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To establish the constitutive model of original bamboo, the tensile and 
compressive tests along the grain of original bamboo were investigated. 
The original bamboo was graded according to the elastic modulus, and a 
stress-strain constitutive model of original bamboo was proposed. The 
results of the study show that the tensile failure mode of original bamboo 
along the grain is brittle failure, and the compression along the grain is 
ductile failure. The bamboo was divided into three grades I, II, and III, and 
the proportion of II and II was more than 80%. A linear constitutive model 
was used for tension along the grain of original bamboo, a "three-fold" 
model was used for simplified constitutive model for compression along 
the grain, and the Sargin model was used for accurate constitutive model. 
The classification method proposed in this paper can result in the efficient 
utilization of bamboo resources, and the proposed constitutive model can 
promote the analysis and engineering application of original bamboo 
architecture. 
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INTRODUCTION 
 

The Chinese government has increasingly attached importance to high-quality 

economic development, and at the same time it has become more conscious of ecological 

environment protection. It has proposed the goal of carbon peak by 2030 and carbon neutral 

by 2060. To achieve the goal of carbon peak and carbon neutral, it is essential to innovate 

contemporary architecture, which requires the transformation of traditional buildings into 

green buildings. Bamboo, known as “plant steel bar”, is an ideal building material (Tian et 

al. 2018; Li et al. 2020). Bamboo has many advantages (Chen et al. 2012; Chen et al. 2018; 

Skuratov et al. 2021). It is the fastest growing plant in the world, and its growth cycle is 

shorter than wood. Bamboo has high strength, as well as good elasticity and toughness. 

The design and construction of the bamboo building is flexible and can extend the life of 

the building by replacing damaged parts. Bamboo buildings are comfortable and pleasant 

to the eye. Driven by the government and international organizations and combined with 

modern advanced construction technology, bamboo architecture has broad application 

prospects (Huang et al. 2017; Masood et al. 2017; Nurazka et al. 2021; Zhou et al. 2023). 

Up to this point, research on original bamboo has focused mainly on microstructure 

and chemical composition (Lo et al. 2008; Jiang et al. 2015; Liu and Zhou et al. 2021), 

basic physical and mechanical properties (Mitch et al. 2010; Liu et al. 2014; Zhou et al. 

2022), prediction of mechanical properties (Liu et al. 2021a; Liu et al. 2021b), production 
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technology (Li et al. 2016; Ni et al. 2016), testing and theoretical analysis of composite 

components (Fang et al. 2015; Li et al. 2015; Made et al. 2016; Zhao et al. 2017; Wang et 

al. 2021), etc. Bamboo mainly consists of vascular bundles and basic tissues. Vascular 

bundle is responsible for carrying load, and the basic organization is responsible for load 

transfer (Lo et al. 2008). Bamboo contains a large amount of cellulose (40 to 60%), 

hemicellulose, and lignin, as well as starch, protein, and other chemical components (Jiang 

et al. 2015). The diameter of bamboo gradually decreases with height, whereas the strength 

generally increases with the height of bamboo stalk (Liu et al. 2021b), and gradually 

increases from the inside to the outside of bamboo wall (Liu et al. 2014). The strength of 

bamboo along the grain direction is significantly higher than that of the horizontal grain 

direction (Mitch et al. 2010). Liu et al. (2021c) carried out a systematic experiment on the 

physical and mechanical properties of original bamboo. They obtained mechanical 

properties such as compressive strength and elastic modulus along the grain, tensile 

strength and modulus along the grain, flexural strength and elastic modulus, etc. The 

relationship between the above-mentioned mechanical properties and wall thickness and 

perimeter was analyzed, and the prediction formulas for various mechanical properties, 

wall thickness, and perimeter were put forward. By such an approach, the relationship 

between the mechanical properties of raw bamboo was established. In order to make 

bamboo more convenient to be used in building structures, standardized bamboo composite 

materials are produced by reorganizing original bamboo, impregnating bamboo, and heat 

curing under high temperature and high pressure (Li et al. 2016; Ni et al. 2016). To study 

the mechanical properties of standardized bamboo composite members, Li et al. (2015) 

conducted the axial compression test and theoretical analysis of laminated bamboo column. 

The results showed that laminated bamboo column had good mechanical properties. Fang 

et al. (2015) developed a new type of GFRP-bamboo-wood laminated sandwich beam and 

studied its mechanical properties. The results show that increasing the thickness of bamboo 

layer and GFRP layer plays an important role in improving the flexural stiffness and 

ultimate load of sandwich beam. 

