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A B S T R A C T   

Architectural pavilions made of round bamboo are undergoing rapid development due to their appealing 
appearance and low carbon footprint, but their structural analysis is challenging due to the existence of bamboo 
nodes. Generally, bamboo nodes provide positive effects on the mechanical behavior of bamboo culms in terms 
of evolution. However, the loading conditions of bamboo culms used in buildings greatly differ from the natural 
conditions. Some studies have been conducted on this issue but come to different conclusions. In this regard, this 
work conducts a comprehensive study on the effects of bamboo nodes on the mechanical properties of bamboo 
culms. A total of 168 specimens divided into four types were tested, including compressive, tensile and shear 
tests parallel to the grain and radial compressive tests. The load–displacement curves and failure modes were 
analyzed. The analysis of variance method was used to evaluate the effects of bamboo nodes on the mechanical 
properties. A comprehensive discussion based on fiber morphology is presented to explain the effects of nodes 
under different load conditions. Additionally, the fiber distribution in the diaphragm was observed, and the 
compressive strength of the diaphragm was tested. It was found that the bamboo node had significant effects on 
the tensile strength and radial compressive modulus. Compared to the bamboo culm without nodes, the tensile 
strength of bamboo culm with nodes decreased by 47%, while the node could improve the pipe stiffness by 
123%. In compressive and shear tests parallel to the grain, the bamboo node showed slight effects on the 
strength. The differences in both strengths were all within 9% in value. Based on the geometric model, the 
relationship between the fiber morphology and the mechanical properties was built. In short, the bamboo node 
showed less improvement in compressive and shear tests parallel to the grain but should be carefully considered 
in tensile conditions due to its weakening effect.   

1. Introduction 

Bamboo is a promising building material in terms of its carbon 
sequestration characteristics to reduce global greenhouse gas emissions 
[1]. In particular, round bamboo shows a lower carbon footprint than 
engineered bamboo due to its simple procedure and lower energy con
sumption in the manufacturing process. In addition, round bamboo has 
been widely used to construct curvilinear pavilions due to its thermal- 
bending property [2]. In this regard, lots of round bamboo pavilions 
have been constructed in China. However, it is always a challenge to 
conduct structural analysis of round bamboo structures due to the ex
istence of bamboo nodes. The bamboo node is complex in geometric 
structures [3,4], as shown in Fig. 1. In the natural environment, the raw 

bamboo culm is similar to a cantilever beam, and defection is often 
caused by self-weight and wind load [5]. Bamboo nodes are vital for the 
strength and stability of bamboo culms [6–9]. Nonetheless, the loading 
conditions of bamboo culms in full-culm bamboo structures differ 
greatly from natural conditions [6–14]. 

In this regard, the effects of bamboo nodes under different loading 
conditions should be reconsidered. As shown in Table 1, some re
searchers have noted the effects of bamboo nodes on the strength of 
bamboo culms, but the conclusions were inconsistent and disputed. It 
was reported that the existence of bamboo nodes had a positive [6,13] or 
negative [15,16] effect on the compressive strength, but the effects of 
the strength in most cases [6,13,15] were not obvious. For tensile 
strength parallel to the grain, most of the studies [6,13,15,17] showed 
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that the tensile strength of the coupons with nodes was lower than that 
of the internode. However, Chen and Luo [18] reported that the node 
was stronger than the internode due to the coarser fiber bundles, higher 
fiction of fibers, and hierarchical fibrous woven structure at the node. 
For the shear strength parallel to the grain, some researchers [6,15] 
believed that the bamboo node could strengthen the longitudinal shear 
strength of specimens, while other researchers [13,16,17] considered 
that the bamboo node slightly weakened the shear strength parallel to 
the grain. 

Most studies have focused on the effects of nodes on compressive, 
tensile and shear strengths parallel to the grain, but the radial 
compressive performance of bamboo culm is also important in engi
neering applications [19–22]. In a full-culm bamboo structure, the 
bamboo culms mainly bear radial loads at the cross-lap joints. Never
theless, few studies have been conducted to evaluate the effects of nodes 
on the radial properties of bamboo [23]. Therefore, it is necessary to 
carry out radial compressive tests to determine the effects of nodes and 
thus provide a reference for the layout arrangement of bamboo culms in 
cross-lap joints. 

In this paper, a total of 168 specimens were tested in four types to 
evaluate the effects of nodes on the mechanical properties of natural 
bamboo culms, including compressive, tensile and shear tests parallel to 
the grain and radial compressive tests. The load–displacement curves 
and the failure modes were analyzed. In addition, the compressive 
strength of the bamboo diaphragm was obtained by a compressive test. 
Finally, a comprehensive discussion based on fiber morphology was 
presented to explain the mechanical behavior of compressive, tensile 
and shear specimens with nodes. 

