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Relationship between Mechanical Properties and Height-
Diameter Ratio of Moso Bamboo

Liming Yang,* Yan Yuan, and Xiaoming Lu

Systematic tests of longitudinal compression, bending, longitudinal shear,
and longitudinal tensile strength of bamboo were conducted to study the
variation of mechanical properties and the height-diameter ratio of bamboo.
The predictive relations of mechanical properties and height-diameter ratio
were fitted by linear regression analysis. The results showed that the
mechanical properties of longitudinal compression, bending, longitudinal
shear, and longitudinal tensile strength of bamboo increased with the
increase of the height-diameter ratio. In this paper, the method of deducing
the relationship between mechanical properties and height-diameter ratio
of bamboo through the linear fitting relationship between mechanical
properties and height-diameter ratio was shown to have high applicability
and accuracy for bamboo. This paper has a certain reference value for the
evaluation of mechanical properties of bamboo and has a certain practical
value for reducing the testing cost.
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INTRODUCTION

Bamboo is a type of green and environmentally friendly building material (Chen et
al. 2018; Guan et al. 2022; Bala and Gupta 2023). Compared with traditional building
materials, bamboo has the following advantages: (1) Wide distribution and planting area,
short growth cycle (Lo et al. 2008; Jiang et al. 2015; Li et al. 2016; Huang and Sun 2021,
Kuang et al. 2022); (2) High strength, toughness, and high strength to weight ratio, known
as the steel bar in nature; (3) The processing energy consumption is low, and the abandoned
bamboo used for construction will naturally degrade without additional treatment, which
is conducive to improving the ecological environment. It can be seen that the development
potential of bamboo structure is huge. It is conducive to the development of ecological
architecture and has great significance for the realization of sustainable development
strategy. However, due to the biological characteristics of bamboo, its heterogeneous size,
moisture content, poor durability, stress direction, and height to diameter ratio can all lead
to different mechanical properties (Made Oka et al. 2016; Masood and Khan 2017; Tian et
al. 2018; Skuratov et al. 2021; Zhou et al. 2023), which leads to complications in the
application of bamboo structure in practical engineering, requiring a lot of bamboo
performance testing time and cost.

To predict the mechanical properties of bamboo, experts and scholars have studied
and analyzed the correlation between the mechanical properties of bamboo through a series
of tests. Liu et al. (2021) explored the relationship between the bending strength and elastic
modulus of bamboo and the height, wall thickness, and perimeter, and the results showed

Yang et al. (2024). Bambo height:diameter ratio,” BioResources 19(2), 3409-3420. 3409



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

that the bending strength and elastic modulus of bamboo pieces in different parts had a
good correlation with the height, wall thickness, and perimeter. The cited authors derived
the relevant fitting formula to predict the mechanical properties of bamboo. Li et al. (2014)
studied the water content, linear dry shrinkage, air-dry density, flexure strength, flexure
elastic modulus, and longitudinal compressive strength of bamboo material of different
ages. It was found that the air-dry density, flexural strength, flexural elastic modulus, and
longitudinal compressive strength of bamboo increased with the increase of bamboo age,
while the raw material’s water content, air-dry shrinkage ratio decreased in chord, radial,
longitudinal, and full dry shrinkage ratio. Zhou et al. (2012) investigated the distribution
of vascular bundle and its tensile properties of bamboo, and the results showed that the
volume ratio of vascular bundle increased with the increase of bamboo height, and the
linear positive correlation between the longitudinal tensile elastic modulus and longitudinal
tensile strength of bamboo and the volume ratio of vascular bundle was observed. Lin et
al. (2019) conducted an experiment on the influence of bamboo joints on the mechanical
properties of bamboo, and the results showed that bamboo joints had a significant influence
on the compressive strength of bamboo along the grain. Hao et al. (2017) conducted
experimental research on the mechanical properties of bamboo along the grain direction,
and obtained the elastic modulus, compressive strength, and tensile strength of bamboo
along the grain direction, as well as the compressive strength and shear strength of bamboo
along the grain direction. Up to this point there have been few studies on the prediction of
mechanical properties of bamboo structures. Such studies mainly have been based on a
small number of sample data to explore the longitudinal tensile and bending properties of
bamboo. There is still a lack of relevant studies on the relationship between mechanical
properties of bamboo and the height-diameter ratio, and there is a lack of methods to predict
mechanical properties of bamboo using the height-diameter ratio.

