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Influence of slenderness ratio and sectional 
geometry on the axial compression behavior 
of original bamboo columns
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Abstract 

Bamboo has been widely used as a load-bearing material in construction; however, there are limited studies on the 
stability of slender original bamboo columns. Based on the experimental investigation of thirty-nine original bamboo 
columns, parametric analyses were conducted to investigate the influence of the diameter–thickness ratio, cross-
sectional area and slenderness ratio on the axial compression behavior of original bamboo columns. The test results 
indicate that the failure modes of the columns are substantially affected by the slenderness ratio and diameter–thick-
ness ratio. For columns with the same diameter–thickness ratio, the ultimate bearing capacity was negatively corre-
lated with the slenderness ratio, and the highest reduction rate for the load-bearing capacity caused by the slender-
ness ratio was 44.39%. Under the same slenderness ratio, when the diameter–thickness ratio increased by 18.75%, the 
ultimate bearing capacity increased by 82.65%. An excessive slenderness ratio may result in local buckling, leading to 
underutilization of the material strength when failure occurs and substantially reducing the load capacity of bamboo 
columns. Local buckling can be mitigated by decreasing the slenderness ratio and increasing the diameter–thickness 
ratio. According to the test results, the model predicting the compressive bearing capacity of the original bamboo 
column was proposed considering the slenderness ratio and diameter–thickness ratio, and it was indicated that the 
proposed model can provide satisfactory predictive results.
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Introduction
Bamboo, characterized by a relatively short growth 
period, is a widespread biomass in nature and can be eas-
ily used as a structural component in current buildings 
[1–4]. The application of bamboo in buildings not only 
improves the surrounding natural environment during 
growth but also achieves low energy consumption during 
processing [5, 6]. Compared with some common lumber 
materials [7, 8], bamboo has a more prominent bending 
strength, tensile strength and compressive strength when 
used as structural components [9–12]. In addition, cur-
rent advanced bamboo processing technologies make 

it easy to process them into composite materials with 
high strength and expected sizes. Extensive research on 
bamboo has focused on bamboo composite materials 
[13–17]. The basic load-carrying capacities of structural 
components manufactured by bamboo composites under 
bending, tension and compression have been systemati-
cally investigated [18–22]; moreover, bamboo composite 
materials have been widely used as the main structural 
components in some building and bridge structures [23, 
24].

In addition to the abovementioned bamboo-based 
composite components, original bamboo can be directly 
applied in structural components for civil engineering 
due to its low cost [25], and its mechanical properties 
and structural forms have been investigated. Chen et al. 
[26] found that the flexural ductility of Moso bamboo 
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was 3.06 times larger than that of wood with the same 
density. Villegas et  al. [27] proposed a kind of bamboo 
truss in prefabricated housing projects to support roofs 
and floors, which accomplished the expected stiffness 
and strength over long spans. Yu et  al. [28] built four 
full-scale bamboo scaffolds to examine the axial buckling 
behavior of bamboo columns in bamboo scaffolds. Tian 
et al. [29, 30] investigated the bearing capacity of original 
bamboo columns and sprayed composite mortar–origi-
nal bamboo composite columns. The results showed that 
the failure mode of slender columns was buckling.

It can be concluded from above research that the slen-
derness ratio will undoubtedly affect their mechanical 
properties for bamboo components under axial load-
ing. Some researchers (e.g., Li et  al. [31, 32]; Gan et  al.
[33]; Palombini et  al. [34]) have proved that the slen-
derness ratio and the aspect ratio are important influ-
encing parameters for bamboo composite compression 
components. However, for original bamboo under axial 
compression, in addition to the slenderness ratio, the sec-
tional geometries are also key influencing factors, which 
was not mentioned in the above research. To address 
this gap, the diameter–thickness ratio was considered 
by incorporating other important parameters, such as 
the slenderness ratio and cross-sectional area, in this 
research to investigate the mechanical properties and 
failure modes of original bamboo under axial compres-
sion. Based on the test results, the compressive bearing 
capacity equation, which is more accurate than that in 
existing research [35, 36], of original bamboo columns 
was presented by considering the slenderness ratio and 
diameter–thickness ratio.

