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ABSTRACT

The destruction of recombinant bamboo depends on many factors, and the complex ambient temperature is an
important factor affecting its basic mechanical properties. To investigate the failure mechanism and stress–strain
relationship of recombinant bamboo at different temperatures, eighteen tensile specimens of recombinant bam-
boo were tested. The results showed that with increasing ambient temperature, the typical failure modes of recom-
binant bamboo were flush fracture, toothed failure, and serrated failure. The ultimate tensile strength, ultimate
strain and elastic modulus of recombinant bamboo decreased with increasing temperature, and the ultimate ten-
sile stress decreased from 154.07 to 96.55 MPa, a decrease of 37.33%, and the ultimate strain decreased from
0.011 to 0.008, a decrease of 26.57%. Based on the Ramberg-Osgood model and the pseudo‒elastic design method,
a predictive model was established for the tensile stress–strain relationship of recombinant bamboo considering
the temperature level. The model can accurately evaluate the tensile stress–strain relationship of recombinant
bamboo under different temperature conditions.
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1 Introduction

Recombinant bamboo is a kind of environmentally friendly bamboo-based fibre composite material that
has been widely used in building structures due to its excellent mechanical properties [1–5]. Its mechanical
properties are similar to those of wood [6,7], which can be considered an anisotropic viscoelastic polymer
matrix composite with strong temperature sensitivity [8,9]. Therefore, it is essential to study the effects of
temperature on basic mechanical properties.

The basic mechanical properties of bamboo are influenced by a variety of factors [10,11]. In addition to
the bamboo species [12], the composition and distribution of bamboo fibre structure [13], and the volume
content of bamboo fibre [14,15], environmental factors also have a certain impact on the application of
bamboo. In the past, there have been some studies on the effect of humidity on the basic mechanical
properties of bamboo [16,17], and sufficient studies have proved that humidity can degrade the basic
mechanical properties of bamboo [18–20]. In contrast, temperature has a greater effect on the properties
of bamboo composites. In terms of heat treatment, Hou et al. [21] discussed the effect of temperature
level on the physical and mechanical properties of recombinant bamboo and found that the internal bond
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strength and static bending strength of recombinant bamboo decreased after heat treatment at high
temperatures. Brito et al. [22] verified that heat treatment improves the physical characteristics but causes
a reduction in the mechanical properties of glued laminated (glulam) bamboo. In the process of
application, Wang et al. [23] studied the mechanical properties of unidirectional and multidirectional
composite engineering bamboo boards used in laminated bamboo structures at high temperatures. Xu
et al. [24,25] reported the stress–strain relationship of laminated bamboo at elevated temperatures. Cui
et al. [26,27] analysed the effect of temperature on the failure mode of the specimen and summarized the
variation rule of yield strength with temperature.

The above content mainly studied the influence of humidity and high-temperature treatment on the basic
mechanical properties of recombinant bamboo. However, there are few studies on the influence of
temperature factors considering the use environment on the basic mechanical properties of bamboo. In
this work, the effect of ambient temperature on the basic mechanical properties of recombinant bamboo
tensile specimens was studied. By discussing the failure mechanism of tensile specimens at different
temperatures, the typical failure modes of recombinant bamboo were summarized. Based on the
analysis of the relationship between tensile stress, strain, and temperature, the variation law of relevant
parameters of the elastic–plastic constitutive model was obtained, and the prediction model considering
the influence of temperature was proposed to provide a useful reference for the analysis and design of the
bamboo structure.

2 Experiment

2.1 Materials
Bamboo with a growth cycle of 3∼4 years from Huangshan, Anhui Province, China was selected as a

raw material [28,29]. Recombinant bamboo has high strength and good uniformity [30]. The processing
technique is shown in Fig. 1. The detailed production of recombinant bamboo involves five main steps.
The bamboo culms were cut into desired lengths, the bamboo pieces were split vertically with a bamboo
cutter, the bamboo wax was removed, and the bamboo pieces were flattened and processed into
interconnected and longitudinal bamboo fibres. Then, the bamboo fibres were placed in a tunnel chamber
to dry until the moisture content was less than 7%. Then, the bamboo fibres were dipped in the glue
(phenol glue) for 10 min, the amount of dipping glue was approximately 5%∼10% of the dry mass of the
bamboo fibres, and the recombinant bamboo was dried to the required moisture content (10% ± 2%). The
impregnated bamboo fibres were directly placed on the hot-pressed backing board, and the board was
pressed at a certain temperature and pressure of 4∼6 MPa to achieve the desired size (e.g., 2400 mm ×
120 mm × 50 mm). The test showed that the average density of the recombinant bamboo was 1.23 g/cm3,
the moisture content was 8.4%, and the internal adhesive strength was 3.57 MPa.

