

For bamboo products such as flooring, hardness is a very important strength standard 

(Berndsen et al. 2014). 

The indentation method is derived from the hardness test. By establishing the 

connection between the partial indentation test and the conventional mechanical test, the 

characteristics of the material can be obtained. The main application in the field of wood 

is the nano-indentation technology, which has the advantages of simplicity and rapidity 

(Oliver and Pharr 1992; Yu et al. 2007). The mechanical properties of the cell walls and 

the hardness of the fibers at the cell level were obtained. However, bamboo is a porous, 

layered, and heterogenous natural polymer biomaterial with a multistage structure, and it 

has different mechanical properties on the macro scale. Nano-indentation characterization 

determines the mechanical behavior of a single fiber at the microscopic scale. 

At present, the international standard of wood hardness testing is  ISO3350 (1975), 

and Chinese National Standard is GB/T-1941 (2009), which is a revision of the 

international standard. The principle of the standard is the Janka hardness testing method. 

The hemispherical head of 11.28 mm is pressed into the wood, and the maximum load 

value is the hardness. However, because of its heterogeneity, large differences in the outer 
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and inner wall, and wall thickness limitations, it is not suitable to use wood hardness testing 

directly. There are no international standards, Chinese national standards, or industry 

standards in bamboo hardness testing methods. 

To date, wood hardness and half pressure hardness have been used as reference for 

radial hardness of bamboo (Dong et al. 2009; Ge et al. 2012; Trujillo and Jangra 2016). 

However, because of the thickness limit of the bamboo and its own arc, the loading of the 

end and the tangential direction is difficult, and the specimens easily crack when the contact 

surface is the bamboo green in the radial loading. Thus, there is no definite method for 

measuring the hardness of the end face of bamboo. 

In this paper, a new method was used to study the macro hardness indentation of 

bamboo based on previous studies and the hardness and compression tests of wood in 

relevant standards. Based on the traditional material processing machine, according to the 

principle of depth measurement pressure, a pressure machine was developed for the macro 

depth measurement instrument. This study developed an indentation hardness test method 

to provide a fast testing and grading method for bamboo culm. 

 
 
EXPERIMENTAL 
 

Materials 
Nine four-year-old moso bamboo (Phyllostachys pubescens Mazel) culms with a 

total height of about 13 m and the diameter at the breast height of 9 to 15 cm were harvested 

from Huoshan Town, Anhui Province, China. The specimens were exclusively taken from 

three successive internode sections of the fresh culms at the height of 1.3 to 2.0 m. Bamboo 

rings at three different heights were obtained in two methods (Fig. 1(a)-(b)). 

 

 
(a) Sectioning way 1 of bamboo rings 

 
(b) Sectioning way 2 of bamboo rings 

 

Fig. 1. Schematic diagram of specimens cut in two sectioning ways 

 

To explore the effect of the height of bamboo on the indention hardness, bamboo 

with the heights of 20 mm, 30 mm, and 40 mm were cut successively from the bottom to 

the top of the three internodes. Nine bamboo rings for each height were obtained from three 

culms according to each sampling method. A total eighteen specimens for each height were 

obtained. 

The upper and lower surfaces of all the specimens were absolutely smooth and 
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parallel to each other and both perpendicular to the axial direction. The height of each 

bamboo ring was measured at four points, which were respectively in the longest axis and 

the shortest axis (Fig. 2). The measurement error was controlled within 5%. The moisture 

content was measured immediately after the test. The average moisture content of all 

specimens was 42%. 

 

 
Fig. 2. Height measurement of a bamboo ring 
 

Indention hardness tests were performed on a universal testing machine (TENSON, 

WDW-T50, Jinan, China) equipped with a load cell with a capacity of 10 KN. According 

to ASTM D143-14 (2014), wood hardness was determined by with a ball-shaped 

compression head with a diameter of 11.3 mm (Fig. 3(a)). Bamboo is a hollow cylinder, so 

to consider the properties of bamboo more completely, a roller compressing head was used 

across the end of bamboo (Fig. 3(b)-(c)). 