Experimental program
Specimen design
Thirteen groups of original bamboo columns (three 
in each group), including one group of short columns 
and twelve groups of long original bamboo columns, 
were designed and tested to investigate the mechanical 
behavior of bamboo columns. Three original bamboo 
short columns, with a height of 200 mm and a diameter 
of approximately 100  mm, were used to evaluate the 
mechanical properties of the original bamboo materi-
als, and the average axial compressive strength measured 
from the test results was 57.86  MPa. The height of the 
long columns ranged from 400 to 1600 mm with an incre-
ment of 400  mm to study the failure modes of bamboo 
columns. Three different nominal diameters of 90  mm, 
100  mm and 110  mm were employed for the bamboo 
columns, and their average diameter–thickness ratios 
were 4.8, 5.5 and 5.7; the average section areas for these 
bamboo columns with three different nominal diameters 
were 2360 mm2, 2642 mm2 and 3112 mm2, respectively. 

The detailed parameters for all specimens are reported 
in Table 1. The parametric study mainly focused on the 
analyses of the slenderness ratio and diameter–thick-
ness ratio of the original bamboo. Taking B04090-1 as an 
example to illustrate the meaning of each tested speci-
men, the numbers “04” and “090” indicate that the height 
and nominal diameter of the original bamboo column 
were 400  mm and 90  mm, and the last digit “1” distin-
guishes the serial number of similar specimens.

The original bamboo used in the test was Moso bam-
boo (Phyllostachys edulis), which was an important 
bamboo species and widely distributed in the tropical 
and subtropical regions of China. Bamboo grown for 
3–4  years is a better reinforcement material for plastics 
due to its higher tensile strength and used as structural 
support for construction purposes [37, 38], so original 
bamboo used in the test was 4 years of age and carefully 
selected to ensure satisfactory accuracy in the dimen-
sions of the tested specimens. Furthermore, all experi-
mental original bamboo was air-dried for 3  months to 
ensure that the moisture content of bamboo was less 
than 15%. Different bamboo columns have different 
natural defects, such as not being straight and conical 
bamboo. These defects may affect the buckling of bam-
boo columns. However, to achieve the simplicity of the 
research, these defects were ignored in the analysis of 
this paper. Because the section shape of the bamboo col-
umn was irregular along the original bamboo column 
height, the geometrical parameters of the cross section 
were defined as shown in Fig. 1 and calculated from Eqs. 
(1) to (3) to accurately describe the representative size of 
the bamboo specimens. The maximum outer diameters 
(a1, a3) and the minimum outer diameters (a2, a4) were 
measured two times at both ends of each specimens. And 
the internal diameters were measured in the same way. A 
digital caliper was employed for measuring diameters to 
attain an accuracy of 0.01 mm. The average outer diam-
eter and inner diameter are theoretical outer diameter 
Dt and inner diameter dt, respectively. The dimensional 
error was the difference between actual and theoreti-
cal size, and it was only allowed within 5%, which was 
obtained from measurements of diameter, wall thickness, 
and length.

where a1 and a2 are the outer diameters of the upper end 
of the original bamboo; a3 and a4 are the outer diameters 
of the lower end of the original bamboo; b1 and b2 are 

(1)Dt = (a1 + a2 + a3 + a4)/4,

(2)dt = (b1 + b2 + b3 + b4)/4,

(3)ct = Dt − dt ,
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the upper inner diameters; b3 and b4 are the lower inner 
diameters; ct is the theoretical thickness of the original 
bamboo; and Dt and dt are the theoretical outer diame-
ter and inner diameter, respectively. Based on these geo-
metrical parameters, determined from Eqs. (1) to (3), the 
main experimental parameters of each specimen were 
calculated as follows:

(4)A =
πD2

t

4

(

1− α2
)

,

(5)i =
Dt

4

√

1+ α2,

Table 1  Structural parameters of the original bamboo columns

For specimen of 90 mm nominal diameter, the average diameter–thickness ratio was 4.8 and average section area was 2360 mm2. Similarly, for the 100 mm nominal 
diameter group, the statistics were 5.5 and 2642 mm2. For the 110 mm group, statistics were 5.7 and 3112 mm2, respectively