2.2 Specimens and Test Schemes
According to the standards of “General requirements for the physical and mechanical test of wood” [31]

and “Standard Test Methods for Small Clear Specimens of Timber” [32], dumbbell-shaped recombinant
bamboo tensile specimens were composed of a gripping section, a transition arc, and a working section.
The size of the holding section was 90 mm (length), 25 mm (width), and 10 mm (height); the radius of
the transition arc was 444 mm; the size of the working section was 63 mm (length), 10 mm (width), and
10 mm (height); and the total length of the specimen was 420 mm. The recombinant bamboo specimen
was shown in Fig. 2, which was cut along the grain direction of the recombinant bamboo beam. Its
surface was smooth without burrs, and its bottom was perpendicular to its side.

2696 JRM, 2023, vol.11, no.6



To ensure the reliability of the test data on the mechanical properties of the recombinant bamboo, three
tensile specimens of equal size were selected for parallel testing. Considering the influence of temperature on
the tensile properties of recombinant bamboo, the humidity was set at 50% (constant), the test parameters
were temperature (10°C, 20°C, 30°C, 40°C, 50°C, 70°C), and the tensile specimen was divided into six
groups for a total of eighteen specimens. A test plan is shown in Table 1.

Raw bamboo Bamboo split

Splitting

Bamboo Strips

Rolling

Drying ovenGlue pool Hot press machine

Pressing Gluing

D
rying

Figure 1: Production of recombinant bamboo

Figure 2: Dumbbell-type tensile specimen of recombinant bamboo (dimensions in mm)

Table 1: Tensile mechanical property test schemes for recombinant bamboo

Test
type

Test specimen
number

Temperature
gradient (°C)

Gripping section (mm) Transition
arc (mm)

Working section (mm) Overall
length (mm)

Number

Long Wide Thick Long Wide Thick

Tensile test T-1001∼03 10 25 25 10 444 90 25 10 420 3

T-2001∼03 20 25 25 10 444 90 25 10 420 3

T-3001∼03 30 25 25 10 444 90 25 10 420 3

T-4001∼03 40 25 25 10 444 90 25 10 420 3

T-5001∼03 50 25 25 10 444 90 25 10 420 3

T-7001∼03 70 25 25 10 444 90 25 10 420 3
Note: In the specimen number, the two digits after “T” are the temperature, and the two digits before and after “-” are the specimen number.
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2.3 Experimental Instruments and Methods
A microcomputer-controlled universal testing machine (UTM5504-GD) and a high- and low-

temperature testing chamber (WGDY-7350 L) were used to test the tensile strength of the specimen, as
shown in Fig. 3. The maximum test load of the universal testing machine was 50 kN, the temperature
range of the high- and low-temperature testing chambers is −70°C∼350°C, and the humidity was
20%∼100%. Additionally, a reliable high- and low-temperature extensometer (EAG-050 M-0200-S) was
used to monitor the deformation of the specimen. The extensometer’s distance length was 50 mm, the
measurement range was +20%/−10%, and the temperature range was −40°C∼100°C. The combined
system can be used to test the mechanical properties of composite materials.

Tensile specimens were placed in an environment box with preset temperature and humidity in advance
and maintained for no less than 24 h. Then, tensile specimens were loaded, maintained, and loaded. Under
the condition of variable temperature, the sensor of the creep tester collects load and displacement data in real
time. According to the “Method of testing in tensile strength parallel to the grain of the wood” [33], the
tensile specimen was loaded. To eliminate the error caused by the contact gap between the clamping
piece of the tensile fixture and the specimen surface, the tensile specimen must be preloaded to 2 kN at a
speed of 50 N/s, and the load was reduced to 0 kN. Then, the specimen was loaded at a speed of
0.5 mm/min until failure. During the experiment, the failure of the recombinant bamboo specimen was
observed and recorded. According to the test results, the strength, displacement, elastic modulus, and
other results can be obtained, and the corresponding stress–strain test curve can be obtained.