2. Experimental programs 

2.1. Materials 

In this work, four-year-old Moso bamboo (Phyllostachys edulis) culms 
were obtained from Hubei Province, China. Both ends of the raw 
bamboo were cut off in a length of 1.0 m to avoid the impact of shape 
distortion. The remaining culm was evenly longitudinally divided into 
three parts, denoted as B (bottom), M (middle), and T (top). The wall 
thickness ranged from 6 mm to 9 mm, and the diameter of the bamboo 
culm ranged from 60 mm to 80 mm. All specimens were placed in 
ambient conditions for more than one week before the tests to reduce the 
difference in moisture content. The moisture content was between 
10.5% and 15.2%, as measured according to ISO 22157–2019 [24]. All 
specimens in each test were taken from the same bamboo culm to reduce 
the influence of material variation on the test results. 

2.2. Design and preparation of specimens 

Table 2 shows that a total of 168 specimens were prepared for four 
different mechanical tests. Each type of test included specimens that 

were selected evenly from the top, middle, and bottom of the bamboo. 
Specifically, for a test with six specimens, two were selected from the 
top, two from the middle, and two from the bottom of the bamboo. The 
compressive specimens were obtained from four bamboo culms desig
nated A, B, C, and D, as shown in Fig. 2(a), where bamboo culms A and B 
were prepared for the specimens of 100 mm height, and bamboo culms C 
and D were allocated for the specimens of 200 mm height. The tensile 
specimens were obtained from two bamboo culms designated E and F, as 
shown in Fig. 2(b). The shear specimens were obtained from two 
bamboo culms designated G and I, in which the diaphragms of bamboo I 
were removed, as shown in Fig. 2(c). The radial compressive specimens 
were obtained from two bamboo culms designated H and J, in which the 
diaphragms of bamboo J were also removed. 

2.3. Experimental setup and instrumentation 

The experimental setup is shown in Fig. 2. Compressive and tensile 
tests parallel to the grain were carried out through a 300 kN universal 
testing machine, while shear tests parallel to the grain and radial 
compressive tests were carried out using a 100 kN testing machine. For 
compressive tests, a spherical hinge was used to reduce the influence of 
the misalignment of the specimens, and the intermediate layer was 
applied between the steel plate and the specimen end to minimize the 
radial friction restraint of the steel plate according to ISO 22157–2019, 
as shown in Fig. 2(a). The compressive tests were performed with a 
loading rate of 6 mm/min. The tensile tests parallel to the grain were 
carried out in accordance with JGT 199–2007 [25] with a loading rate of 
6 mm/min, as shown in Fig. 2(b). The shear tests parallel to the grain 
were carried out in accordance with ISO 22157–2019 with a loading rate 
of 0.6 mm/min. To ensure accurate testing, it is essential that the 
specimen is positioned with its axis in alignment with the loading axis of 
the machine and that the center of the specimen coincides with that of 
the shear plates. Prior to testing, a minimal load of no more than 1 % of 
the expected failure load should be applied to seat the specimen. For the 
radial compressive tests, the loading was carried out along the minor 

Fig. 1. Multi-scale structures of the bamboo node.  

Table 1 
Effects of nodes on the mechanical properties of bamboo culms.  

Reference Compressive 
strength parallel to 
the grain 

Tensile strength 
parallel to the 
grain 

Shear strength 
parallel to the 
grain 

Effect Effect Effect 

Shao et al. [6] Positive 6% Negative –33% Positive 3% 
Oka et al. [15] Positive 4% Negative − 57% Negative − 2% 
Sivero and 

Jakranod  
[17] 

– – Negative − 54% Negative − 5% 

Huang et al.  
[16] 

Negative − 36% – – Negative − 50% 

Chen and Luo  
[18] 

– – Positive 23% – – 

Liu et al. [13] Positive 5% Negative − 14% Positive 2%  
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axis direction in terms of the elliptical cross section of the specimens. 
The loading rate in the radial compressive tests was set as 2 mm/min 
following GB/T 9647–2015 [26]. The pipe stiffness in radial compres
sive tests was calculated in accordance with ASTM D2412-96a [27]. 

Strain gauges were placed on the inner and outer surfaces of radial 
compressive specimens to measure the strain values in critical regions. 
The layout of the strain gauges is shown in Fig. 3. The displacement was 
recorded by the displacement transducers installed at the loading 
actuator. 

3. Experimental results 

3.1. Experimental observation and failure modes 

In compressive specimens parallel to the grain, the specimens of 100 
mm height were observed to fail in both global and local buckling 
modes, as shown in Fig. 4(a) and (b). Due to the Poisson effect and 
splitting throughout the entire height, the internode specimens exhibi
ted buckling at the middle of the height. The buckling mode resembled 
the elephant-foot buckling seen in thin metal cylindrical shell structures. 
Fully developed longitudinal splitting was the primary cause of spec
imen failure. Fig. 4(b) displays the typical failure mode of the node 
specimens with a height of 100 mm. Owing to the circumferential re
straint of the bamboo node, splitting and local buckling initially 

Table 2 
Details of the specimens.  