 

      (a)                                                (b)                                                      (c) 
 

Fig. 3. Determination flow chart of round bamboo indentation test: (a) wood hardness test model; 
(b) round bamboo indentation test model; (c) indentation dimension 

 

Fig. 4. Schematic diagram of round bamboo indentation test system 

wood 
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Fig. 5. Centering device of the specimen 

 

For the pipe shape of bamboo culm with thin culm walls, indention hardness of 

bamboo was tested by U-shaped and V-shaped compressing heads as shown in Fig. 4. The 

U-shaped and V-shaped compressing heads were fixed on a compression platen. The height 

of both heads was 3 mm. The surface of platen was smooth. Before the test, the specimen 

was fixed at the center of the pressure plate, and the position was adjusted using a centering 

device (Fig. 5). 

 

Indentation Hardness 
For each specimen, three indices were tested. Six points (A, B, C, D, E, and F) were 

marked along three axes of each bamboo ring. The three axes pass through the center of 

bamboo ring. The AB axes were long axes for the U-shaped indentation test, and the CD 

axes were short axes for the V-shaped indentation test. Immediately after the indentation 

tests, the bamboo ring specimens were sewed at the points of E and F for the longitudinal 

compression test (Fig. 6). 

 

 
 
Fig. 6. Indentation test position on specimen 

 

First, indentation hardness was tested on each specimen with U-shaped and V-

shaped compressing heads. The specimens used in compression strength tests with the 

dimensions of 20 mm (longitudinal) × 20 mm (tangential) × t mm (radial) were obtained 

at E and F points after indentation hardness tests. Compression strength was tested 

according to GB/T 15780 (1995). Before the tests, the height and thickness of bamboo ring 

at four points (A, B, C, and D) was measured. The longitudinal, tangential, and radial 

dimensions were measured for compression strength tests. 
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In indentation hardness tests, the specimen was fixed on the bottom platen with the 

centering device. The specimens were loaded at a displacement rate of 3 mm/min until the 

head was completely embedded in culm wall. The corresponding load and displacement 

values were recorded. The indentation hardness was calculated as follows, 

𝜎 =
𝑃

𝑆
                                         (1) 

where σ is indentation hardness at indentation depth of 3 mm (MPa, precision of 0.1 MPa), 

and P is the indentation load when it is pressed into the depth of 3 mm, N, as shown in Fig. 

8, Pmax. S is the indentation area when it was pressed into the depth of 3 mm, in mm2 and 

can be calculated as follows, 

𝑆 = w×t                                        (2) 

where w is the width of indentation in the tangential direction of bamboo culm; t is bamboo 

wall thickness at the indentation, mm. 

 

Compression Strength 
In compression strength tests, the small specimen was set at the center of bottom 

platen and compressed by the top smooth platen. The specimens were loaded at a 

displacement rate of 3 mm/min until the failure. Compression strength was calculated 

according to GB/T 15780 (1995). The average value of 18 specimens was calculated. 

 
 
RESULTS AND DISCUSSION 
 

Effects of Bamboo Ring Height on Indentation Hardness 
 Higher bamboo rings increase the preparation difficulty, but short bamboo rings do 

not represent the property completely. In order to confirm the effects of bamboo ring height 

on the indentation hardness, the indentation hardness of three bamboo rings with different  

heights was tested with U-shaped and V-shaped compression heads. The representative  

load-displacement curves of the specimens are shown in Fig. 7. 
 

(a) U-shaped compression head             (b) V-shaped compression head 

 

Fig. 7. Load-displacement curves of bamboo rings in different lengths (L20: Bamboo ring length 
is 20 mm, L30: Bamboo ring length is 30 mm, L40: Bamboo ring length is 40 mm) 
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The load-displacement curves of three rings with different heights were similar. 

The load increased with the increase of the displacement. However, the increasing trends 

of the curves obtained with U-shaped and V-shaped compression heads were different. The 

curves of three rings with different heights obtained with the V-shaped compression head 

were linear curves, and the compression load increased linearly with the increase in the 

displacement. However, in the curves obtained with the U-shaped compression head, the 

load linearly increased at first and then it increased nonlinearly when the displacement 

exceeded 0.5 mm due to the stiff opposite response. Compared with the contact area in the 

V-shaped compressing head method, the contact area was larger in the U-shaped 

compressing head method, and the circular surface presented the slight yield response.  