3 Test Results

3.1 Failure Mode

3.1.1 Tensile Failure Mechanism
With the increase in the external load, the longitudinal tensile deformation of the unidirectional fibre

composite material can be divided into four stages, as shown in Fig. 4. Fibre elastic deformation
occurred, but the matrix underwent transverse fracture; the fibre continued elastic deformation, and the
matrix exhibited many fractures. Fibre fracture followed by fracture of the unidirectional fibre composite.
The existence of the above four stages depends on many factors. In addition to the basic mechanical
properties of the fibre and the matrix, it was also affected by the working environment. Due to the joint
action of complex factors, the fracture time and fracture section of the matrix and the fibre were not the

Transformer

Loading Bearing

Specimen

Load Frame

Environmental 
Chamber

Extensometer

Fixture

Loading 
Bearing

Test 
Equipment

Figure 3: Loading diagram of recombinant bamboo in a tensile test
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same. Based on qualitative analysis of the fracture mechanism, Kelly et al. [34] established a prediction
model of tensile strength, and Zhu et al. [35] proposed a unified theory of longitudinal tensile of
unidirectional composite materials. In the case of known fibre strength, matrix content, and matrix
strength, the above model can quantitatively describe the stress–strain relationship, but it needs to be
based on the statistics and analysis of many tests. Therefore, the tensile failure mode of the recombinant
bamboo was considered only from the failure mechanism.

3.1.2 Discrimination of the Tensile Failure Mode
The elastoplasticity of the fibre and matrix is significantly affected by temperature. The failure mode of a

tensile specimen of recombinant bamboo was analysed to determine the influence of temperature on
the tensile properties of recombinant bamboo. Fig. 5 shows the failure modes of the recombinant bamboo
tensile sample with increasing temperature. It can be seen from the damaged specimens that there were
mainly three failure modes. When the temperature was lower, tensile failure modes of the specimens for
the “flush fracture” mode, early tensile test, the reorganization of the bamboo found no abnormal noise.
When the load was close to the ultimate load, the cross-section fast fracture occurs in the effective area of
the tensile specimen, the fracture surface was flush, and the tensile capacity of the specimen loses
instantly, as shown in Fig. 5a. The main reason is that both the matrix and bamboo fibre are hard and
brittle when the temperature was low (10°C). The tensile strength of the recombinant bamboo is greatly
affected by the strength of the bamboo fibre bundle. When the tensile strength reached the tensile strength
of the bamboo fibre bundle, the recombinant bamboo suddenly broke. When the temperature rose to
30°C, the tensile specimen exhibits a “toothed failure” model. In the process of the tensile test, the
reorganization of the bamboo tensile specimen with slight noise, and the bamboo fibre begins to break.
Because of the additional load on the fibre fracture attached to the substrate to matrix cracking, the
fracture of the fibre cross-section in the corresponding place, and the effective cross-sectional area of the
matrix was reduced. In the effective area, the recombinant bamboo presents a tooth-like fracture form,
and the tensile strength of the specimen was lost, as shown in Fig. 5f. When the temperature was 70°C,
with increasing temperature, the matrix softened, the fibre underwent transverse debonding, and the fibre
began to fracture. When the fibre broke, the load transferred to the matrix was very large, which the
matrix could not bear, leading to the fracture of the matrix immediately, and the pattern of “serrated
failure” appeared in the recombinant bamboo tensile specimen.

Figure 4: Main tensile failure stages of unidirectional fibre composites [26]
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3.2 Analysis of Test Results

3.2.1 Tensile Stress and Strain
To facilitate the analysis of the mechanical properties of the recombinant bamboo, the stress–strain curve

of the tensile test of the recombinant bamboo was drawn, as shown in Fig. 6. As seen from Fig. 6, the form of
the stress–strain curve of the tensile strength of recombinant bamboo changes with increasing temperature,
and the strain rate increased with increasing temperature. When the temperature was low (10°C), as shown in
Fig. 6a, the strain rate was low, and the stress–strain curve of the tensile test of recombinant bamboo did not
show the properties of nonlinear viscoelastic materials. When the temperature was high (70°C), as shown in
Fig. 6f, the strain rate is high, and the stress–strain curve of the tensile test of the recombinant bamboo
presents obvious properties of nonlinear viscoelastic materials. By Figs. 6a–6f, due to the increase in
temperature, the diffusion capacity of atoms increases, the tiny voids inside the recombinant bamboo
increase, the deformation ability of the recombinant bamboo increases under high-temperature conditions,
the matrix slips, and the fibres soften and lose effective bonding with the matrix. The tensile strength
decreased with increasing temperature, the strain decreased with increasing temperature, and the strain
rate increased with increasing temperature.