Specimen number Theoretical outer 
diameter Dt/mm

Theoretical inner 
diameter dt/mm

Theoretical 
thickness ct

Cross-
sectional area 
A/mm2

Slenderness 
ratio λ

Nominal 
slenderness 
ratio ‾λ

Diameter–
thickness 
ratio ξ

B04090-1 89.03 71.13 17.90 2251.49 14.04 13.98 4.97

B04090-2 91.63 72.00 19.63 2522.02 13.73 13.98 4.67

B04090-3 88.43 70.25 18.18 2265.02 14.17 13.98 4.87

B04100-1 101.43 82.63 18.80 2717.59 12.23 12.32 5.39

B04100-2 99.80 80.68 19.13 2710.87 12.47 12.32 5.22

B04100-3 101.55 81.73 19.83 2853.69 12.27 12.32 5.12

B04110-1 108.00 87.95 20.05 3085.67 11.49 11.52 5.39

B04110-2 108.86 86.50 22.36 3431.24 11.51 11.52 4.87

B04110-3 108.73 85.55 23.18 3536.12 11.57 11.52 4.69

B08090-1 88.38 69.38 19.00 2354.03 28.48 27.43 4.65

B08090-2 92.00 76.00 16.00 2111.15 26.82 27.43 5.75

B08090-3 91.63 75.23 16.40 2149.12 26.99 27.43 5.59

B08100-1 101.25 82.13 19.13 2754.43 24.55 24.26 5.29

B08100-2 101.75 85.05 16.70 2450.10 24.13 24.26 6.09

B08100-3 101.75 85.38 16.38 2406.59 24.09 24.26 6.21

B08110-1 111.63 95.30 16.33 2653.11 21.80 21.84 6.84

B08110-2 111.31 94.71 16.60 2686.07 21.89 21.84 6.71

B08110-3 111.50 95.13 16.38 2657.38 21.83 21.84 6.81

B12090-1 88.33 67.40 20.93 2559.26 43.20 42.03 4.22

B12090-2 88.25 71.45 16.80 2107.19 42.27 42.03 5.25

B12090-3 91.50 74.80 16.70 2181.22 40.61 42.03 5.48

B12100-1 101.70 85.38 16.33 2398.61 36.15 36.35 6.23

B12100-2 101.75 85.38 16.38 2406.59 36.14 36.35 6.21

B12100-3 100.38 83.43 16.95 2446.84 36.78 36.35 5.92

B12110-1 111.38 94.75 16.63 2691.42 32.83 33.00 6.70

B12110-2 111.88 94.45 17.43 2823.67 32.78 33.00 6.42

B12110-3 111.25 91.05 20.20 3209.50 33.39 33.00 5.51

B16090-1 88.88 65.08 23.80 2877.71 58.10 57.58 3.73

B16090-2 88.30 68.30 20.00 2459.87 57.33 57.58 4.42

B16090-3 88.38 68.28 20.10 2472.96 57.31 57.58 4.40

B16100-1 100.00 82.05 17.95 2566.52 49.48 50.27 5.57

B16100-2 98.53 76.65 21.88 3009.61 51.27 50.27 4.50

B16100-3 100.35 79.18 21.18 2985.65 50.07 50.27 4.74

B16110-1 108.60 84.88 23.73 3605.13 46.43 46.32 4.58

B16110-2 108.38 86.20 22.18 3388.76 46.22 46.32 4.89

B16110-3 108.75 85.33 23.43 3570.58 46.30 46.32 4.64
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where A is the cross-sectional area of the original bam-
boo; i is the radius of gyration; 

(6)� =
µH

i
,

(7)ξ =
Dt

ct
,

(8)α =
Dt

dt
;

λ is the slenderness ratio; and μ is the length factor deter-
mined by the end constraints. Because the tested speci-
mens were hinged on both ends, the value of μ was 1.0; 
H is the height of the original bamboo; and ξ is the diam-
eter–thickness ratio.

Test setup and instrumentation
The setup and instrumentation for the test of the bam-
boo columns are shown in Fig. 2. The specimen was pin 
connected at each end, and a 1000-kN capacity fatigue-
testing machine was adopted as the loading device for 
testing. Four lateral and four longitudinal strain gauges 
were installed at the mid-height section of the original 
bamboo specimens, as shown in Fig.  2a. Lateral strain 
gauges were used to measure lateral strain, and longitudi-
nal strain gauges were used to measure axial strain. Two 
groups (six in total) of linear variable displacement trans-
ducers (LVDTs) were installed along the column height 
to measure the column deflections. The measurement 
points of the LVDTs were placed at locations of (3/4)h, 
(1/2)h and (1/4)h (h is the height), as shown in Fig.  2b. 
For safety reasons, the LVDTs were removed when the 
load applied to the specimens approached the ultimate 
load. Load sensors, LVDTs and strain gauges were con-
nected to a TDS-530 static acquisition system to syn-
chronously collect data, and the collection frequency was 
1 Hz.