To explore the relationship between the mechanical properties of bamboo and the
height-diameter ratio, and thereby to realize a simple, effective, and practical method for
predicting the mechanical properties of bamboo using the height-diameter ratio, the
following work was mainly performed for bamboo: (1) Based on a large number of test
samples, the longitudinal tensile and longitudinal compressive strength, bending strength,
and longitudinal shear strength of bamboo were tested. (2) The correlation between
bamboo mechanical properties and height-diameter ratio was fitted by linear regression
method, and the correlation prediction formula was given. (3) The prediction formulas
proposed in this paper were tested and verified, and the mechanical properties of bamboo
can be predicted using dimension measurement tools.

EXPERIMENTAL

Selection of Materials and Production of Specimens

In this paper, China was selected as the sampling site for bamboo. Bamboo trees
with a diameter of about 100 mm and an age of 3 to 4 years were cut. In reference to JG/T
199 (2007) and 1SO 22157-1 (2004), four types of specimens with mechanical properties,
including longitudinal compression, bending, longitudinal shear, and longitudinal tensile
were fabricated (Fig. 1). The length-diameter ratio of the longitudinal compression and
longitudinal shear specimens was 1. The bending specimen size was 220 mm x 15 mm X t
mm; The size of the longitudinal tensile specimen was 330 mm x 15 mm X% t mm, where t
is the wall thickness (mm) of the bamboo.
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Fig. 1. Specimen making and loading diagram

Mechanical Properties Test and Calculation

The mechanical property test was conducted with reference to the standard, and the
specimen was loaded with a universal testing machine. When formally loaded, the loading
rate of the longitudinal compression, longitudinal shear, and longitudinal tensile tests was
0.01 mm/s, and the loading rate of the bending test was 150 N/mm? per minute. The
formulas that were used for calculating the strength and elastic modulus of the specimen
were as follows,

f,, = P“:X (1)
20AP

W= (2)

MOR, =22 @3)

oe, - 19200000 "

where fw is the compressive, shear, and tensile strength of the sample with moisture content
W (MPa). Ew is the elastic modulus along grain with water content W (MPa). MORw is the
bending strength under water content W (MPa). MOEw is the flexural elastic modulus
under water content W (MPa). Pmax is the failure load (N); A is the force area (mm?); t is
the thickness of the specimen (mm); b is the height of the specimen (mm); AP is the
difference between the upper and lower loads (N); A/ is the difference between the
deformation value of the specimen under the upper and lower loads (mm); and Jm is the
deflection value of the pure bend section of the specimen under the action of AP (mm).

Data Processing

The function drawing software Origin was used to carry out statistical analysis on
various mechanical properties of bamboo. The longitudinal compressive strength,
longitudinal compressive elastic modulus, flexural strength, flexural elastic modulus,
longitudinal tensile strength, longitudinal tensile elastic modulus, and longitudinal shear
strength of bamboo were respectively fitted with the height-diameter ratio (H/D), so as to
obtain the relevant fitting curve and its fitting relation. The determination coefficient R?
was used to evaluate the fitting effect. An R? value closer to 1 results in a higher goodness
of fitting.
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RESULTS AND DISCUSSION

Mechanical Property Value Statistics

A total of 60% of the specimens with various mechanical properties were randomly
selected for mechanical properties testing, and Origin was used to make statistics on the
mechanical properties of the obtained bamboo, and the results shown in Table 1 were
obtained.

Table 1 shows that the mechanical properties of bamboo exhibited obvious
anisotropic characteristics, among which the longitudinal compressive, longitudinal tensile,
and bending properties of bamboo were excellent, while the longitudinal shear properties
of bamboo were poor. The flexural strength was slightly smaller than the longitudinal
tensile strength, while the longitudinal compressive strength was smaller than the flexural
strength and the longitudinal tensile strength.

Table 1. Statistical Results of Mechanical Properties of 60% Bamboo Specimens

Mechanical Quantity Mean Value Star)dgrd Coeﬁi_cient of
Property Index Deviation Variation
UcCSs 186 58.6 MPa 4.10 MPa 0.07003
UCE 183 14.1 GPa 1.53 GPa 0.10819
MOR 92 132.6 MPa 6.83 MPa 0.05156
MOE 92 17.6 GPa 0.98 GPa 0.05587
uTsS 199 150 MPa 10.8 MPa 0.07239
UTE 196 16.3 GPa 1.15 GPa 0.07048
USsS 119 15.7 MPa 1.10 MPa 0.06979

Note: UCS, UCE, MOR, MOE, UTS, UTE, and USS, respectively, represent the longitudinal
compressive strength, longitudinal compressive elastic modulus, flexural strength, flexural elastic
modulus, longitudinal tensile strength, longitudinal tensile elastic modulus, and longitudinal shear
strength.

