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Natural fibre-reinforced composite materials, such as recombinant bamboo, usually exhibit obvious creep
behaviour during the loading period. In previous studies, this property was usually examined through a standard
creep experiment, which is time- and labour-consuming, particularly for long-term cases. In this study, an
accelerated compressive creep experiment design method was introduced to shorten the time of the creep
experiment process. First, several groups of standard compressive fracture experiments were conducted on the
recombinant bamboo to determine the basic creep experimental parameters. Second, a short-term compressive
creep experiment was conducted under several relatively high stress levels to record the strain evolution process.
Then, a novel Maxwell viscoelastic model based on the theory of the modified Caputo fractional derivative was
proposed for analysing the creep strain evolution process. Finally, the creep process of the specimen under other,
lower stress levels was predicted based on the parameters obtained by fitting of the model to the experimental
results obtained in the previous step and the evaluation of the effect of the stress level on the main parameters.
The results showed that this approach can accurately predict the compressive creep strain growth process of a
specimen, enabling the replacement of the actual experiment by model predictions, making this method suitable

for wide use in industry.

1. Introduction

In recent years, recombinant bamboo has become one of the most
commonly used natural fibre-reinforced composite materials [1].
Compared with similar materials made from wood or other natural re-
sources, this material has several advantages, such as lower cost, better
mechanical properties (particularly strength), and abundant resources,
leading to its wide application in engineering practice. Consequently,
accurate evaluation and determination of its main mechanical proper-
ties are necessary to guide the design and application of recombinant
bamboo under the given conditions [2,3].

Several studies on this topic have been conducted in recent years.
Huang et al.conducted an experiment on the double cantilever beam and
end-notched beam models made of recombinant bamboo, based on
which the main parameters of the material, such as the fracture tough-
ness and damage mechanism, were determined, and the analytical
expression for the fracture energy and flexibility equation of the spec-
imen were derived [4,5]. Li et al.studied the tensile-compressive prop-
erties of recombinant bamboo in both parallel and vertical grain
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directions and proposed four types of mechanical constitutive relation-
ship models that can accurately fit the stress—strain relationship [6]. Ma
et al.investigated the bending fatigue properties of this material, and the
results showed that the high-cycle fatigue life of the material may be
more than 10° under higher stress levels, and that the residual stiffness is
influenced by the stress level [7]. Shangguan et al.examined the influ-
ence of the heat treatment technique on the material strength and
concluded that the main effect can be attributed to the induration of the
phenolic resin as well as the change in the crystallinity [8]. Yu et al.
analysed the main factors that affect the strength of recombinant
bamboo, such as the microstructure, the interface between the fibre and
the matrix, and the manufacturing process, and discovered that
increasing the compressive density during the manufacturing process
and improving the interface quality can effectively enhance the strength
[9]. Song et al.investigated the influence of both the fibre and matrix on
the material strength and discovered that the fatigue life can be fitted
accurately based on the two-parameter Weibull distribution function
[10]. Yuan et al.analysed the hot oil bath technique and its influence on
the strength of recombinant bamboo and discovered that only a
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Fig. 1. Specimens used for the compressive experiment.

sufficiently long bath time will lead to an evident strength reduction due
to the oil molecules adsorbed onto the interface of the fibre [11].

In previous studies on the mechanical properties of recombinant
bamboo, the material was typically treated as an anisotropic elastic or
plastic material. For fibre-reinforced adhesive materials, such as re-
combinant bamboo, obvious creep behaviour is usually observed under
an applied load. In this field, Wei et al.and Chen et al.researched various
types of creep behaviours of recombinant bamboo (tensile, compressive,
and bending) based on the Burgers model, in which the relationship
between the stress level and the amount of both viscous and viscoelastic
creep can be determined accurately [12-15]. Liu et al.studied the creep
properties of recombinant bamboo under different temperature condi-
tions and discovered that the degree of viscous deformation within the
whole deformation increased with temperature [16]. Liu et al.also
conducted long-term creep prediction research based on accelerated
creep tests under different temperature conditions, demonstrating that
this method could shorten the time required for the creep experiment
[17].

As introduced in the above-discussed reports, the creep experiment
plays a vital role in the investigations of the creep properties of a ma-
terial. This type of experiment can provide both detailed qualitative and
quantitative analyses of the creep behaviour of a given material; how-
ever, the test period may last for days and months in long-term research,
which may result in longer experimental time and high labour costs. In
addition, according to experimental standards, the load amplitude
during the creep experiment is typically determined according to the
predefined load history. Therefore, any interruption or fluctuation in the
load amplitude will disrupt the entire experimental process. This in-
troduces additional risks and uncertainties into the experiment. Thus,
determination of the creep properties of a material in a relatively short
time and at a lower cost is important for applications.