Specimen group Culm No. Node Test standard Loading rate 
(mm/min) 

Strength calculation Specimen number 

Compressive test parallel to the grain Bamboo A Node ISO 22157–2019 6 fc =
Fult

A 
6 

Internode 6 
Bamboo B Node 6 

Internode 6 
Bamboo C Node 6 

Internode 6 
Bamboo D Node 6 

Internode 6 
Tensile test parallel to the grain Bamboo E Node JGT 199–2007 6 f t =

Fult

bt 
6 

Internode 6 
Bamboo F Node 6 

Internode 6 
Shear test parallel to the grain Bamboo G Node ISO 22157–2019 0.6 fv =

Fult
∑

(δ × L)
12 

Internode 12 
Bamboo I Without diaphragm 12 

Internode 12 
Radial compressive test Bamboo H Node ASTM D2412-96a 2 PS =

F
Δy 

12 
Internode 12 

Bamboo J Without diaphragm 12 
Internode 12 

Note: fc is the compression strength parallel to the fibers, Fult is the maximum load at which the specimen fails, A is the cross-sectional area of the culm, ft is the tension 
strength parallel to the direction of the fibers, b is the width of the tension test specimen gauge region, t is the thickness of the tension test specimen gauge region, fv is 
the shear strength parallel to the fibers, 

∑
(δ × L) is the sum of the four measured areas at the shear planes, PS is the pipe stiffness, F is the load applied to the pipe to 

produce a given percentage deflection, Δy is the measured change in the inside diameter in the direction of the load. 

Fig. 2. Experimental setup and instrumentation: (a) compressive test, (b) tensile test, (c) shear test parallel to the grain, and (d) radial compressive test.  
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occurred at the specimen ends. As the axial displacement increased to its 
maximum value, the specimens underwent longitudinal splitting across 
the node, leading to failure. The specimens with a height of 200 mm 
failed through splitting accompanied by local buckling, as shown in 
Fig. 4(c) and (d). For internode specimens, splitting and local buckling 
occurred first at one end of the specimen, followed by the development 
of longitudinal splitting and lateral displacement. Once the splitting had 
developed through approximately half the specimen height, failure 
occurred. For the node specimens, splitting and buckling occurred at one 
or both ends of the specimen, and failure was caused by the development 
of splitting and buckling across the node region. 

Fig. 5(a) shows the typical failure mode of internode specimens in 
tensile tests. When the axial displacement increased to the maximum 
value, the fibers at the inside of the bamboo culm first fractured, and a 
small transversal crack occurred, followed by the development of lon
gitudinal cracks until failure. For the node specimens, two failure modes 
were observed, as shown in Fig. 5(b). In failure mode I, the transverse 
crack first occurred near the node, and then the crack began to develop 
longitudinally until failure, and this was similar to the tensile internode 
specimen. In failure mode II, the initial crack appeared at the node and 
was quickly followed by the rupture of the whole node with a rough 
failure surface. 

Fig. 3. The layout of strain gauges on: (a) bamboo H, and (b) bamboo J.  

Fig. 4. Typical failure modes of compressive specimens: (a) 100 mm height internode specimen, (b) 100 mm height node specimen, (c) 200 mm height internode 
specimen, and (d) 200 mm height node specimen. 

Fig. 5. Typical failure modes of tensile specimens: (a) tensile internode specimen, and (b) failure mode I and II of tensile node specimen.  
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The failure modes of shear specimens parallel to the grain are shown 
in Fig. 6. A series of parallel lines were drawn perpendicular to the 
intended shear surface to assist the observation of the relative slip. All 
the shear specimens experienced sudden shear failure in one of the four 
shear surfaces. Fig. 6(a) shows the failure mode of internode specimens. 
The parallel lines were obviously dislocated, indicating a large relative 
slip at the shear surface. For the node specimens with or without the 
diaphragm, no obvious dislocation of the parallel line appeared until the 
peak load. When reaching the peak load, a shear crack suddenly 
occurred at the shear surface with a loud sound, as shown in Fig. 6(b) 
and (c). 

The failure modes of the radial compressive specimens are shown in 
Fig. 7. For the internode specimens, one or two splitting cracks occurred 
at the outer surface during the loading process, and the cracks were close 
to the major axis, as shown in Fig. 7(a). The specimen failed when one of 
the splits developed through the bamboo culm. Fig. 7(b) shows the 
failure mode of the node specimens. The distribution of splitting cracks 
was similar to that of the internode specimens. When reaching the peak 
load, a crack suddenly developed through the diaphragm along the 
minor axis. Fig. 7(c) shows the failure mode of the node specimens 
without the diaphragm. During the loading process, splitting inside the 
bamboo wall first occurred at or near the minor axis. Then, splitting 
outside the bamboo wall occurred. The distribution of splitting cracks 
was more complex. 