Fig. 6 shows the ultimate tensile strength and ultimate strain values of each group of specimens. The
mean value of the test data of each group was obtained by using analysis software, and the ultimate
tensile strength and ultimate strain of the mean curve were statistically analysed. The statistical results are
shown in Table 2. It can be seen from the statistical results that the standard deviation of ultimate tensile
strength and ultimate strain was small, indicating that the dispersion of test data was small, and the test
results were satisfactory.

3.2.2 Effect of Temperature on Ultimate Tensile Stress and Strain
To study the effect of temperature on the ultimate tensile strength and ultimate tensile strain of

recombinant bamboo, the relationship between temperature, σav-tu, and εav−tu was established according to
the statistical results in Table 2, as shown in Fig. 7. It can be seen in Fig. 7 and Table 2 that the ultimate
stress decreased with increasing temperature. Under normal temperature conditions (10°C∼50°C), the
ultimate tensile strength decreased from 154.07 to 115.10 MPa, the amount of decrease was 38.97 MPa,
and the decay rate of the ultimate tensile strength with temperature was 0.97 MPa/°C. In the high-
temperature range (50°C∼70°C), the ultimate tensile strength decreased from 115.10 to 96.55 MPa, the
amount of decrease was 18.55 MPa, and the decay rate of the ultimate tensile strength with temperature
was 0.92 MPa/°C. The ultimate strain in the normal temperature range (10°C∼50°C) decreased from
0.0109 to 0.0095, the decrease was 0.0015, and the ultimate strain decreases with temperature. The decay

(a) 10°C (b) 20°C (c) 30°C

(d) 40°C (e) 50°C (f) 70°C

Figure 5: Failure mode of a tensile specimen of recombinant bamboo
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rate was 0.000037/°C. In the high-temperature range (50°C∼70°C), the ultimate strain decreased from
0.00951 to 0.00807, and the amount of decrease was 0.00144. The decay rate of the ultimate strain
with temperature was 0.000072/°C, the decay rate was faster, and its decay rate was twice that of the
normal temperature decay rate. Therefore, recombinant bamboo was more suitable for use in the normal
temperature range (10°C∼50°C).
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Figure 6: Stress and strain test results of recombinant bamboo under tensile loading
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3.2.3 Reduction Factors for Stress and Strain
Considering the influence of temperature on the ultimate strength and strain of the recombinant bamboo

tensile specimen, the reduction factor method was used to treat the ultimate tensile stress and strain of the
recombinant bamboo to quickly estimate the ultimate stress and strain of the tensile specimen at a specific
temperature. The reduction factors are shown in Eqs. (1) and (4).

Table 2: The results of the axial tensile test of recombinant bamboo

Specimens T (°C) σtu (MPa) σav−tu (MPa) SDσ (MPa) εtu (×10
−3) εav−tu (×10

−3) SDε (×10
−5)

T-1001 10 155.25 154.07 1.45 10.91 10.99 9.07

T-1002 154.51 11.09

T-1003 152.45 10.98

T-2001 20 143.20 142.82 2.69 10.68 10.77 9.02

T-2002 139.96 10.76

T-2003 145.30 10.86

T-3001 30 132.65 128.93 3.39 10.28 10.26 6.65

T-3002 128.14 10.19

T-3003 126.01 10.32

T-4001 40 125.69 122.70 2.85 9.84 9.76 5.35

T-4002 122.40 10.25

T-4003 120.02 9.19

T-5001 50 115.13 115.10 0.86 9.49 9.51 1.91

T-5002 115.94 9.33

T-5003 114.23 9.71

T-7001 70 98.58 96.55 3.70 8.22 8.07 1.50

T-7002 98.79 8.06

T-7003 92.28 7.92
Note: T stands for temperature; σtu stands for ultimate tensile strength; σav−tu stands for average ultimate tensile strength; SDσ represents the standard
deviation of tensile strength. εtu stands for ultimate strain; εav−tu stands for mean limit strain; SDε stands for the standard deviation of limit strain; E
elastic modulus; Average value of elastic modulus of Eav.
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Figure 7: The relationship between temperature and ultimate stress and strain
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The reduction factor of tensile stress (ησ,T) is:

gr;T ¼ rT
r20�C

(1)

gr;T ¼ a � T þ c (2)