To overcome this problem, a new accelerated creep experimental
method was proposed in this study. First, a compressive creep experi-
ment was conducted on a given specimen under a time-varying load at
relatively high stress levels. Subsequently, a variable-order Caputo
fractional derivative-defined Maxwell model was chosen to analyse the
viscoelastic properties of the material and the effect of the stress level on
the main model parameters. Finally, the model parameters under other
stress levels can be easily determined based on the results obtained in
the previous step. Thus, the compressive creep strain can be determined
based on the model predictions. The results showed that this method can
accurately predict the creep strain growth of recombinant bamboo
under several stress levels, and is an effective approach for guiding the
creep experiment design process in engineering applications.

2. Material and methods
2.1. Material
Currently, the combined pressing and gluing technique is the most

widely applied method for the manufacturing of recombinant bamboo.
During the first step of the manufacturing process, bamboo fibres were
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drawn from the raw material via the selected approach (defibreing,
alkalisation, or other methods) and dried until the water content reaches
the specified value. The dry fibres were then immersed in phenolic resin
and mixed uniformly in the appropriate ratio. Finally, the mixture was
placed in a steel box and compressed at high temperatures and pressures
(usually no less than 7 MPa). Thus, the bamboo fibres recombined and
adhered to each other with the help of phenolic resin, and a completely
new kind of composite material was produced.

The recombinant bamboo used in this study was purchased from
Taohua Jiang Company, Ltd. In addition, raw bamboo material was cut
from four-to five-year-old Nanzhu bamboo plants in Hunan Province,
China. The research objective of this study was to investigate the
compressive creep behaviour of recombinant bamboo. Therefore,
cuboid specimens were produced according to ASTMD 143-94; detailed
information on the structural features and dimensions of the specimens
is provided in Fig 1.

2.2. Creep strain prediction method

As introduced in the previous section, the main components of re-
combinant bamboo are bamboo fibres and phenolic resin. For these two
types of materials, clear creep behaviour is usually observed during the
loading period. Consequently, the recombinant bamboo itself also shows
clear creep behaviour. The creep properties of the composite materials
are usually determined through standard creep experiments. This
approach can accurately evaluate the creep properties of a given ma-
terial; however, the experiment is usually performed for hours or days,
which may result in high time and labour costs. In addition, according to
our previous study, the mechanical properties of recombinant bamboo
usually exhibit clear variations among the samples, which means that
the sample size of the experiment should be sufficiently large to guar-
antee the reliability of the experimental results.

Moreover, according to experimental standards, the load amplitude
during the creep experiment process is usually determined according to
the predefined load history. Therefore, any interruption or fluctuation in
the load amplitude will disrupt the entire experimental process. This
introduces additional risks and uncertainties into the experiment. Thus,
determination of the creep properties of a material in a relatively short
time and at a lower cost is important for applications. According to a
previous study, when recombinant bamboo was under a static load, the
stress level caused by the load affected its creep properties [13].
Accordingly, an accelerated creep experimental method can be pro-
posed. The entire process is divided into three steps.

Step 1. In this step, a time-varying compressive load was applied to a
specimen under relatively high stress levels to record short-term
experimental data. In order to conduct further verification of the uni-
versality of the proposed method, in this paper there are four specimens
in all. A viscoelastic constitutive model was then selected to analyse the
strain evolution process.

Step 2. The main model parameters of the selected viscoelastic model
and stress level were determined. The values of the model parameters
under any other stress level can then be calculated based on the pro-
posed relationship function.

Step 3. The creep strain of the same specimen under relatively lower
stress levels and longer times was predicted based on the model pa-
rameters obtained in the previous step. Thus, the actual experimental
process can be replaced by model predictions if prediction accuracy is
sufficiently high.