This test adopted the axial loading method, 
which included three steps: preloading → formal 

b1(b3)

a1(a3)

ct a2(a4)b2(b4)

Fig. 1  Dimensions of the cross section of the original bamboo 
columns
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Fig. 2  Layout of the strain gauge and displacement gauge
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loading → unloading. The force control method was 
used in the preloading phase (before testing) to check 
whether the specimen and instrument were working 
normally. The preapplied load value was 1/50 of the esti-
mated failure load value. The values of the four groups 
of strain gauges at each section were observed to deter-
mine whether the specimen was under axial compres-
sion during testing. If the values of the four groups of 
lateral strain gauges and longitudinal strain gauges were 
relatively close, the specimen was under axial compres-
sion. Otherwise, the specimen was adjusted until the lat-
eral strain gauge and longitudinal strain gauge reached 
approximated values to guarantee that the specimen 
was tested under axial compression. The displacement 
control method was used in the formal loading phase, in 
which the loading speed was 0.03 mm/s. When the load 
dropped to 50% of the ultimate load, the loading stopped.

Test results and discussion
Failure modes
Based on the failure process and final observed phe-
nomenon, shown in Fig. 3, it can be concluded that the 
failure modes for the four groups of specimens varied 
with the change in slenderness ratio λ and showed three 
types: annular cracking at the end of the specimen, over-
all cracking and local buckling. When the slenderness 
ratio ranged from 10 to 20, the specimens presented the 
characteristic of typical short column failure, as shown 
in Fig. 3a, which is characterized by annular cracking at 
the end of the specimen. At the upper edge of the speci-
men, due to the "hoop effect" at the contact part (the 

loading end), the specimen was split longitudinally, and 
the bamboo tube wall was divided into several strips 
due to cracks. As the loading continued, the specimen 
entered the stage of elastoplastic deformation. In addi-
tion to the cracks discussed above, several new cracks 
appeared, accompanied by continuous splitting sounds. 
For this failure mode, the material strength was uti-
lized, and the specimen exhibited a high load capacity. 
When λ ranged from 20 to 30, most of the specimens 
exhibited overall cracking failure characteristics, while 
a few specimens developed local buckling. A wide crack 
appeared and penetrated the whole specimen, and flex-
ural cracks developed accompanied by obvious cracking 
sounds. With the progress of loading, several wide cracks 
appeared and ran along the longitudinal direction of the 
tested specimen. Finally, overall cracking developed, as 
shown in Fig. 3b. Most specimens did not undergo local 
buckling, which means that the specimens with slender-
ness ratios of 20 to 30 may utilize the material strength 
with high probability. When λ ranged from 30 to 60, the 
failure mode of the specimens was local buckling, as 
shown in Fig.  3c, which is typical elastic–plastic insta-
bility failure. Due to the inevitable initial defects of the 
specimen during material processing, the deformation 
increased linearly with increasing load; thus, the bamboo 
tube wall at the middle of the specimen exhibited local 
buckling first. As the load increased, the buckling ampli-
tude increased substantially. In addition, the tension side 
of the column was always under vertical loading, which 
resulted in longitudinal splitting failure at the junction 
of the tension side and compression side. Instability fail-
ure of the bamboo columns may result in the material 

Fig. 3  Failure modes of typical original bamboo columns
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strength of the bamboo column not being fully utilized. 
It can be concluded that for the utilization of the mate-
rial strength of bamboo columns, the slenderness ratio 
should not exceed 30.