3.2. Load-displacement relationships 

The load–displacement curves were demonstrated for compressive, 
tensile and shear tests parallel to the grain, as shown in Fig. 8. The 
typical curves were selected from the tested specimens, based on their 
similarity to the average normalized curve. These selected curves were 
characterized by their smooth profiles and representative trends. The 
selected typical curve should exhibit a linear region within the 
displacement range, as well as strain hardening or brittle fracture when 
the material reaches its maximum strength. 

Fig. 8(a) shows the typical load–displacement curves of compressive 
specimens. The internode and node specimens exhibited similar 
load–displacement relationships. The initial nonlinear stage occurred in 
some specimens due to fabrication error and material densification. 
After that, the curves entered the linear stage. When the load reached 
90% of the maximum load, the stiffness first decreased rapidly and then 
gradually until reaching the peak point. After the peak point, the curve 
entered the descending stage. In this stage, the curves of the 100 mm 
internode specimens first decreased slowly with the development of 
splitting and buckling. When the splitting cracks developed through the 
full height, the curve began to decrease rapidly until the specimen failed. 
However, for 100 mm node specimens, the curves began to decrease 
rapidly once the splitting developed across the bamboo node. In addi
tion, for 200 mm internode specimens, when the splitting cracks 
developed through half of the height of the specimen, the curves began 
to rapidly decrease, while the curve rapidly descended when the split
ting crossed the node for 200 mm node specimens. 

Fig. 8(b) shows the load–displacement curves of the tensile speci
mens. For both internode and node specimens, the curves linearly 

developed with increasing load. When reaching the tensile strength, the 
specimens failed with a sharp drop in the load due to the brittle fracture 
of the fibers. 

Fig. 8(c) shows the load–displacement curves of the shear specimens. 
The curves were composed of four stages, including the initial stage, 
linear stage, softening stage and sharp-drop stage. After the nonlinear 
initial stage due to the fabrication gaps and material densification, the 
curves linearly developed. When approaching the failure load, the slope 
gradually decreased with rapid development of relative slip at shear 
surfaces. Then, the curves showed a sharp drop due to the sudden failure 
of the shear surface. 

Fig. 8(d) shows the load–displacement curves of the radial 
compressive specimens. For internode specimens, the curves showed 
linear development at first. When a splitting crack occurred on the 
surface, the curve showed a drop off, but the load increased again after 
that. After the development of a crack through the bamboo culm wall, 
the specimen lost its bearing capacity, resulting in a sharp drop in the 
curve. For node specimens with a diaphragm, the curves were also linear 
at the beginning, but the slope was greater than that of internode 
specimens. When approaching the peak load, the curves had a slight 
drop off with splitting appearing at the outside of the bamboo wall. 
Then, the load increased again to the peak point. After that, the curves 
had a sharp drop due to the sudden fracture of the diaphragm along the 
minor axis. For node specimens without a diaphragm, the curves were 
similar to those of internode specimens, but the peak load was reached 
when the first splitting occurred. 

Table 3 lists the average strength and increment of the bamboo 
specimens. In terms of compressive strength, there was hardly any dif
ference between the internode and node specimens with heights of 100 
or 200 mm. The average strength difference was less than 5%. In 
contrast, the internode specimens exhibited significantly greater tensile 
strength than the node specimens, as these were decreased by 43–50%. 
The shear strength of the bamboo node slightly increased, regardless of 
whether the diaphragm was removed, with strength changes within a 
9% range. For radial compressive specimens in bamboo H, the existence 
of the diaphragm led to a significant improvement in pipe stiffness by 
the bamboo node, with the pipe stiffness of node specimens being 123% 
higher than that of the internode specimens. However, for bamboo J, the 
removal of the diaphragm weakened the improved effect of the bamboo 
node on the pipe stiffness, with the pipe stiffness of the node specimens 
being only approximately 6% higher than that of the internode 
specimens. 

4. Analysis 

4.1. Strength and pipe stiffness 

The boxplots of the strength and pipe stiffness of the specimens are 
shown in Fig. 9. The compressive strength of the node and internode 
specimens is shown in Fig. 9(a). The average compressive strength of 
specimens of 200 mm height was approximately 18% (internode) and 
14% (node) lower than that of 100 mm specimens mainly due to the 
higher slenderness ratio. However, the average compressive strength of 
internode specimens was close to that of node specimens at the same 

Fig. 6. Typical failure modes of shear specimens: (a) internode specimen, (b) node specimen with diaphragm, and (c) node specimen without diaphragm.  
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height. In addition, the rule of discreteness of the compressive strength 
of specimens of 200 mm height was different from that of 100 mm 
specimens. For compressive node specimens with a height of 100 mm, 
the complex arrangement of bamboo fibers near the node [28] increased 
the unpredictability of the compressive strength. As a result, the 

discreteness of the compressive strength of the node specimens was 
higher than that of the internode specimens. The coefficient of variation 
of the compressive strength of the node specimens was 9.16%, and thus 
was higher than the value of 7.05% for the internode specimens. How
ever, for the compressive specimens of 200 mm height, the discreteness 

Fig. 7. Typical failure modes of radial compressive specimens: (a) internode specimen, (b) node specimen with diaphragm, and (c) node specimen 
without diaphragm. 