Probability Distribution Model

The normal distribution, log-normal distribution, and Weibull distribution were
used to perform strength probability fitting for various mechanical properties of bamboo
with different height-diameter ratio (H/D), and the K-S correction test was used to perform
goodness of fit test. The probability distribution diagram shown in Fig. 2 and goodness of
Fit test table shown in Table 2 were obtained.

According to the probability distribution diagram and Table 2, the normal
distribution, log-normal distribution, and Weibull distribution cannot be excluded for the
longitudinal compressive strength, flexural strength, flexural elastic modulus, longitudinal
shear strength, longitudinal tensile strength, and longitudinal tensile elastic modulus
strength of bamboo. The distribution of compressive elastic modulus along grain accords
with the normal distribution and Weibull distribution, but does not satisfy the lognormal
distribution. The above results are consistent with the literature (Liu et al. 2022).
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Fig. 2. Experimentally determined probability distributions (histograms) of mechanical properties
of specimens compared with three widely used model distributions (fitted smooth curves)
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Table 2. Goodness of Fit Test Table

PMechamcaI Distribution Statistics P-value Conclusion at (5%) Level
roperty Index
Normal 0.03051 >0.15
ucs Lognormal 0.0315 >0.15 Cannot rule out
Weibull 0.06094 >0.1
Normal 0.06025 0.10081
UCE Lognormal 0.08001 <=0.01 Exclude
Weibull 0.05771 >0.1
Normal 0.0645 >0.15
MOR Lognormal 0.05814 >0.15
Weibull 0.0884 >0.1
Normal 0.07969 >0.15
MOE Lognormal 0.06969 >0.15
Weibull 0.11756 >0.1
Normal 0.04191 >0.15 Cannot rule out
UTS Lognormal 0.05486 0.14806
Weibull 0.06017 >0.1
Normal 0.05061 >0.15
UTE Lognormal 0.05488 >0.15
Weibull 0.06159 >0.1
Normal 0.05554 >0.15
USS Lognormal 0.06715 >0.15
Weibull 0.0782 >0.1

Relationship Model Between Mechanical Properties and Height-Diameter
Ratio

The software Origin was used to fit UCS, UCE, MOR, MOE, UTS, UTE, and USS
of bamboo to the height-diameter ratio respectively, thereby obtaining the fitting curve
shown in Fig. 3 and the fitting relation shown in Table 3. The fitting effect was evaluated
using the coefficient of determination R?. The results showed that UCS, UCE, MOR, MOE,
UTS, UTE, and USS were strongly correlated with the height-diameter ratio. The R? of
UCE, UTS, and USS were all above 0.7, and the fitting effect was relatively better. The
longitudinal compressive strength, longitudinal compressive elastic modulus, flexural
strength, flexural elastic modulus, longitudinal tensile strength, longitudinal tensile elastic
modulus, and longitudinal shear strength of bamboo increased with the increase of the
height-diameter ratio. The UCS, UCE, MOR, MOE, UTS, UTE, and USS of bamboo can be
converted using the relation in the table.

The relationship between the mechanical properties of bamboo and the height-
diameter ratio is mainly related to the structure of bamboo. Bamboo is mainly composed
of vascular bundle material, which plays the role of bearing and basic organization that
plays the role of connecting and transferring load, among which UCS, UCE, UTS, UTE,
and USS of bamboo are mainly linearly and positively correlated with the distribution
density of vascular bundle, and the volume ratio of vascular bundle increases with the
increase of bamboo height. Therefore, the mechanical properties of bamboo along the grain
direction tend to increase with the increase of height-diameter ratio. The MOR and MOE
affecting bamboo are mainly vascular bundles, and they have a linear positive correlation
with the distribution density of vascular bundles, so they also show an increasing trend
with the increase of height-diameter ratio.
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Fig. 3. The fitting curve of mechanical properties and height-diameter ratio of 60% specimens
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Table 3. Fitting Relation Between Mechanical Properties and Height-Diameter
Ratio

Mechanical Property Index Relational Expression R?
uUcCs y =0.1622x + 49.262 0.6704
UCE y = 0.0598x + 11.406 0.7220
MOR y =0.3148x + 118.31 0.5657
MOE y =0.0414x + 15.779 0.6366
uTsS y = 0.4067x + 129.18 0.7278
UTE y =0.0356x + 14.614 0.5991
uss y =0.0413x + 13.426 0.7052