Load–displacement curves
The load–displacement curves for the four groups of 
specimens, shown in Fig.  4, are analyzed to reveal the 
relationship between the load and the lateral displace-
ment and the axial displacement of the specimens under 
axial loading. The lateral displacements, shown in Fig. 4, 
were measured from the lateral displacement transducers 
at (3/4)h, (1/2)h and (1/4)h (h is the height) of the speci-
mens, and the axial displacement was measured from the 
loading machine. Generally, both the load–lateral dis-
placement curve and load–axial displacement curve can 
be divided into three stages. For the initial stage, the load 
versus displacement curve exhibited a typical linear rela-
tionship, which corresponds to elastic deformation. For 
the second stage, the displacement–load curve showed 
an obvious nonlinear relationship, and the increasing 
speed of the load was larger than that of the displacement 
until the implementation of the ultimate load, which cor-
responds to typical elastic–plastic deformation. For the 
third stage, the load decreased with increasing displace-
ment until the specimen failed. Typically, for specimens 
with the same height, the ultimate load was negatively 
correlated with the slenderness ratio; while, the axial dis-
placement was barely influenced by the slenderness ratio. 
For all curves shown in Fig.  4, the lateral displacement 
increased at a relatively low speed as the load increased 
before reaching the ultimate load. After reaching the ulti-
mate load, the increasing speed of the lateral displace-
ment increased obviously. Before the peak point, the 
load–lateral displacement behavior at (3/4)h of the speci-
men was similar to that at (1/4)h; while, the slopes for 
the curves at (3/4)h and (1/4)h of the specimen were less 
than those at the mid-height section These specimens 
exhibited different failure modes caused by the slender-
ness ratio and diameter–thickness ratio, as previously 
mentioned, which resulted in large variation in the lat-
eral displacement for all specimens at the end of the test. 
The load capacity increased as the diameter–thickness 
ratio increased from the comparison of Fig.  4a–c. For 
these specimens with the same diameter–thickness ratio, 
the load capacity decreased with increasing slenderness 
ratio from the comparison of Fig. 4a, d, g and i because 
a larger slenderness ratio resulted in more serious local 
buckling. Therefore, the design of the load capacity for 
bamboo columns in practical structures should focus on 
the design of the slenderness ratio and diameter–thick-
ness ratio.

Load–strain curves
During testing, four sets of strain gauges were arranged 
on each specimen to observe the strain of the specimen 
under loading. For each specimen, a representative set 
of load–strain curves was selected from the four strain 
sheets to investigate the deformation behavior of the col-
umn with different parameters. The load–strain curves 
of the specimens are shown from Figs.  5, 6, 7 and 8, in 
which the longitudinal strain was the strain on the outer 
convex. It can be observed that the longitudinal strain 
increased linearly with increasing load in the initial test-
ing stage. Then, the load–strain presented a nonlinear 
relationship until the ultimate load was reached, cor-
responding to weak strengthening after yielding. In the 
postpeak phase, some specimens, such as B04090-2, 
B08110-1, B12100-1 and B16100-2, demonstrated a long 
smooth curve, which is representative of a ductile (i.e., 
non-brittle) damage process. The hoop strain–load curve 
was also characterized by a linear and a curved ascending 
phase. It is noticeable that a slight increase in the slender-
ness ratio resulted in a substantial decline in the ultimate 
load, indicating that the slenderness ratio is a key design 
parameter for achieving the expected ultimate load of the 
original bamboo column. Both the longitudinal strain 
and hoop stain of short bamboo columns (10 < λ < 30) are 
larger than those of long bamboo columns (30 < λ < 60). 
Therefore, it can be concluded that the decrease in the 
slenderness ratio can mitigate local buckling to fully uti-
lize the strength of the material.

Analysis of the influencing factors
Cross‑sectional area and diameter–thickness ratio
The specimen with a section area of 2360 mm2 and a 
diameter–thickness ratio of 4.8 was taken as a reference 
to analyze the influence of each parameter on the strain 
and displacement of the specimens. As seen from Fig. 9 
and Appendix A1, the ultimate bearing capacity of bam-
boo specimens under axial compression increased with 
increasing section area and diameter–thickness ratio. For 
these tests, the slenderness ratio ranged from 30 to 45; 
compared to the specimen with the section area of 2360 
mm2, the ultimate bearing capacity of the specimen with 
section areas of 2642 mm2 and 3112 mm2 increased by 
30.89% and 82.65%, the ultimate hoop strain increased 
by 137.04% and 139.34%, the ultimate longitudinal strain 
increased by 201.78% and 344.02%, and the lateral dis-
placement at the mid-height section of the specimen 
increased by 134.72% and 160.75%, respectively, which 
means the material strength parallel to the bamboo grain 
was fully utilized with the increase in the section area 
and diameter–thickness ratio. This result indicated that 
under axial compression, the ultimate hoop strain and 
ultimate longitudinal strain at the mid-height section 
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Fig. 4  Load–displacement curves of the original bamboo columns
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g B12090-3                                                                h B12100-1
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Fig. 4  continued
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of the original bamboo specimen were substantially 
affected by the section area and diameter–thickness 
ratio. In addition, the maximum lateral displacement at 
the mid-height section and the ultimate bearing capacity 
increased by 82.65% and 211.12%, respectively, indicating 
that the ultimate bearing capacity of the original bamboo 
column and the lateral displacement at the mid-height 
section were positively correlated with the section area 
and diameter–thickness ratio. Figures 10 and 11 show the 
load–strain curve and load–displacement curve for the 
specimens with different slenderness ratios. Figures  10 