Fig. 8. Load-displacement curves of all specimens: (a) compressive specimens parallel to the grain, (b) tensile specimens parallel to the grain, (c) shear specimens 
parallel to the grain, and (d) radial compressive specimens. 
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Table 3 
Summary of test results.  

Specimen group Specimen detail Location Strength (MPa) Increment  

Internode Node 

Compressive test parallel to the grain Bamboo A 
(100 mm) 

T 42.45(0.87) 45.31(1.74)  6.73% 
M 41.52(1.00) 40.02(0.07)  − 3.60% 
B 42.23(0.45) 37.87(0.91)  − 10.34% 

Bamboo B 
(100 mm) 

T 47.71(1.93) 48.00(0.45)  0.60% 
M 43.73(0.90) 43.08(1.77)  1.49% 
B 39.01(1.43) 39.49(0.66)  1.23% 

Bamboo C 
(200 mm) 

T 43.97(0.94) 39.58(1.83)  − 9.97% 
M 41.16(0) 41.38(0.65)  0.53% 
B 38.58(2.97) 39.70(3.24)  2.90% 

Bamboo D 
(200 mm) 

T 33.43(1.69) 35.30(1.27)  5.61% 
M 32.91(0.01) 33.68(1.23)  2.36% 
B 30.07(2.39) 32.03(1.78)  6.51% 

Tension test parallel to the grain Bamboo E T 162.59(0.90) 85.74(9.98)  − 47.27% 
M 152.96(6.92) 83.29(5.22)  − 45.54% 
B 174.30(3.60) 73.66(2.79)  − 57.74% 

Bamboo F T 138.57(10.38) 84.29(1.56)  − 39.17% 
M 143.09(1.67) 74.99(0.73)  − 47.59% 
B 134.83(7.80) 76.66(9.00)  − 43.14% 

Shear test parallel to the grain Bamboo G T 9.47(0.83) 10.41(0.54)  9.93% 
M 10.41(1.18) 11.30(0.40)  8.55% 
B 11.15(0.96) 11.03(0.80)  − 1.08% 

Bamboo I 
(without diaphragm) 

T 10.79(0.42) 10.71(0.98)  0.74% 
M 11.90(0.90) 11.83(0.48)  10.46% 
B 11.37(0.43) 12.54(0.23)  10.29%    

Pipe stiffness (Pa)  
Radial compressive test Bamboo H T 7040.83(366.12) 15703.28(1471.39)  123.01% 

M 6675.39(637.86) 16350.45(1796.52)  144.94% 
B 7766.67(169.96) 15925.49(1460.09)  105.04% 

Bamboo J 
(without diaphragm) 

T 9675.01(258.60) 10200.73(845.58)  3.36% 
M 9700.05(234.52) 9825.21(369.97)  1.29% 
B 7933.33(286.74) 9225.38(521.41)  16.28% 

Note: The values in brackets are the standard deviation of the strength. 

Fig. 9. Boxplots of strength or pipe stiffness of (a) compressive specimens parallel to the grain, (b) tensile test parallel to the grain, (c) shear test parallel to the grain, 
and (d) radial compressive specimens. 
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of the compressive strength of node specimens was lower than that of 
internode specimens. The coefficient of variation of the compressive 
strength of specimens was 11.09% (node) and 15.23% (internode). It is 
reasonable in consideration of the failure modes. The bamboo node of 
the 200 mm specimens was not broken when reaching the peak load. In 
this regard, the complex arrangement of bamboo fibers at the node had 
little influence on the load-carrying capacity. Besides, the bamboo node 
effectively functions as a rib in the middle of the 200 mm specimen, 
resulting in the specimen being less prone to buckling. 

Fig. 9(b) shows the tensile strength of the node and internode spec
imens. The average tensile strength of the node specimens was signifi
cantly lower than that of the internode specimens. Meanwhile, the 
discreteness of the tensile strength of the node specimens was higher 
than that of the internode specimens. Similarly, the complex arrange
ment of bamboo fibers made the tensile strength of node specimens more 
unpredictable than that of internode specimens with longitudinally ar
ranged fibers. 