Since at 20°C the ησ,T = 1, thus

gr;T ¼ a � ðT � 20Þ þ 1 (3)

where ησ,T is the reduction factor of stress; T is the temperature,°C; σT is the stress at temperature T, �r20�C is
the reference stress, and a and c are constants.

The reduction factor of tensile strain (ηε,T) is:

ge;T ¼ eT
e20�C

(4)

ge;T ¼ b � T þ d (5)

Since at 20°C the ηε,T = 1, thus

ge;T ¼ b � ðT � 20Þ þ 1 (6)

where ηε,T is the reduction factor of strain; T is the temperature,°C; εT is the strain at temperature T;�e20�C is the
reference strain, and b and d are constants.

The reference temperature was selected as 20°C, and the reduction coefficient was calculated by using
Eqs. (3) and (6). The fitting curve between temperature and reduction factor was drawn according to the
calculated results, expressed by Eqs. (7) and (8), as shown in Fig. 8.

The reduction factor of tensile stress (ησ,T) is:

gr;T ¼ �0:00519 � T � 20ð Þ þ 1 (7)

where ησ,T is the reduction factor of stress and T is the temperature,°C.
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Figure 8: The relationship between the reduction factors and temperature
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The reduction factor of tensile strain (ηε,T) is:

ge;T ¼ �0:00754 � T � 20ð Þ þ 1 (8)

where ηε,T is the reduction factor of strain and T is the temperature,°C.

Fig. 8 shows that the reduction factor (ησ,T, ηε,T) decreases with increasing temperature, and the reduction
factor of strain was greater than that of stress. The results showed that temperature had a significant effect on
the ultimate stress and that the ultimate strain had a strong temperature sensitivity.

4 Mathematical Model and Analysis

4.1 Mathematical Model
In fact, the tensile properties of recombinant bamboo showed some properties of nonlinear viscoelastic

materials. The stress of nonlinear viscoelastic materials was a function of strain and time, as shown in Fig. 9.
In addition, the stress of viscoelastic materials was related not only to strain and time but also to temperature
sensitivity. The experimental results showed that under the condition of elevated temperature, recombinant
bamboo showed some viscoelastic plastic deformation. The nonlinear viscoelastic constitutive equation of
behaviour was related to time. Due to the reorganization of the bamboo, the bearing capacity of the
tensile test of the time was shorter, so the elastic–plastic model was considered to analyse the stress–
strain relationship of the tensile test. The elastoplastic model is shown in Fig. 10.
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viscoelasticityt1,t2 t1

0

ssertS

Strain

t1
t2

t2

t2 t1

Nonlinear
viscoelasticity

>

Figure 9: Stress–strain relationship of elastic and viscoelastic materials

Figure 10: Ramberg-Osgood model
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The Ramberg-Osgood model is a nonlinear deformation formula that does not consider the time factor
[36]. Since the strain was only related to stress, it is a static equation consisting of mutually independent
elastic deformation and plastic deformation. The two do not affect each other in the tensile process. The
nonlinear stress–strain relationship can be described [37], as shown in Eq. (11).

ee ¼ r
E

(9)

ep ¼ k � r
E

� �n
(10)

e ¼ ee þ ep ¼ r
E
þ k � r

E

� �n
(11)

where ε represents the total deformation; σ stands for tensile stress, MPa; εe stands for elastic deformation; εp
stands for plastic deformation; E stands for elastic modulus, MPa; k and n are constants.