and 11 show that with same height, the specimens with 
a larger outside diameter, greater section area, and higher 
fiber content exhibited greater ultimate hoop and longi-
tudinal strains, indicating that the ultimate hoop strain, 
longitudinal limit strain and lateral displacement were 
positively correlated with the section area of the original 
bamboo column. It can be concluded that increasing the 
section area and diameter–thickness ratio can fully uti-
lize the material strength to increase the load capacity.
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Slenderness ratio
In Table  2 and Fig.  12, for each tested specimen group, 
the specimens with slenderness ratios of 11.52, 21.84, 
33.00, and 46.32 were taken as the benchmarks for com-
parison. The variation trend of all mechanical parameters 
was analyzed. As shown in Table 2, for the tested speci-
men group of 10 < λ < 20, compared to the specimen with 
a slenderness ratio of 11.52, the ultimate bearing capac-
ity and ultimate hoop strain of the specimen, with a slen-
derness ratio of 12.32, dropped by 29.52% and 28.95%, 
respectively; the lateral displacement at the mid-height 
section of the specimen increased by 199.48%; and the 
ultimate longitudinal strain decreased by 4.63%. For the 

specimen with a slenderness ratio of 13.98, the ultimate 
bearing capacity was reduced by 39.60%, the ultimate 
hoop strain decreased by 34.09%, the ultimate longitudi-
nal strain dropped by 8.63%, and the lateral displacement 
at the mid-height section of the specimen increased by 
211.12%. Under axial compression, the ultimate hoop 
strain and ultimate longitudinal strain of the original 
bamboo specimen at the mid-height section decreased 
with increasing slenderness ratio, and a 27.36% increase 
in the slenderness ratio resulted in 58.22% and 77.48% 
decreases in the ultimate hoop strain and ultimate longi-
tudinal strain, respectively.
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Page 11 of 20Nie et al. J Wood Sci           (2021) 67:36 	

For the specimen groups with the same slender-
ness ratio, it can be concluded that the ultimate bearing 
capacity of the original bamboo specimen decreased with 
increasing slenderness ratio, and the highest reduction 
caused by the slenderness ratio was 44.39%, as shown 
in Table  2. The slenderness ratio of the same group 
increased with increasing slenderness ratio, and the lat-
eral displacement at the mid-height section increased by 
211.12% at most. The ultimate bearing capacity and ulti-
mate strain of the specimens were negatively correlated 
with the slenderness ratio.

Theoretical analysis
Stability coefficient
Previous studies on the behavior of original bamboo 
columns have focused on short columns [33, 39, 40]. 
However, columns used in practical engineering gener-
ally have a larger slenderness ratio, and research relat-
ing to the performance of slender bamboo columns is 
limited. For slender columns, the increased slender-
ness ratio inevitably leads to lateral deflection and con-
sequent secondary moment, which produce an adverse 
effect on the columns. The bamboo culm diameter is 
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gradually decreased from basal to top, named taper 
shape, which results in a gradual change for the second 
moment of area along the length. The imperfection may 
reduce the buckling resisting capacity of bamboo col-
umns. Due to various factors, the original bamboo col-
umns may have initial eccentricity, which may produce 
an additional bending moment and corresponding lateral 
deflection under axial loading. Besides, bamboo is oval 
in shape rather than perfect hollow cylinder, which may 
result in Brazier effect when the specimens under bend-
ing moment. Due to the Brazier effect, the longitudinal 
tension and compression, resisting the applied bending 

moment, also tend to flatten or ovalize the cross sec-
tion. As the curvature increases, the flexural stiffness 
decreases, so as to reduce bearing capacity.

The effect of the additional bending moment on the 
short column is smaller than that on the long column, 
which can generally be ignored. For long columns, the 
additional bending moment and lateral deflection may 
increase with increasing axial load, eventually leading to 
instability failure. Therefore, slender columns should be 
designed considering the second-order effects produced 
by the inevitable initial eccentricity under axial loading. 
According to “CECS 434-2016 Technical specification 
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for round bamboo-structural building [41]”, the stability 
coefficient, shown in Eq. (9), is used to study the reduc-
tion degree of the bearing capacity for the bamboo 
column.

where φ represents the stability coefficient and Pl and Ps 
represent the ultimate bearing capacity of the long col-
umn and short column, respectively.