Fig. 9(c) shows the boxplots of shear strength. The average shear 
strength of the node specimens with or without the diaphragm was 
slightly higher than that of the internode specimens since the bamboo 
node restrained the relative slip of shear surfaces, as shown in Fig. 6. The 
discreteness of the shear strength of node specimens was lower than that 
of internode specimens in bamboo G. The coefficient of variation of the 
shear strength of node specimens in bamboo G was 6.79%, and thus was 
lower than 12.25% of internode specimens. However, the specimens in 
bamboo I showed the opposite result, and the coefficient of variation of 
the shear strength of the node specimens without a diaphragm in 
bamboo I was 8.50%, and hence was higher than the 6.52% of the 
internode specimens. It might be deduced that the diaphragm is the key 
issue in reducing the discreteness and improving the shear strength. 

Fig. 9(d) shows the pipe stiffness of the radial compressive speci
mens. The average pipe stiffness of the node specimens with a dia
phragm was approximately twice as high as that of the internode 
specimens, while the value of the node specimens without a diaphragm 
was almost the same as that of the internode specimens. The existence of 
the diaphragm changed the force transmission path when subjected to 
radial load, thus reducing the bending moment on the bamboo culm. 
Therefore, the diaphragm could improve the mechanical behavior of the 
specimen. Nonetheless, the node specimens with a diaphragm also 
showed larger discreteness of the pipe stiffness due to the irregular shape 
of the diaphragm. 

4.2. Effect of the node and position of the specimen 

Analysis of Variance (ANOVA) is a statistical method used to 
compare means between two or more groups. It determines whether the 
differences observed in sample means are statistically significant. In 
ANOVA, the null hypothesis assumes that there is no significant differ
ence between the means of the groups being compared. The alternative 

hypothesis suggests that there is at least one group whose mean is 
significantly different from the others. In this section, ANOVA was 
performed to evaluate the effects of the node and height position on the 
characteristic values. The ANOVA was conducted using SPSS software, 
and the results are presented in Table 4. 

The F is calculated by comparing the variability between the group 
means to the variability within the groups. The independent variable F1 
indicated the existence of a node or internode, and F2 represented the 
height position of the specimen at the bottom, middle, or top of the 
culm. The interaction effect includes simultaneous effects of the two 
variables. The calculation of F is as follows: 

SSW =
∑

(xi − xi)
2  

SSB =
∑

(xi − x)2  

df between = k − 1  

df within = NT − k  

F =
SSB/df between

SSW/df within  

where SSW represents the sum of squares within. (xi-xi) represents each 
data point minus its respective group mean. SSB represents the sum of 
squares between. (xi-x) represents the group means minus the overall 
mean of the entire dataset. dfbetween represents the degrees of freedom 
between groups. k represents the number of groups being compared. 
dfwithin represents the degrees of freedom within groups. NT represents 
the total number of observations. 

The P-value associated with the F is a measure of the strength of 
evidence against the null hypothesis. It indicates the probability of 
observing an F value as extreme as, or more extreme than, the one 
calculated from the data, assuming that the null hypothesis is true. 

The F is used to compare the variability between groups (SSB) with 
the variability within groups (SSW). If the F is large and the corre
sponding P-value is less than a chosen significance level (take 0.05 in the 
analysis), it suggests that the variability between groups is significantly 
greater than the variability within groups. 

The impact of nodes on compressive strength parallel to the grain 
was assessed for specimens of 100 mm and 200 mm in length. The results 
showed that the P-values of nodes for 100 mm and 200 mm specimens 
were 0.61 and 0.74, respectively, indicating a negligible influence on 
compressive strength. Regarding height position, 100 mm specimens 
had a significant effect on compressive strength with a P-value of 0.00. 
This implies a correlation between the height position and the 
compressive strength of bamboo. However, for 200 mm specimens, 
height position had a marginal impact on compressive strength with a 
significance value of 0.52. Due to the large slenderness ratio of the 

Table 4 
Influence of the node, internode, and height position on the mechanical properties.  

Mechanical properties Analysis of ANOVA 

Main effect Interaction effect 

F1 P F2 P F1*F2 P 

(Existence of the node) (Height position) 

Compressive strength 100 mm 0.26 0.61 14.96 0.00** 6.70 1.28 
200 mm 0.11 0.74 0.68 0.52 0.22 0.81 

Tensile strength 14.40 0.00** 0.29 0.76 0.01 0.99 
Shear strength Diaphragm 2.15 0.16 3.22 0.06 0.78 0.47 

Without diaphragm 1.25 0.28 6.78 0.01* 1.97 0.17 
Pipe stiffness Diaphragm 232.97 0.00** 0.228 0.80 0.59 0.56 

Without diaphragm 6.23 0.02* 11.67 0.00** 2.28 0.13 

Note: * means P-value in the calculation smaller than probability 5 % but greater than 1 % (0.01 < P < 0.05), ** means P-value in the calculation smaller than 
probability 1 % (P < 0.01). 
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specimen, force eccentricity may occur in compression experiments, 
which may cause the specimen to buckle before yielding. For the tensile 
strength parallel to the grain, the results showed that the node had a 
significant influence on the tensile strength with a P-value of 0.00. 
Combining the strength data in Table 3, it can be concluded that the 
tensile strength of bamboo was significantly weakened by bamboo 
nodes. The height position had a negligible influence with a P-value of 
0.76. For shear strength parallel to the grain, the P-values of the node on 
shear strength in bamboo G (node with diaphragm) and bamboo I (node 
without diaphragm) were 0.16 and 0.28, respectively. In this regard, the 
bamboo node showed a negligible influence on the shear strength. The 
P-values of height position on shear strength in bamboo G and bamboo I 
were 0.06 and 0.01, respectively, indicating a significant effect on the 
shear strength. 