In order to promote finite element analysis of bamboo structure, the establishment 

of a constitutive model is very important. Li et al. (2020) carried out experiments on 

bamboo scrimber and studied its constitutive relationship. They proposed three stress-

strain relationship models including a quadrilinear model, a quadratic function model, and 

a cubic function model. The latter two models can better predict the stress-strain 

relationship in the elastic-plastic stage. Wei et al. (2020) explored the tensile and 

compressive failure modes of glulam bamboo along the grain and fitted its stress-strain 

constitutive model with the Richard-Abbott model. However, the constitutive model of 

original bamboo is still lacking. In order to promote the application of original bamboo 

structure, it is urgent to put forward the constitutive model of original bamboo. Different 

from standardized materials such as recombinant bamboo and glulam bamboo, the 

mechanical properties of original bamboo have great variability, so the culms must be 

graded before studying the constitutive model of original bamboo. Classification can 

effectively improve the utilization value of original bamboo resources. 

In order to classify bamboo and establish a constitutive model, tensile and 

compressive tests were used to analyze the failure modes of tensile and compressive 

specimens along the grain. The bamboo was classified. A stress-strain constitutive model 

of original bamboo material was proposed. The research results of this paper will promote 

the finite element analysis and engineering application of original bamboo structures. 
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EXPERIMENTAL 
 

Materials  
The original bamboo studied in this paper is P. edulis bamboo produced in China. 

The bamboo was 4 years old. The wall thickness of bamboo stalks was not less than 6 mm. 

In the bamboo forest, the original bamboo without cracking, mildew, corrosion, or moth - 

eaten condition was randomly selected for cutting. In order to prevent bamboo culm from 

cracking during felling, the felling position is chosen close to the bamboo node. After 

cutting, the samples were air dried, and the tensile and compressive specimens along the 

grain were made. The distribution of specimens in the bamboo culm achieved uniform 

distribution of tensile and compressive specimens along the bamboo culm. Referring to the 

standards JG/T199-2007 (2007) and ISO 22157-1-2019 (2019), a total of 100 tensile 

specimens and 200 compressive specimens along the grain were prepared. Before loading, 

the height (h), wall thickness (t) and diameter (D) of the specimen were recorded. After 

loading failure, a small specimen with a size of 20 mm × 20 mm × t mm was intercepted 

near the failure of the specimen for density measurement. 

 

 

 

(a) UT specimen size (b) UT test 

  

(c) UC specimen size (d) UC test 
 

Fig. 1. Specimen size and test. Note here that “U” indicates the grain direction, “T” indicates that 

tensile stress was applied, and “C” indicates that compression stress was applied 

 



 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

Cui et al. (2024). Stress-strain constitutive models,” BioResources 19(2), 3031-3046.  3034 

Tensile Test along the Grain  
The size of the tensile specimen along the grain (UT) was 330 mm × 15 mm × t 

mm, and the length of 60 mm in the middle was the effective part of the specimen, as shown 

in Fig. 1a. When making the specimen, it is required that the texture is parallel to the center 

line, and the tangent direction of the green surface of bamboo should be perpendicular to 

the side of the effective part of the specimen. The transition arc surface between the 

effective part of the specimen and the clamping part at both ends should be smooth and 

symmetric with the center line of the specimen. Universal testing machine was used for 

loading at the rate of 0.01 mm/s (Fig. 1b). 
 

Compression Test along the Grain 
The size of the compressive specimen (UC) along the grain is L:D=1 (L is the height 

of the specimen), as shown in Fig. 1c. A universal testing machine was used to load at the 

rate of 0.01 mm/s (Fig. 1d). Lubricating oil was applied between the specimen and the 

loading section. 
 
 
RESULTS AND DISCUSSION 
 

Classification of Original Bamboo 
Mechanical classification is based on the correlation between material strength and 

stiffness. According to the measured elastic modulus, the material grade boundary 

conditions are usually set, and then the material can be divided into different strength 

grades. The elastic modulus of bamboo is the basis of other mechanical properties. Based 

on the compression test, the distribution of the along-grain compression modulus (UCE) is 

shown in Fig. 2. The UCE of original bamboo conforms to Normal distribution and data 

distribution is relatively concentrated, mainly ranging from 12 to 15 GPa. Therefore, based 

on the stability of UCE distribution, UCE can be used as an index to evaluate other related 

mechanical properties in the performance evaluation system of original bamboo. Based on 

the above analysis, the mechanical classification grade limits of bamboo were set. The 

classification grades and their characteristic values are shown in Table 1. 

In mechanical classification of original bamboo, the principle of classification is to 

divide bamboo resources into reasonable grades on the premise of meeting the 

requirements of use, so as to improve the comprehensive utilization value of bamboo. 