For the original bamboo short column, Ps should meet 
the following requirements:

where f represents the compressive strength of the orig-
inal bamboo and A represents the sectional area of the 
original bamboo.

(9)ϕ =
Pl
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,

(10)Ps = f · A,
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Figure 13 shows the relationship between the stability 
coefficient and the slenderness ratio of the test results. 
The stability coefficient decreases with increasing slen-
derness ratio. For the tests conducted with the same 
slenderness ratio, the stability coefficient of the original 
bamboo specimen with a diameter–thickness ratio of 5.7 
was larger than those with ratios of 5.5 and 4.8, which 
means that increasing the diameter–thickness ratio is 
useful for enhancing the stability coefficient. In addi-
tion, when the diameter–thickness ratios are the same, 

the stability coefficient decreases quickly with increasing 
slenderness ratio. Therefore, decreasing the slenderness 
ratio and increasing the diameter–thickness ratio are 
two effective methods to enhance the stability of bamboo 
columns and mitigate local buckling to improve the load 
capacity of original bamboo columns under axial com-
pression. The regression method is analyzed to calculate 
the stability coefficient of original bamboo specimens 
with the same diameter–thickness ratio, as follows:
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Moreover, the stability coefficient of original bam-
boo specimens with different diameter–thickness ratios 
can be calculated by a similar approach considering the 
diameter–thickness ratio, as follows:

(11)ϕ = (1− 0.000081�
2
−0.004653�) · (1+ 0.024140ξ2−0.150806ξ) (ξ = 4.8),

(12)ϕ = (1+ 0.000034�
2
−0.011556�) · (1+ 0.029165ξ2−0.163920ξ) (ξ = 5.5),

(13)ϕ = (1− 0.001148�
2
+0.049163�) · (1+ 0.019136ξ2−0.172517ξ) (ξ = 5.7).

(14)ϕ = (1− 0.000040�
2
−0.007868�) · (1+ 0.019662ξ2−0.111979ξ).

Verification of the proposed model
Appendix B lists the calculated stability coefficients based 
on Eq.  (9) and Eq.  (10), and the average axial compres-
sive strength of three short columns (H = 200  mm and 
Dt = 100 mm) is used as the compressive strength of the 
original bamboo materials. The calculated stability coef-
ficient using Eq. (9) was compared with the experimental 
results, as shown in Fig. 14. The average ratio value (AV) 
of the calculated value to the experimental value is 1.01, 
the standard deviation (SD) is 0.08, and the mean absolute 
error (AAE) of the calculated value is 0.06. The regres-
sion test points are evenly distributed on both sides of the 
theoretical line, and the calculated values, calculated by 
Eq. (14), are in good agreement with the experimental val-
ues. The calculated results demonstrate that the proposed 
equation exhibited good accuracy in predicting the stabil-
ity coefficient of the original bamboo columns.

The proposed model of the stability coefficient can be 
considered to calculate the axial load-bearing capacity of 
the original bamboo columns considering the influence 
of the slenderness ratio and diameter–thickness ratio as 
follows:
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where P represents the bearing capacity of the original 
bamboo; φ represents the stability coefficient; f repre-
sents the compressive strength; and A represents the sec-
tional area.

To verify the validity of the proposed model, the exper-
imental results of the ultimate bearing capacity are com-
pared with those calculated by Eq.  (15). As seen from 
Fig.  15, the proposed model is applicable and effective, 
and the proposed formula is valid for the rapid prediction 
of ultimate bearing capacity.

Conclusions and prospects
Experimental and analytical studies on the original bam-
boo columns under axial compression were conducted to 
investigate the diameter–thickness ratio and slenderness 
ratio on the loading capacity. The following conclusions 
can be drawn below:

(1)	 Based on the experimental results, for specimens 
with the same diameter–thickness ratio, the slen-
derness ratio is negatively correlated with the ulti-
mate bearing capacity. For specimens with the same 
slenderness ratio, the diameter–thickness ratio 
is positively correlated with the ultimate bearing 
capacity.

(2)	 The failure modes of the specimen are mainly 
related to the slenderness ratio. The specimens, 
with slenderness ratios of 10 < λ < 20, exhibit the 
characteristic of typical short column failure. For 
the specimens with slenderness ratios of 20 < λ < 30, 
most of them exhibit overall cracking failure char-
acteristics, while local buckling occurs in a few 

(15)P = ϕ · f · A,

specimens. When the slenderness ratio is in the 
range of 30 < λ < 60, the specimens exhibit local 
bucking, which is typical of elastic–plastic instabil-
ity failure. Local buckling can result in the material 
strength not being fully used, which substantially 
reduces the load capacity of the bamboo column, 
while local buckling can be mitigated by decreasing 
the slenderness ratio and increasing the diameter–
thickness ratio.