For the radial compressive test, the P-values of the node on pipe 
stiffness in bamboo H (node with diaphragm) and bamboo J (node 
without diaphragm) were 0.00 and 0.02, respectively. That is, the 
bamboo node showed a significant influence on the pipe stiffness. By 
combining the pipe stiffness data in Table 3, it can be concluded that the 
pipe stiffness of bamboo was significantly strengthened by bamboo 
nodes. In addition, the P-values of height position on pipe stiffness in 
bamboo H and bamboo J were 0.80 and 0.00, respectively, indicating 
that the height position showed a significant effect for bamboo J (node 
without diaphragm) but a negligible influence for bamboo H (node with 
diaphragm). The irregular shape of the diaphragm from top to bottom 
led to different contributions to the radial capacity [29], interfering with 
the correlation of bamboo H specimens in the height position effect. 

The P-values of the interaction of variances on four kinds of strength 
were all larger than 0.01, indicating a negligible influence on the 
strength. 

4.3. Strain distribution 

The load–strain curves of the radial compressive specimens to eval
uate the effect of nodes are shown in Fig. 10. Fig. 10(a) shows the 
load–strain relationships for bamboo H. The strain of the node specimen 
was much lower than that of the internode specimen due to the existence 
of the diaphragm. In addition, the strain distribution was consistent with 
the structural analysis, but the values were different from the theoretical 

results based on the circular cross section due to the irregular shape of 
natural bamboo culms. 

Fig. 10(b) shows the load–strain curves for bamboo J in which the 
diaphragm was removed from the node specimen. The tensile strain 
inside the bamboo culm was higher than that outside the culm due to the 
concentrated load, but cracks first occurred at the outside surface at both 
ends of the major axis since the elastic modulus inside the bamboo culm 
was lower than that of the outside [19]. It was also found that the strain 
on the outside surface at the node region was less than that of the cor
responding internode part for the node specimens. Even if the dia
phragm had been removed, the remaining portion of the node exhibited 
a higher stiffness than the bamboo culm. 

5. Discussion based on fiber morphology 

5.1. Effect of the node 

In previous studies, the morphology and volume fraction of bamboo 
fibers have been investigated to analyze the specific mechanical prop
erties of the node and internode specimens [30–33]. In this section, a 
comprehensive discussion based on fiber morphology is presented to 
explain the effect of nodes under different load conditions. 

The longitudinal section view of the bamboo node is shown in Fig. 11 
(a). When the longitudinal fibers at the internode passed through the 
bamboo node, the fibers swelled, and some deflected into the diaphragm 
[16,34]. In addition, the fibers twist at the joint between the diaphragm 
and bamboo culm [35,36]. Fig. 11(b) shows the transverse section view 
of the diaphragm under light exposure. The fibers in the diaphragm were 
randomly arranged and interlaced. In this regard, the diaphragm could 
be seen as transverse isotropy. 

Fig. 11 shows the observations of fiber arrangement and morphology 
at the node from different perspectives. Based on the observations in 
Fig. 11, a schematic of specimens under mechanical tests parallel to the 
grain is proposed in Fig. 12. The purpose of Fig. 12 is to explain the effect 
of nodes under different load conditions. 

For the compressive tests parallel to the grain, the fibers of the 
internode specimens buckled, as shown in Fig. 12(a). However, for the 
node specimens, buckling occurred away from the bamboo node due to 
the restraint from the fibers of the diaphragm. Fig. 12(b) shows the 
mechanism of tensile specimens parallel to the grain. The internode 
specimen fractured after the fiber reached its tensile strength. For the 
node specimen, some longitudinal fibers twisted or deflected into the 
diaphragm, decreasing the number of fibers subjected to the tensile load. 
As a result, the bamboo node became defective compared to the inter
node. In addition, the fracture would first appear at the inner side of the 
bamboo culm, where the fiber deflected into the diaphragm. Fig. 12(c) 
shows the mechanical behaviors based on fiber morphology in shear 
tests. For internode specimens, parenchyma tissue was separated from 
fiber along the shear surface. As the relative slip of the shear surface 
develops, the parenchyma tissue collapses [28]. For the node specimens, 
the shear strength provided by parenchyma tissue at the bamboo node 
was lower than that of the internode due to the lower fraction of pa
renchyma tissue at the node [18]. Nonetheless, the twisted fibers and 
diaphragm both contributed to the shear resistance. Consequently, the 
bamboo node showed a negligible influence on the shear strength 
considering the negative effect of the lower fraction of parenchyma 
tissue and the positive effect of twisted fibers and the diaphragm. 