2.3. Experimental method

As mentioned in the previous reports on the material creep, the stress
amplitude during the test process is usually defined based on the related
strength parameters of the material itself [14]. In this study, the creep
behaviour was compressive. Therefore, it is necessary to determine the
compressive strength of the material before starting the creep
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Fig. 2. Equipment and specimen for the compressive fracture experiment.

experiments. According to our previous study, this parameter can be
determined through a combination of statistical analysis and the stan-
dard compressive fracture experiment [18]. Fig. 2 shows the equipment
for this test. The specimen is placed vertically on the steel bottom, and a
steel pressure head is used to press on the top of the specimen. During
the experiment, the load amplitude was gradually increased until the
specimen broke. This experiment was performed according to the GB
T1041-2008 standard [19]. The equipment was controlled using a
connected computer. In addition, the specimen was produced through
the rotary-cut technique, and the length-width ratio of the specimen was
also able to fulfil the demand of the standard, which can guarantee
thealignment of the specimen in the compression machine. The entire
compressive fracture experiment was carried out by the STANDARD
Testing Group Co., Ltd. The temperature of the experiment is set to be 25
°C, and the humidity is 40 %.

During the creep experiment, the creep strain generated by the
applied load is a key parameter for monitoring the state of the specimen.
However, according to a previous study, compared with the commonly
used strain gauges, the extensometer is more suitable for measuring the
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strain during the creep experiment, particularly for compressive strain
[20]. Fig. 3 shows the creep strain recording equipment, where the
length of the extensometer used in this study was 50 mm. Consequently,
the value of the strain can be indirectly recorded as

AL
where ALis the offset variable of the extensometer. The creep experiment
was performed according to the ASTM D2990-17 standard. The loading
rate was 0.1 mm/min, and the whole equipment was controlled by the
computer. The experiment was conducted with the UTM5504-GD
microcomputer-controlled test equipment During the experiment, the
sampling frequency was set to 1 min~". The condition of the creep test is
set to be the same with that of the compressive fracture experiment.

According to the thermodynamics theory, a specimen made using the
hot-pressing technique usually contains a residual stress field caused by
the uneven temperature field generated during the manufacturing pro-
cess, which may affect the creep strain experiment results. Fig. 4 pre-
sents a detailed load history for the pretreatment of the specimen carried
out according to the experiment standard to release the residual stress
and guarantee the reliability of the creep experiment results.

2.4. The statistical analysis method

According to previous research, a primary conclusion can be pro-
posed that compared with metal and artificial composite materials, the
recombinant bamboo exhibits more dispersion with regard to its static
mechanical properties, which can be attributed to the diversity of nat-
ural fibers and manufacturing techniques [18]. Thus, the corresponding
statistical analysis of the experimental data becomes necessary to
determine the actual value of the strength at a given survival rate.

To today, there are three kinds of commonly used statistical analysis
methods in this field, the normal distribution function, the lognormal
distribution function and the three-parameter Weibull distribution
function. For the normal distribution model, the expression of the
probability density function is usually expressed as:

(b)

Fig. 3. Creep strain recording equipment: (a) the whole equipment, (b) the partial area of the specimen.
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Fig. 5. The definition of the Maxwell model.
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In this equation, y is the mathematical expectation of the random
variable, and mis the standard deviation of the random variable. Based
on this definition, the fitting approach can be converted to the linear
regression analysis by the following equations:

) (2)

Xi = FSi (3)

Yi=o'(F) @

where FS; is the ith experimental result from the arrangement in the
previous chapter, and® is the standard normal function, y; is the survival
rate of the ith experiment result. According to previous study, the sur-
vival rate can be approximately defined by the media rank [18]. The
definition of this parameter can be expressed as:

i —03
‘" n+04

)

as shown in Eq. (4), i is the failure number of the ith experimental
result, nis the sample size. The linear equation can be determined by the
minimum variance fitting method of the converted data. The expression
of the equation is as follows:

AA
y=a+bx 6)

Based on this assumption, the mean and variance values according to
the distribution function can be expressed as:
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For the lognormal distribution model, the expression of the proba-
bility density function is usually expressed as:
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1 (In x — pu)?
= exp(—
Y= am ™
Based on this definition, a similar linear regression fitting approach

can be conducted under this condition. The corresponding parameters
can be expressed as:

9

Xi = ll'l(FSl) (10)

yi = (1571 (Fl) (11)

ﬁ—exp(—;+%> 12)
b 2b?