(3)	 For specimens with the same slenderness ratio, 
the diameter–thickness ratio is positively corre-
lated with the ultimate bearing capacity. Under the 
same slenderness ratio, when the diameter–thick-
ness ratio increases by 18.75%, the ultimate bear-
ing capacity at the mid-height section increases by 
82.65%. For the specimens with the same diameter–
thickness ratio, the slenderness ratio is negatively 
correlated with the ultimate bearing capacity, and 
the highest reduction in the loading capacity caused 
by the slenderness ratio is 44.39%.

(4)	 Taking into account the influence of the slenderness 
ratio and diameter–thickness ratio, the predicting 
model for the compressive bearing capacity of the 
original bamboo column was presented, and the 
calculated results were satisfactory.

In this study, the natural defects, such as taper, ovaliza-
tion and out-of-straight, for the origin bamboo columns 
are not considered. Besides, specimens test does not cap-
ture the innermost deformation, which is also an impor-
tant index to study the deformation of hollow columns. 
These limitations will be considered to comprehensively 
study the behavior of the bamboo column in the next 
research.

Appendixes
Appendix A
See Table 3.

Appendix B
See Table 4.
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Table 4  Stability coefficient of the original bamboo columns

Slenderness ratio λ Diameter–
thickness 
ratio ξ

Ultimate bearing 
capacity of the long 
column Pl/kN

Ultimate bearing 
capacity of the short 
column Ps/kN

Experimental 
stability 
coefficient

Calculated 
stability 
coefficient

Calculated value/
Experimental 
value

14.04 4.97 109.25 130.36 0.84 0.82 0.98

13.73 4.67 100.29 146.03 0.69 0.80 1.17

14.17 4.87 98.98 131.14 0.75 0.81 1.07

12.23 5.39 115.67 157.35 0.74 0.87 1.18

12.47 5.22 137.13 156.96 0.87 0.85 0.98

12.27 5.12 135.13 165.23 0.82 0.85 1.03

11.49 5.39 171.1 171.61 0.99 0.88 0.88

11.51 4.87 169.19 198.74 0.85 0.83 0.98

11.57 4.69 172.48 179.41 0.96 0.82 0.85

28.48 4.65 98.98 136.30 0.73 0.67 0.93

26.82 5.75 91.94 122.24 0.75 0.77 1.02

26.99 5.59 93.87 124.43 0.75 0.75 0.99

24.55 5.29 109.04 159.48 0.68 0.75 1.10

24.13 6.09 113.34 141.86 0.80 0.82 1.03

24.09 6.21 122.73 139.34 0.88 0.84 0.95

21.80 6.84 165.52 189.61 0.87 0.93 1.07

21.89 6.71 156.29 172.67 0.91 0.92 1.01

21.83 6.81 160.91 173.46 0.93 0.93 1.00

43.20 4.22 71.09 148.18 0.48 0.51 1.07

42.27 5.25 72.05 122.01 0.59 0.57 0.96

40.61 5.48 71.07 126.29 0.56 0.60 1.07

36.15 6.23 84.44 138.88 0.61 0.71 1.16

36.14 6.21 98.05 139.34 0.70 0.71 1.00

36.78 5.92 97.92 141.67 0.69 0.67 0.98

32.83 6.70 158.25 197.68 0.80 0.79 0.99

32.78 6.42 169.84 188.14 0.90 0.76 0.85

33.39 5.51 155 196.55 0.79 0.68 0.86

58.10 3.73 56.96 166.62 0.34 0.35 1.03

57.33 4.42 50.06 142.43 0.35 0.37 1.06

57.31 4.40 62.05 143.18 0.43 0.37 0.86

49.48 5.57 79.19 148.60 0.53 0.51 0.95

51.27 4.50 73.93 174.26 0.42 0.44 1.04

50.07 4.74 74.58 172.87 0.43 0.46 1.07

46.43 4.58 98.71 208.74 0.47 0.49 1.05

46.22 4.89 101.18 196.21 0.52 0.51 0.99

46.30 4.64 96.24 206.74 0.47 0.50 1.07

Average 1.01

Mean absolute error 0.06
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