5.2. Effect of the diaphragm 

In the radial compressive test, the diaphragm could prevent splitting 
at both ends of the major axis. In this section, a compressive test of the 
diaphragm was conducted, and then the mechanism of the bamboo 
diaphragm under radial compression was analyzed. Due to the small size 
and the large undulations of the diaphragm, it was difficult to obtain 
large and flat coupons. Therefore, coupons were only obtained with 

Fig. 10. Load-strain curves for (a) internode and node specimens in bamboo H, 
and (b) internode and node specimens in bamboo J. 
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small sizes in the center of the diaphragm. However, from another 
perspective, the small size coupon could also avoid instability during 
compression. The test referred to the standard for composite material 
GB/T 1448–2005 [37]. Eight coupons with a width of 10 mm and a 
height of 5.2 mm were taken from four adjacent nodes in the middle of a 
bamboo culm, and this was among the culms for the above mechanical 

tests. The thickness of the diaphragm was approximately 1.8 mm. The 
coupons and experimental setup are shown in Fig. 13(a). The stress- 
displacement curves and the failure mode are shown in Fig. 13(b). 
The average compressive strength of the coupons is 31.32 MPa, indi
cating that the diaphragm has a certain strength that can contribute to 
the mechanical properties of bamboo nodes. The coupons were cut from 
different directions in the diaphragm, but the coefficient of variation of 
the test results was only 6.29%, confirming the assumption of transverse 
isotropy of the diaphragm raised by the fiber morphology. 

A schematic view of the radial compressive specimen is shown in 
Fig. 14. Fig. 14(a) shows the mechanical behavior of the internode 
specimen. The bending moment on the ends of the major and minor axes 
was larger than the rest of the culm. As a result, splitting occured at or 
near the end of the axis. Fig. 14(b) shows the failure modes of the node 
specimens. When loaded at both ends of the minor axis, uniformly 
distributed tensile stress was generated within the core of the dia
phragm. Therefore, the failure mode was characterized by fracture of the 
diaphragm. In addition, the diaphragm provided support against 
compression, significantly improving the radial compressive strength. 

6. Conclusion 

In this work, the effects of bamboo nodes on the mechanical prop
erties of bamboo culms were tested and analyzed. A total of 168 speci
mens divided into four types were tested, including compressive, tensile, 
shear tests parallel to the grain and radial compressive tests. The 
load–displacement curves and failure modes were analyzed. The anal
ysis of variance method was used, and a comprehensive discussion based 
on fiber morphology is presented to explain the effect of nodes under 
different load conditions. The following conclusions can be drawn:  

1. The presence of bamboo nodes in the culm resulted in a reduction of 
tensile strength by 47% but resulted in a reinforcement of pipe 
stiffness by 123%. However, no significant effect was observed in 
compressive and shear strength. In the case of compressive speci
mens with varying heights, nodes only exhibited local effectiveness, 
except for buckling.  

2. The results of the analysis of variance indicated that the compressive 
strength of 100 mm specimens, shear strength and pipe stiffness of 
node specimens without a diaphragm showed changes along 
different sampling heights. However, no evidence showed that the 
enhanced effects of the bamboo node were related to the sampling 
height.  

3. The node and internode specimens show different mechanical 
properties and behaviors due to the different morphology and vol
ume fraction of fiber between the node and internode. In compres
sive tests parallel to the grain, the deflected fiber constrained the 
buckling near the node of the natural bamboo. In tensile tests parallel 
to the grain, the tensile strength of node specimens decreases since 

Fig. 11. Fiber arrangement based on the node morphology. (a) Longitudinal section view, (b) CT-scanned longitudinal section view [36], and (c) transverse section 
view of the diaphragm under light exposure. 

Fig. 12. Schematic of the bamboo node and internode specimens under me
chanical tests parallel to the grain: (a) compressive test, (b) tensile test, (c) 
shear test. 
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some fibers twist repeatedly at the bamboo node or deflect into the 
bamboo diaphragm, decreasing the total amount of bamboo fibers 
subjected to the tensile load. In shear tests parallel to the grain, 
twisted fibers increase the shear strength, but the lower fraction of 
parenchyma tissue decreases the shear strength of the node. The 
bamboo node showed a negligible influence on the shear strength.  

4. The diaphragm can be considered an isotropic material. The 
compressive strength of the bamboo diaphragm was 31.32 MPa. In 
radial compressive tests, the load bearing capacity of node specimens 
is significantly strengthened due to the existence of the bamboo 
diaphragm. 
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