 

Table 1. Indentation Hardness of Bamboo Rings in 3-Different Length under U 
and V Shaped Compression Head 

Specimen 
lengths 
(mm) 

Average 
wall 

thickness 
(mm) 

Moisture 
content 

(%) 

U-shaped indentation 
hardness (MPa) 

V-shaped indentation 
hardness (MPa) 

Average Std. Cov. 
(%) 

Average Std. Cov(%) 

20 21.13 40.66 54.72 2.87 5.24 48.20 4.02 8.34 

30 21.19 42.44 53.17 2.92 5.51 51.2 4.45 8.68 

40 21.98 44.60 55.19 3.87 7.02 49.48 5.87 11.86 

Std., standard deviation; and Cov., coefficient of variation 

 
Table 2. Significant Difference Analysis at the Level of 0.05 

Indicators of inter-group differences SS df MS F Sig. 

U-shaped indentation hardness 4.916 2 2.458 0.189 0.829 

V-shaped indentation hardness 33.104 2 16.552 0.600 0.597 

SS, sum of squares; df, degree of freedom; and MS, mean square. 

 

Table 1 shows the indentation hardness of three kinds of bamboo rings. Indentation 

hardness obtained with the U-shaped compression head was slightly higher than that 

obtained with the V-shaped compression head for all the specimens. However, there was 

no great difference in indentation hardness at different heights. As shown in Table 2, the 

indentation hardness of bamboo rings at different heights showed no statistically significant 

difference. Although the height showed no significant influence on indentation hardness, 

bamboo ring at the height of 20 mm was selected in the subsequent analysis of indentation. 

The indentation hardness of all the 54 specimens with three different heights was tested in 

this study. 

 
Compression Strength and Indentation Hardness of Bamboo 

A total of 54 specimens were used to test indentation hardness, and 108 specimens 

were used to test compression strength. The indentation hardness obtained with U-shaped 

and V-shaped compression heads was lower than compression strength (Table 3). 

Compression strength was 53.7 MPa, which was slightly lower than corresponding values 

in previous reports (Wang 2002; Li 2009). The difference might be interpreted as follows. 

The moisture content in the testing specimen was higher than the saturation moisture 

content, and the mechanical properties decreased with the increase in moisture content. 

Though the indentation compression process was similar to the standardized grain 

compression test method, compression loads were different in the two test methods. The 
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maximum compression load was the compression load at the failure point in the 

compression strength test, whereas the maximum compression load was the compression 

load under the displacement of 3 mm in the indentation hardness test. Moreover, the 

compression strength values of different specimens were also different. In compression 

strength tests, each specimen was separately tested, and their cross sections were 

compressed completely.  

The U-shaped indentation hardness was compared with the V-shaped indentation 

hardness in Table 3. U-shaped indentation hardness and the grain compression strength 

were greater than the V-shaped indentation hardness. According to the paired specimen 

test in Table 4, there was a significant difference between U-shaped and V-shaped 

indentation hardness. The difference may be interpreted as follows. In the indentation 

process, the end face of the bamboo ring obtained with U-shaped compression head and in 

CIS compression process has a larger yield area than that obtained with V-shaped 

compression head. In the displacement-load curve obtained with V-shaped compression 

head, the slope of the rear part of the linear segment is slightly smaller, indicating that the 

slight yield. In summary, the yield area obtained with V-shaped compression head was 

smaller and the overall yield area was smaller. Therefore, V-shaped indentation hardness 

was lower than U-shaped indentation hardness and the compressive strength. 

 
Table 3. Paired Specimen Statistics of U-shaped Indentation Hardness and V-
Shaped Indentation Hardness 

 Average N Std. Cov. (%) 

U-shaped indentation 
hardness 

52.8 54 3.55 6.72 

V-shaped indentation 
hardness 

50.4 54 4.14 8.21 

Compression strength 53.7 108 6.90 12.8 

N, number; Std., standard deviation; Cov, coefficient of variation  

 

Table 4. Paired Specimen Test of U-shaped Indentation Hardness and V-shaped 
Indentation Hardness 

 Paired difference T df Sig. 
(two 
tails) 

Average Std. Standard 
error  

The 95% confidence 
interval for the difference 

Lower 
limit value 

Upper limit 
value 

U-V 12.38685 3.11218 .42351 11.53739 13.23631 29.248 53 .000 

Std., standard deviation; df, degree of freedom. 