4.2 Fitting Results
The mean value of the test data at a single temperature was fitted. The fitting results and test data are

shown in Fig. 11, and the fitted parameters are statistically shown in Table 3. The statistical results
showed that the correlation coefficients (R2) of each fitting curve were close to 1.0 within the ultimate
tensile strain range, indicating that the Ramberg-Osgood model can fit the linear and nonlinear parts of
the test data well. As seen from Fig. 11, with the increase in temperature, the stress–strain curve of the
recombinant bamboo can be divided into two stages: the first stage was the elastic stage, and the stress–
strain curve showed a linear growth trend; the second stage was the elastic–plastic stage, the stress
exceeds the elastic limit, the axial stress growth rate decreases, and the stress–strain curve presents a
nonlinear reduction state. When the temperature was 10°C, the tensile strength of the recombinant
bamboo was large, and the plastic stage of its stress–strain curve was not obvious, showing a strong
elastic state. When the temperature was 70°C, after the online elastic stage, the stress develops slowly
and lags behind the growth of strain. The plastic stage after yield was more obvious, showing the
properties of viscoelastic materials. When the temperature was between 10°C and 70°C, the ultimate
tensile strength and ultimate strain of recombinant bamboo decrease with increasing temperature, and the
nonlinear characteristics of the stress–strain curve become increasingly significant.
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Figure 11: Fitting results of the stress–strain relationship of the recombinant bamboo tensile test
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4.3 Analysis of Modulus Parameters
Under the experimental conditions of different temperatures, the parameters (E, k, n) of the Ramberg-

Osgood model were estimated by the nonlinear least square method. Fig. 11 and Table 3 show that the
model fitting results are in good agreement with the experimental curve. Table 3 shows that the elastic
modulus (E) of the recombinant bamboo material in the direction of the grain was higher, which was
mainly due to the comprehensive effect of the fibre and matrix. In the Ramberg-Osgood model, plastic
deformation was affected by E, k, and n. The larger the parameters k and n were, the smaller E was, and
the more likely the material was to undergo plastic deformation. According to the fitting results, the k
value was large, while the n value was small, so the plastic deformation of the recombinant bamboo
along the grain tensile test is smaller than that of the compression and bending test. According to Fig. 12,
the E value decreases with increasing temperature, while the lnk and n values increase with increasing
temperature. Therefore, the plasticity of the tensile specimen of recombinant bamboo increased with
increasing temperature.

5 Prediction Model

The stress–strain relationship of the specimen at different temperature levels is shown in Fig. 12. Based
on these mean stress–strain curves, the fitting curves of the Ramberg-Osgood model at different temperatures
can be obtained. Referring to the pseudo-elastic method [38], according to the relevant parameters (E, k, n) of
the fitting results, the functional relationship (E(T), k(T), n(T)) between the model parameters and the
temperature was established, and a further stress–strain prediction model considering temperature effects
was developed.

Table 3: Fitting parameters of the axial tensile test

Specimen T (°C) Parameters R2

E (MPa) k (×10−7) n

T-10(01∼03)av 10°C 15958.508 3.396 0.867 0.95

T-20(01∼03)av 20°C 15569.553 5.162 0.901 0.93

T-30(01∼03)av 30°C 15148.080 7.234 0.928 0.91

T-40(01∼03)av 40°C 14549.231 8.226 0.941 0.96

T-50(01∼03)av 50°C 13737.483 8.904 0.953 0.93

T-70(01∼03)av 70°C 13108.614 9.743 0.965 0.95
Note: T stands for temperature; E Elastic modulus; k and n are constants, and R2 represents the correlation exponent.
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Figure 12: Relationship between model parameters and temperature
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5.1 Establishment Method of the Prediction Model
Based on the above discussion, the dependence between the elastic modulus and temperature can be

described by a functional relationship. Due to the large value of k, to better display the relationship
between k and temperature, lnk is taken to replace k. Linear and nonlinear function equation were used to
relate the variation of three parameters with temperature, as shown in Eq. (12).

E ¼ aþ a1 � T
ln k ¼ bþ b1 � T þ b2 � T2 þ b3 � T 3

n ¼ cþ c1 � T þ c2 � T2 þ c3 � T3

8<
: (12)

where ai, bi and ci (i = 1,…, 3) are the fitting coefficients and T stands for temperature,°C.