According to Table 1, bamboo could be divided into three grades Ⅰ, Ⅱ, and Ⅱ by dividing 

different UCE intervals, and bamboo with grades Ⅱ and Ⅲ accounted for more than 80%. 

The coefficient of variation of UCE of original bamboo was less than 10%. 

 

Table 1. Results of Bamboo Classification 

Grade Ⅰ Ⅱ Ⅲ 

Grade Boundary (GPa) ﹤12 [12,15) ≥15 

Proportion (%) 14.5 75.5 9.5 

UCE 

Mean 11.42 13.54 15.31 

5% quantile 10.95 12.1 15.05 

CV/% 2.7 6.37 1.67 
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Fig. 2. UCE distribution 
 

Analysis of Stress-Strain Curves 
The tensile and compressive stress-strain curves of different grades of original 

bamboo along the grain are shown, respectively, in Fig. 3. As can be seen from Fig. 3, the 

tensile stress-strain curve of original bamboo along the grain presented roughly linear 

characteristics. The strain of original bamboo increased uniformly with the increase of 

stress. When the ultimate stress was reached, the specimen suddenly failed. That is, the 

failure mode of the tension along the grain of bamboo was brittle failure. The compressive 

stress-strain curve of original bamboo was obviously different from the tensile curve. With 

the increase of stress, the compressive stress-strain curve along the grain went through an 

elastic stage, an elastic-plastic stage, and a failure stage, successively. At the elastic stage, 

the relationship between stress and strain was linear. In the elastic-plastic stage, the stress-

strain curve showed obvious nonlinear characteristics, such that the increase of strain 

increases gradually with the same increase of stress. According to the compressive stress-

strain curve along the grain, the failure mode of bamboo along the grain compression was 

ductile failure. 

 

Key Performance Indicators 

Peak stress 

Figure 4 shows the statistical results of peak stresses of the average stress-strain 

curves of the three grades along the grain tension and compression. As shown from Fig. 4, 

the peak stress increased gradually from grade I to grade III. The tensile peak stress of 

grade II along the grain was increased by 4.25% compared with grade I, and the peak stress 

of grade III was increased by 7.57% compared with grade II. The compressive peak stress 

of grade II along the grain is increased by 12.33% compared with grade I, and the peak 

stress of grade III was increased by 7.57% compared with grade II. Peak stress is very 

important for constitutive model. After the grading treatment in this paper, the peak stresses 

of the three grades of bamboo along the grain tensile strength and along the grain 

compressive strength showed gradient changes. 
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(a) UT-Ⅰ (b) UT-Ⅱ 

  

(c) UT-Ⅲ (d) UC-Ⅰ 

  

(e) UC-Ⅱ (f) UC-Ⅲ 
 

Fig. 3. Tensile and compressive stress-strain curves of original bamboo along the grain 
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(a) UT (b) UC 
 
Fig. 4. Peak stress statistics 

 

Peak strain 

The peak strain statistics of the average stress-strain curves of the three grades of 

tensile and compressive stress along the grain are shown in Fig. 5. The peak strains of 

tensile and compressive tensile along the grain were the largest at grade II. The fluctuation 

range of peak strain along grain tensile and compressive was 6.17% and 13.14%, 

respectively, which was smaller than that of peak stress. The results suggest that the peak 

strains of tensile and compressive along grain in the constitutive model should be 

represented by the average values of three grades, that is, the peak strains of tensile and 

compressive along grain are 0.0105 and 0.0238, respectively.  

 

  

(a) UT (b) UC 
 

Fig. 5. Peak strain statistics 
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Elastic modulus 

Elastic modulus is an important parameter to characterize the slope of stress-strain 

curve, and also an important index to reflect the elasticity of materials. Figure 6 shows the 

statistics of elastic modulus of the average stress-strain curves of the three grades of tension 

and compression of original bamboo. The elastic modulus increased gradually from grade 

I to grade III. The tensile elastic modulus of grade II along the grain was increased by 

11.14% compared with grade I, and the peak stress of grade III was increased by 0.99% 

compared with grade II. The compressive elastic modulus of grade II along the grain was 

increased by 18.56% compared with grade I, and the peak stress of grade III was increased 

by 13.07% compared with grade II. 

 

  

(a) UT (b) UC 
 

Fig. 6. Statistics of elastic modulus 

 

Constitutive models 
Tensile constitutive model along the grain 

As shown in Fig. 3, the tensile stress-strain curve of original bamboo presented 

linear elastic characteristics, so the linear relationship can be used to describe the tensile 

constitutive relationship of original bamboo along the grain, as shown in Eq. 1, 

 
 σ(ε)=Etε

        (1) 

where σ is stress (MPa), ε is strain, and  Et is tensile elastic modulus, MPa. 