 

The correlation between indentation hardness obtained with the U-shaped and V-

shaped compression heads and compression strength is shown in Fig. 8. The coefficient of 

determination between V-shaped indentation hardness and compression strength (R2 = 

0.6924) was higher than that between U-shaped indentation hardness and compression 

strength (R2 = 0.558), indicating that V-shaped indentation hardness test was more similar 

to standardized grain compression tests. Therefore, V-shaped indentation hardness was 

used to grade bamboo rings in subsequent tests. 
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(a)                                                           (b) 

Fig. 8. Relationship between the U-shaped (a) and V-shaped (b) indentation hardness and the 
compressive strength 

 

Compression Behaviors 
The representative load-displacement curves of the specimens obtained in three 

compression methods are shown in Fig. 9. These curves were different in the curve shape 

and trend. Three representative compression load-displacement curves of bamboo in three 

different compression head are presented in Fig. 9, which contained three typical segments: 

linear elasticity segment, non-linear viscoelasticity segment, and failure non-linear 

segment. The long non-linear segment indicated a long-term deformation behavior until 

the failure under a maximum load. 
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Fig. 9. Load-displacement- curves of bamboo in three different compression heads. 

 

 In contrast, the load-displacement curve obtained in V-shaped indentation test 

method only had the linear segment until the critical point. However, the load-displacement 

curve obtained with the U-shaped compression head was similar to that obtained with the 

V-shaped compression head except that the former curve was smooth, whereas the latter 
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segments: the first linearly increasing segment and the second gently increasing segment. 

 

                

Fig. 10.  Indentation under U-shaped compression head (a) and V-shaped compression head (b) 

 

The characters of these curves reflected their compression behaviors. In 

compression tests, only elastic deformation corresponding to the linear segment in the 

curve occurred. The viscoelasticity was evaluated under the increasing load within a longer 

period. Finally, the specimen was crushed under the critical load. The failure modes of 

bamboo included rupturing the inner layer and humping the outer layer (Fig. 10). 

The special failure characteristics of bamboo rings in U-shaped indentation tests 

were the circular column indentation, the shear rupture of the inner layer, and the brooming 

of the outer layer (Fig. 10(a)). The failure mode was associated with the circular surface of 

compression head. 

The failure mode of bamboo in V-shaped indentation tests involved V-shaped 

indentation on the cross section, which was similar to the circular indentation in U-shaped 

indentation tests. However, the lowest middle line of V indentation was deep. The outer 

layer was ruptured and the inner layer was crushed on the line (Fig. 10(b)). 

According to bamboo indentation modes and compression characteristics in three 

compressing tests, the outer part of bamboo culm with a high fiber volume fraction (~50%) 

(Zhang 2000; Li 2014) exhibited the excellent compression property. The stiff fibre 

bundles mainly bore the axial compression load. The inner part of bamboo culm with the 

lower fiber volume fraction and higher volume fraction of parenchyma tissues presented a 

slightly weak structure. The inner layer with silicon mainly bore the compression load, but 

it was slightly weaker than that of the outer layer. 

 
 
CONCLUSIONS 
 

1. Indentation hardness of bamboo was tested in two kinds of compression heads. In order 

to clarify the effect of bamboo ring height on the indentation hardness, specimens with 

three different heights were tested. 

2. The difference in indentation hardness between bamboo rings with different heights 

was not significant. Considering the measurement accuracy of specimens, the 

specimens at the height of 20 mm were used for indentation hardness tests. 

3. Indentation hardness values were different in U-shaped and V-shaped indentation tests. 

a b 
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U-shaped indentation hardness was slightly higher than V-shaped indentation hardness. 

However, indentation hardness in V-shaped indentation tests was correlated with 

compression strength and its load-displacement curve could well describe the 

compression properties of bamboo.  

4. The specimens showed different failure characteristics in the compression strength test 

and U-shaped and V-shaped indentation harness tests. The bending of the outer layer 

was the main failure characteristics in compression strength test. Circle indentation of 

the inner layer and crushing of the outer layer was main failure characteristics in U-

shaped indentation hardness tests. Triangle indentation of the outer layer rupture was 

the main failure characteristics in V-shaped indentation harness tests. In compression 

strength tests and U-shaped and V-shaped indentation hardness tests, the stiff fiber 

bundles bore the compression load in the axial direction. The outer layer with more 

fiber bundles was stiffer and bore the more compression loads in compression strength 

tests. 
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