Eq. (12) was used to fit the parameters in Table 3, and the temperature-dependent fitting coefficients a, b
and c are as follows:

a ¼ a; a1½ � ¼ 16523:786; �50:323½ �
b ¼ b; b1; b2; b3½ � ¼ 16:671; 7:806E�2; �0:126E�2; 7:111E�6½ �
c ¼ c; c1; c2; c3½ � ¼ 82:079E2; 0:535E�2; �7:189E�5; 3:556E�7½ �

8<
: (13)

Fig. 13 shows the fitting results related to temperature, where the line is the fitting curve. The linear and
nonlinear function equation in Eq. (12) can describe the dependence of model parameters lnk, n, and E on
temperature.
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By substituting Eq. (13) into Eq. (12) and the parameters in Eq. (12) into Eq. (11), the tensile stress–
strain constitutive model considering the influence of temperature can be obtained:

eT ¼ r
E Tð Þ þ k Tð Þ � r

E Tð Þ
� �n Tð Þ

(14)

Among them:
EðTÞ ¼ 16523:786� 50:323T
ln kðTÞ ¼ 16:672þ 7:806� 10�2T � 0:126� 10�2T2 þ 7:111� 10�6T3

nðTÞ ¼ 82:079� 10�2 þ 0:535� 10�2T � 7:189� 10�5T2 þ 3:556� 10�7T3

8<
: (15)

5.2 Predictive Model
Based on the above results, the stress–strain prediction model of recombinant bamboo tensile specimens

under different temperature conditions was obtained as follows:

10°C temperature level:

e10�C ¼ 6:242� 10�5 � rþ 7591:899 � r0:867 (16)

20°C temperature level:

e20�C ¼ 6:444� 10�5 � rþ 8801:966 � r0:902 (17)

30°C temperature level:

e30�C ¼ 6:660� 10�5 � rþ 9550:626 � r0:926 (18)

40°C temperature level:

e40�C ¼ 6:891� 10�5 � rþ 9907:945 � r0:942 (19)

50°C temperature level:

e50�C ¼ 7:139� 10�5 � rþ 10041:951 � r0:953 (20)

70°C temperature level:

e70�C ¼ 7:692� 10�5 � rþ 10501:679 � r0:965 (21)

5.3 Validation of the Predictive Model
To verify the applicability of the prediction model, the calculation results of the prediction model at

different temperatures were compared with the experimental data, as shown in Fig. 14. The results
showed that the established model can describe the stress–strain relationship of the recombinant bamboo
tensile specimens well, including the elastic stage in the early stage and the plastic stage in the middle
and late stages of the stress–strain curve. The model can more accurately evaluate the stress–strain
behaviour of recombinant bamboo under different loading levels.
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6 Conclusions

The tensile properties of recombinant bamboo were tested at different temperatures to investigate the
failure mechanism and determine the failure mode of the recombinant bamboo tensile specimen. The
effect of temperature on stress and strain was summarized, and the reduction factors of stress and strain
were calculated. A prediction model for tensile strength considering temperature was established. The
results are as follows:

(1) Under the action of continuous loading, with increasing ambient temperature, the typical failure
modes of the recombinant bamboo specimen were fracture failure, tooth failure, and sawtooth
failure. That is, with increasing temperature, its damage form intensifies.

(2) The ultimate tensile strength and ultimate strain of recombinant bamboo decreased as the
temperature increased; the ultimate tensile stress decreased from 154.07 to 96.55 MPa, a decrease
of 37.33%, and the ultimate strain decreased from 0.0109 to 0.0081, a decrease of 26.57%. Both
the strength reduction factor (ησ,T) and the modulus reduction factor (ηE,T) decrease exponentially
with increasing temperature.

(3) The fitting results of the Ramberg-Osgood model to the experimental data showed that the elastic
modulus (E) decreases with increasing temperature, and the model correlation coefficient (K, n)
increases with increasing temperature; therefore, the plasticity of the recombinant bamboo
increases with increasing temperature.

(4) Based on the Ramberg-Osgood model, a tensile stress–strain prediction model considering the
temperature level was established. The model can accurately evaluate the stress–strain
relationship of recombinant bamboo under the condition of considering the effect of temperature.

This study mainly considered the effect of temperature on the tensile properties of recombinant bamboo
and established a stress–strain prediction model considering the effect of temperature. However, many
factors affect the basic mechanical properties of recombinant bamboos, such as humidity and long-term
ageing. In addition, the coupling of multiple factors has not been discussed. Their effects on the
mechanical properties of recombinant bamboo will be the focus of the next phase of research.
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