A
m= exp <2Aa + 1) exp (1) — 1} (13)
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According to the definition, the three-parameter Weibull distribution
function can be expressed as:

y=1 7exp{f (%)q a4

where y is the location parameter, 7 is the scale parameter and f is the
shape parameter.From this equation, a clear conclusion can be proposed
that unlike that of the normal and lognormal models, the parameters in a
three-parameter Weibull model cannot be calculated through the linear
regression fitting approach. In previous studies, usually a Neld-Mead
method was usually adopted for determining the parameters [21].
This approach first determines the location parameter y based on a
searching optimization algorithm, among which the value of this
parameter can be fixed by an iterative solution. In every iteration course,
the relationships between these three parameters can be expressed as:

x; = In(FS; 1) (15)

Yi= In(— In(1-F)) (16)

where rél is the given value of y in the ith iteration. This approach can
determine the corresponding necessary parameters quickly and accu-
rately. Based on this model, the mathematical expectation of the random
variable and the standard deviation of random variable can be proposed

1
ﬁ—f/+ﬁ-r<A+ 1) a”n

2
m=n F<E+1>F<1+1> (18)
p p

where I'is the Gamma distribution function.

2.5. Variable-order fractional derivative theory defined Maxwell model

To realise the prediction method proposed in the previous Section
2.3 to predict the creep strain growth behaviour of recombinant
bamboo, it is necessary to choose a suitable viscoelastic model to analyse
the creep strain evolution process. Various types of mechanical consti-
tutive models have been developed to investigate the response proper-
ties during the creep process based on specified parameters (such as
stress, strain, and displacement). Among these, the Maxwell model is a
classic model. The main components of the model are shown in Fig. 5
[18].

As shown in Fig. 5, the model is composed of two parts: a spring body
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Table 1
Results of compressive fracture experiments on the recombinant bamboo.

Serial number Compressive load Compressive strength

1 56.1 KN 89.76 MPa
2 59.3 KN 94.8 MPa
3 52.6 KN 84.18 MPa
4 60.6 KN 96.97 MPa
5 54.4 KN 87.1 MPa
6 62.8 KN 100.43 MPa
7 61.4 KN 98.2 MPa
8 59.1 KN 94.56 MPa
9 60.8 KN 97.28 MPa
10 59.5 KN 95.21 MPa
11 58.6 KN 93.8 MPa
105 T T T T

—+— Experiment data

—+— Three-parameter Weibull distribution
100 || —=— Lognormal distribution <
—— Normal distribution

Compressive strength (MPa)

75 L 1 1
0 0.2 0.4 0.6 0.8 1

Failure rate

Fig. 6. Results of the statistical analysis of the compressive strength based on
different models.

and an Abel dashpot body. In a previous study, the viscoelasticity of the
model was determined using a fractionally defined dashpot body. The
stress—strain relationship of the model based on the theory of fractional
derivatives can be expressed as:

01 = 03 = 0y (19)

01 :E()El (t) (20)
de,(t

02 = 20 @1

where oyis the total stress provided by the model; o; and ojare the
stresses of the spring body and Koeller dashpot body, respectively; &
and ¢, are the strains of the spring body and Koeller dashpot body,
respectively; Ep is the elastic modulus;ais the order of the fractional
derivative; and 7, is the viscosity coefficient. To date, some commonly
used fractional derivative models have been applied to analyse the creep
behaviour of viscoelastic materials, among which the Caputo model is
an effective tool. The model can be expressed as [22]:

‘ f(@
D* = d 22
70 = [ e (22)
where I is the Gamma function. Thus the stress-strain relationship of the

dashpot body defined based on the Caputo fractional derivative
approach can be expressed as:

o(t) = nyD%(t) = 710/0 %dr 23)
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According to our previous study, the order of the derivative model is
influenced by the stress level. In this study, the load history was a time-
varying factor. Consequently, the model exhibited a clear variation with
time. The variable-order Caputo model is defined as

t v
Df(t) = / B 24)
o I'(1 —a(0))(t —7)*®

Based on this assumption, the stress—strain relationship provided by
the variable-order Caputo model defined by the Koeller dashpot body
can be determined. The detailed analysis process is shown in the ap-
pendix part.

In addition, among the main components of the Maxwell model, the
spring body contains only one parameter, the elastic modulus, which can
be easily determined according to the initial value of the strain at the
beginning of the compressive creep experimental process.In this paper,
the fitting of the experimental data could be performed by adjusting the
value of the order and the coefficient of viscosity of the Abel dashpot
body, where the values of these two parameters are considered as in-
dependent variables, and the response strain provided by the Maxwell
model is the argument. The goal of the fitting approach is to minimise
the relative differences between the experimental data and the response
function provided by the Maxwell model. The fitting process is carried
out via the Levenberg-Marquardt algorithm provided by MATLAB
software.