 

Simplified constitutive model for compression along the grain 

The stress-strain curves were normalized, and the normalized stress-strain curves 

are shown in Fig. 7. The constitutive model of bamboo material was obtained from the 

average stress-strain curve of each grade. For the convenience of application, this paper 

proposes a simplified constitutive model, which is composed of three-segment polylines 

(Fig. 8). The first segment is the elastic segment, the second segment is the yield segment, 

and the third segment is the platform segment. In the elastic stage, the specimen retains its 

initial stiffness. At the yield stage, the stiffness of the specimen degenerates, and the 

displacement increases with the same increase of load. At the third stage the specimen is 

damaged. 
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The “three-fold line” constitutive model is shown in Eq. 2, and the key indicators 

of the “three-fold line” constitutive model at different grades are shown in Table 2. 

σ(ε/ε0)/σ0= {  

mε/ε0     0≤ε/ε0≤εy/ε0

σy/σ0+km(ε/ε0-εy/ε0)     εy/ε0<ε<1

1     1<ε<εu/ε0

   (2) 

k=
1-σy/σ0

(1-εy/ε0)m

        (3) 

where σ is stress (MPa), ε is strain, m is the slope of elastic segment (MPa), σy is the 

proportional limit stress (MPa), σ0 is the peak stress (MPa), εy is proportional limit strain, 

ε0 is peak strain, εu is the maximum limit strain, and k is the slope coefficient of the 

nonlinear segment. 

 

 

  

(a) UC-Ⅰ (b) UC-Ⅱ 

 

 

(c) UC-Ⅲ  
 

Fig. 7. Normalized stress-strain curves 
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Table 2. Parameters of Simplified Stress-strain Constitutive Model 

 σy/σ0 εy/ε0 εu/ε0 

Grade Ⅰ 0.844 0.246 1.527 

Grade Ⅱ 0.835 0.219 1.515 

Grade Ⅲ 0.829 0.232 1.455 

 

 

 

Fig. 8. Simplified stress-strain constitutive model 

 

Accurate constitutive model of anti-compression along the grain 

Table 3 shows the fitting results of constitutive models of average normalized 

stress-strain curves at different grades. Four typical models of ExpDec1, Bach, Sargin, and 

Tulin were selected for the constitutive model. The determination coefficients R2 of the 

rising section fitted by the four constitutive models for stress-strain curves of different 

grades were all higher than 0.96, indicating that the four models were able to fit the rising 

section of stress-strain curves well. The determination coefficients R2 of the four models 

for the descending section of stress-strain curves of different grades ranged from 0.535 to 

0.987. The determination coefficients R2 of Bach model was 0.535, and the fitting 

coefficients of the other three models were all higher than 0.92. The fit of the stress-strain 

curve with the Bach model was poor, so the Bach model was excluded first. The remaining 

models were used to fit the ascending and descending sections of the stress-strain curves. 

The peak point is the key point of stress-strain curve, which should be paid special 

attention to when choosing constitutive model. In the ascending constitutive model, the 

peak point y fitted by ExpDec1 model and Bach model exhibited a certain negative 

deviation from the point (1,1), while Sargin and Tulin models were able to fit the peak 

point perfectly. Therefore, the Sargin and Tulin models can be considered to describe the 

ascending segment of the stress-strain curve. In the descending constitutive model, the peak 

σ
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0
1

εu/ε01ε/ε00 ε/ε0
0
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point of ExpDec1 model was higher than (1,1), while Sargin and Tulin models can fit the 

peak point perfectly. Therefore, the Sargin and Tulin models could be used to describe the 

descending section of the stress-strain curve. As the Tulin model parameter exhibited a 

large standard error in the descending phase, and the determination coefficient R2 fitted by 

Sargin model was higher than Tulin model on the whole. The Sargin model is determined 

as the stress-strain constitutive model of original bamboo in this paper. 

To compare the difference between the different parameters used in the rising 

section and the falling section and the uniform use of a set of parameters, this paper used 

the Sargin model to fit the complete stress-strain curve (including the ascending section 

and the descending section). The fitting results were obtained as shown in Table 4 and Fig. 