Model Verification

Based on the fitting results between the mechanical properties of bamboo and the
height-diameter ratio, a linear fitting relation between the mechanical properties of bamboo
and the height-diameter ratio is proposed in this paper. According to the determination
coefficient R? of linear fitting between various mechanical properties and height-diameter
ratio of bamboo (Table 3), the goodness of fitting between various mechanical properties
and height-diameter ratio of bamboo is high. Among them, UCE, UTS, and USS have larger
R? fitted linearly with height-diameter ratio. In summary, the linear relationship between
mechanical properties and height-diameter ratio can be used to deduce the mechanical
properties of bamboo, and the measurement of height-diameter ratio is operable in practical
application.

To verify the accuracy of the prediction formula in this paper, the height-diameter
ratio was taken as the independent variable, and the mechanical properties of the remaining
40% of the mechanical properties of the bamboo specimens were tested. The measured
mechanical properties were compared with the corresponding predicted values, and the
comparison results were obtained, as shown in Fig. 4. It can be seen from the results in the
figure that the predicted results by this method were close to the measured values,
indicating that the prediction formula of bamboo mechanical properties obtained in this
paper has certain applicability and accuracy, and has certain reference value for the
application and development of bamboo structures.

Due to the need to use a large number of bamboo culm materials in the application
of original bamboo structure, predicting the mechanical properties of a batch of bamboo
culm by a certain mechanical property can save a lot of material and time testing costs. The
conversion parameters of bamboo mechanical properties obtained in this paper can provide
reference for the prediction of bamboo mechanical properties.
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Fig. 4. Comparison of experimental and predicted mechanical properties
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CONCLUSIONS

1. The test results showed that the longitudinal compression, longitudinal tensile, and
bending properties relative to the grain direction were excellent, while the longitudinal
shear properties of the grain were poor. The flexural strength was slightly smaller than
the longitudinal tensile strength, while the longitudinal compressive strength was
smaller than the flexural strength and the longitudinal tensile strength.

2. The results showed that the longitudinal compressive strength, longitudinal
compressive elastic modulus, bending strength, bending elastic modulus, longitudinal
tensile strength, longitudinal tensile elastic modulus, and longitudinal shear strength of
bamboo all increased with the increase of the height-diameter ratio.

3. The predicted value of the linear fitting relationship between the mechanical properties
of bamboo and the height-diameter ratio was compared with the experimental value.
The results verified that the prediction formula proposed in this paper can be used as a
reference for the prediction of the mechanical properties of bamboo.

ACKNOWLEDGMENTS

The authors are grateful for the support of the Key research projects of colleges and
universities in Henan Province: Grant Number 23B560012.

REFERENCES CITED

Bala, A., and Gupta, S. (2023). “Engineered bamboo and bamboo-reinforced concrete
elements as sustainable building materials: A review,” Construction and Building
Materials 394, article ID 132116. DOI: 10.1016/j.conbuildmat.2023.132116

Chen, Q., Zhang, R., Qin, D., Feng, Z., and Wang, Y. (2018). “Modification of the
physical-mechanical properties of bamboo-plastic composites with bamboo charcoal
after hydrothermal aging,” BioResources 13(1), 1661-1677. DOI:
10.15376/biores.13.1.1661-1677

Guan, M., Huang, Z., and Zhu, D. (2022). “The effect of ultrasonic process on the shear
strength and the microstructure of the bonding interface of laminated bamboo
lumber,” European Journal of Wood and Wood Products 80(6), 1401-1411. DOI:
10.1007/s00107-022-01850-2

Hao, J., Qin, M., Tian, L., Liu, M., and Zhao, Q. (2017). “Experimental study on
mechanical properties of bamboo along grain direction,” Journal of Xi ‘an University
of Architecture and Technology (Natural Science Edition) 49(06), 777-783. DOI:
10.15986/j.1006-7930.2017.06.002

Huang, Z., and Sun, Y. (2021). “Hygrothermal performance comparison study on
bamboo and timber construction in Asia-Pacific bamboo areas,” Construction and
Building Materials 271, article ID 121602. DOI: 10.1016/j.conbuildmat.2020.121602

Yang et al. (2024). Bambo height:diameter ratio,” BioResources 19(2), 3409-3420. 3418



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

I1ISO 22157-1 (2004). “Bamboo — Determination of physical and mechanical properties —
Part I: Requirements,” International Organization for Standardization, Geneva,
Switzerland.