9. The Sargin model achieved a high degree of agreement with the complete stress-strain 

curve. In order to make the constitutive model more concise and practical, a unified 

constitutive model was adopted in this paper to describe the stress-strain curve.  
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Table 3. Fitting Results of Stress-strain Constitutive Models 

Model Relationship Formula Parameters 

Parameter Values 

Ⅰ Ⅱ Ⅲ 

Ascent Descent Ascent Descent Ascent Descent 

ExpDec1  

a 
Values -0.995 -2×10-4 -9.757 

-2.4×10-

4 
-0.978 

-3.6×10-

4 

Standard deviation 0.015 1.7×10-4 0.018 2.3×10-4 0.019 3.6×10-4 

b 
Values 0.131 -0.22 0.111 -0.222 0.123 -0.222 

Standard deviation 0.004 0.021 0.005 0.025 0.005 0.028 

c 
Values 0.991 1.048 0.981 1.051 0.981 1.071 

Standard deviation 0.006 0.025 0.006 0.028 0.007 0.04 

R2 0.998 0.99 0.997 0.987 0.996 0.984 

Peak point y 0.991 1.028 0.981 1.029 0.98 1.039 

Bach  

a 
Values 1.051 1.184 1.04 1.171 1.047 1.202 

Standard deviation 0.032 0.166 0.023 0.147 0.027 0.19 

b 
Values 0.207 -1.263 0.176 -1.234 0.201 -1.647 

Standard deviation 0.036 0.433 0.025 0.402 0.03 0.576 

R2 0.95 0.522 0.973 0.55 0.964 0.533 

Peak point y 1.051 1.184 1.04 1.171 1.047 1.202 

Sargin  

a 
Values 5.763 4.467 17.449 4.208 9.89 3.15 

Standard deviation 0.923 0.527 1.644 0.545 1.127 0.4 

b 
Values 29.547 -1.384 -20.2 -1.27 7.243 -0.773 

Standard deviation 6.519 0.285 2.121 0.301 6.3 0.224 

R2 0.998 0.984 0.988 0.982 0.996 0.981 

Peak point y 1 1 1 1 1 1 

Tulin  

a 
Values 0.146 34.021 0.096 29.834 0.116 67.107 

Standard deviation 0.012 19.366 0.006 14.381 0.01 48.4 

b 
Values 1.168 8.344 1.076 8.2 1.096 10.821 

Standard deviation 0.032 1.16 0.014 0.998 0.025 1.661 

R2 0.996 0.911 0.999 0.93 0.997 0.92 

Peak point y 1 1 1 1 1 1 
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Table 4. Sargin Model Fitting Results of Complete Stress-strain Curve 

Parameters 
Parameter Values 

Ⅰ Ⅱ Ⅲ 

a 

Values 7.896 9.028 6.568 

Standard 
deviation 

0.999 1.34 1.099 

b 

Values -3.253 -3.943 -2.709 

Standard 
deviation 

0.534 0.729 0.608 

R2 0.953 0.938 0.912 

 

Equation 4 is the constitutive model equation. 

 σ(ε)/σ0=
aε/ε0+(b-1)(ε/ε0)

2

1+(a-2)ε/ε0+b(ε/ε0)
2
       (4) 

where σ0 is peak stress (MPa), ε0 is peak strain, and a and b are model parameters, as shown 

in Table 4. 

 

  

(a) Grade Ⅰ (b) Grade Ⅱ 

 

 

(c) Grade Ⅲ  
 

Fig. 9. Comparison of Sargin model curves and complete stress-strain curves 
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CONCLUSIONS 

 

1. The tensile stress-strain curve of protobamboo along the grain showed linear elastic 

characteristics, and the failure mode was found to be brittle failure. The compressive 

stress-strain curve along the grain included an elastic section, an elastic-plastic section,  

and a failure section. The failure mode involved ductile failure. 

2. The compressive elastic modulus of original bamboo along the grain was in accordance 

with the Normal distribution. The material was classified by the compressive elastic 

modulus of original bamboo along the grain, which could be divided into three grades. 

The elastic modulus less than 12 GPa corresponds to grade Ⅰ, the elastic modulus of 

grade Ⅱ is in the range of [12 to 15 GPa), and the elastic modulus not less than 15 GPa 

is grade Ⅲ. The percentage of grade Ⅱ and Ⅲ was more than 80%. 

3. The tensile constitutive model of original bamboo along the grain was found to adopt 

a linear relationship. A simplified constitutive model and an accurate constitutive 

model for grain compression based on gradation were proposed. The simplified 

constitutive model adopted a “three-fold” model, which can be easily used in 

calculation and analysis. By comparing four typical stress-strain constitutive models, 

the Sargin model was selected as the compressive stress-strain constitutive model of 

bamboo along the grain. Since there is no constitutive model of original bamboo, the 

stress-strain constitutive model of original bamboo based on gradation proposed in this 

paper is of great significance for the analysis of original bamboo structures. 
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