JG/T 199-2007 (2007). “Test method for physical and mechanical properties of bamboo
for construction,” Ministry of Construction of the People’s Republic of China,
Beijing, China.

Jiang, Y., Nie, S,, Liang, D., Zhang, N., Wang, S., and Song, X. (2015). “Effects of
alkaline hydrogen peroxide pre-extraction on bamboo lignin chemistry and other
bamboo chemical components,” BioResources 10(4), 6332-6347. DOI:
10.15376/biores.10.4.6332-6347

Kuang, Y., Liu, P., Zhou, Q., Fu, F., and Li, W. (2022). “Analysis method of design
strengths of P. edulis bamboo,” Forests 13(4), article 526. DOI: 10.3390/f13040526

Li, J., Yuan, Y., and Guan, X. (2016). “Assessing the environmental impacts of glued-
laminated bamboo based on a life cycle assessment,” BioResources 11(1), 1941-1950.
DOI: 10.15376/biores.11.1.1941-1950

Li, G., Gu, Z., and Li, J. (2014). “Study on physical and mechanical properties of
bamboo,” Hubei Forestry Science and Technology 43(05), 44-49. DOI:
10.3969/j.issn.1004-3020.2014.05.014

Lin, F., Chen, Y., and Dai, Z. (2019). “Experimental study on the influence of bamboo
joints on stress resistance of bamboo,” Journal of Bamboo 2019(3), 72-77. DOI:
10.19560/j.cnki.issn1000-6567.2019.03.011

Liu, P., Xiang, P., Zhou, Q., Zhang, H., Tian, J., and Demis Argaw, M. (2021).
“Prediction of mechanical properties of structural bamboo and its relationship with
growth parameters,” Journal of Renewable Materials 9(12), 2223-2239. DOI:
10.32604/jrm.2021.015544

Liu, P., Qin, Y., Zhou, Q., Xiang, P., Zhou, X., and Shan, Y. (2022). “Experimental
investigation on the physical and mechanical properties of P. edulis bamboo and their
correlations,” European Journal of Wood and Wood Products 80(3), 569-584.
DOI:10.1007/s00107-021-01773-4.

Lo, T., Cui, H., Tang, P., and Leung, H. (2008). “Strength analysis of bamboo by
microscopic investigation of bamboo fibre,” Construction and Building Materials
22(7), 1532-1535. DOI: 10.1016/j.conbuildmat.2007.03.031

Made Oka, G., Triwiyono, A., and Siswosukartoand Ali Awaludin, S. (2016). “Effects of
bolt distance on flexural behavior of bolt-laminated bamboo beam,” International
Journal of Engineering and Technology 8(2), 112-116. DOI:
10.7763/ijet.2016.v8.868

Masood, S., and Khan, Z. (2017). “Adoption of green building technique: Replacement of
steel by bamboo,” International Journal of Trend in Scientific Research and
Development 1(5), 452-457. DOI: 10.31142/ijtsrd2315

Skuratov, S., Danilova-Volkovskaya, G., Yanukyan, E., and Beilin, M. (2021). “Bamboo
as a unique ecological building material of the XXI century: Bamboo description,
bamboo physical and mechanical properties studies,” Materials Science Forum 1043,
149-154. DOI: 10.4028/www.scientific.net/msf.1043.149

Tian, L., Kou, Y., and Hao, J. (2018). “Flexural behavior of sprayed lightweight
composite mortar-original bamboo composite beams: Experimental study,”
BioResources 14(1), 500-517. DOI: 10.15376/biores.14.1.500-517

Yang et al. (2024). Bambo height:diameter ratio,” BioResources 19(2), 3409-3420. 3419



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Zhou, A., Huang, D., Che, S., and Zhang, P. (2012) “Vascular bundle distribution and
tensile properties of bamboo,” Journal of Building Materials 15(05), 730-734. DOI.
10.3969/j.issn.1007-9629.2012.05.028

Zhou, Q., Xu, Y., Liu, P, Qin, Y., and Zhang, H. (2023). “Mechanical properties of
energy sustainable round bamboo-phosphogypsum composite floor slabs,” Journal of
Building Engineering 76, article ID 107192. DOI: 10.1016/j.jobe.2023.107192

Avrticle submitted: March 5, 2024; Peer review completed: March 30, 2024; Revised
version received and accepted: April 2, 2024; Published: April 16, 2024.
DOI: 10.15376/biores.19.2. 3409-3420

Yang et al. (2024). Bambo height:diameter ratio,” BioResources 19(2), 3409-3420. 3420