3. Results and discussion
3.1. Compressive fracture experiment results

According to the method proposed in Section 2.2, the first step of the
research process was to determine the compressive strength of the ma-
terial to provide the basic load parameters for further creep experiments.
According to our previous study, the mechanical parameters of recom-
binant bamboo show clear variation, necessitating the use of statistical
analysis and a sufficiently large sample size [18]. Table 1 shows the
detailed results of the compressive fracture experiments on the material
for eleven experimental samples. Additionally, the coefficient of varia-
tion in this experiment was 5.2 %, which fulfilled the requirement of a
variation no greater than 20 % [21].

Fig. 6 shows a statistical analysis of the experimental results obtained
using the three selected models. According to our previous study, of
these three commonly used statistical analysis methods for the me-
chanical experimental data of recombinant bamboo, the three-
parameter Weibull model is the most suitable choice owing to its abil-
ity to provide a theoretical estimate of the safe time period. Based on this
model, the compressive strength of the recombinant bamboo under
100 % survival rate can be determined as 75.8 MPa [23].

3.2. Short-term creep experiment results

According to the research method mentioned in the Methods section,
the key step in the prediction is to conduct a short-term creep experi-
ment on bamboo scrimber under relatively high stress levels. In this
study, the creep behaviour was compressive. According to a previous
study, for this type of creep research, when the experimental stress level
reaches 60 % of the compressive strength of the material, the specimen
usually breaks within 2 h, which is not beneficial for further analysis
[13]. Therefore, in this study, the stress level during the short-term creep
experiment was set to 20 % , 30 % and 40 % of the compressive
strength. In addition, to verify the universality of the method proposed
in this study, four specimens were used for the experiment. The
short-term compressive experiment results are shown in detail in Fig. 7.

As shown in Fig. 7, the short-term compressive creep experiment for
each specimen under a selected stress level was performed for 150 min.
An examination of the recorded strain curves clearly shows that for each
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Fig. 7. Short-term compressive creep strain histories of the specimen: (a) first specimen; (b) second specimen; (c) third specimen; (d) fourth specimen.

specimen, the slope of the creep strain evolution curve under a lower
stress level (20 % of the compressive strength) is lower than that of the
same curve under higher stress levels (30 % and 40 % of the compressive
strength), which means that higher stress level will generate faster creep
strain growth. In addition, the compressive strain growth speed shows
small fluctuations, particularly for the experimental results of the third
specimen under the stress level of 40 % of the compressive strength. This
phenomenon is most likely due to the microstructural features of the
specimens. As introduced in Section 2.1, bamboo scrimber is comprised
mainly of bamboo fibre and phenolic resin. The creep properties of these
two materials are quite different, resulting in an uneven distribution of
defects among the inner parts of the specimen when the load is applied.
In addition, the pores between these components may be destroyed with
increasing the accumulated damage. This accelerates the evolution
process to some degree.

For a more comprehensive comparison of the creep results, a
normalization method is chosen to analyse the strain history. In accor-
dance with the American standard ASTM D6815—09, the definition of
relative creep can be expressed as follows:

) = (25)

Fig. 8 shows the detailed information of this parameter obtained
from all four samples under all four stress levels, from which it can be
found that the relative creep of the sample is obviously influenced by the
stress applied to it. For all four samples, the relative creep steadily in-
creases with increasing stress. The detailed information of the creep
experiment results were shown in Table 2.

3.3. Model analysis results

Based on the experimental data obtained in the previous section and
the variable-order Caputo fractional derivative-defined Maxwell model,
it was possible to analyse the viscoelastic mechanical properties of the
specimen under the corresponding load conditions. The fitting results
are shown in Fig. 8.

As shown in Fig. 8, for all four specimens under the selected stress
levels, the fitting results based on the proposed Maxwell model were
quite close to the experimental data. The accuracy of the fitting results
may be lower at some points in time within the initial stage; however,
the relative accuracy throughout the creep process was still sufficiently
high. Table 2 presents detailed information on the model parameters
obtained from the fitting process, showing that the values of all corre-
lation coefficients are greater than 98 %, which means that the accuracy
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Fig. 8. Relative creep analysis of the samples under different stress levels: (a) first sample, (b) second sample, (c) third sample, and (d) fourth sample.

Table 2
The statistical analysis results of the creep experiment data.
Specimen number Stress level Initial strain Final strain Growth rate
1 40 % 0.002642 0.003728 411 %
30 % 0.001865 0.002326 24.7 %
20 % 0.001224 0.001415 15.6 %
2 40 % 0.002715 0.004089 50.6 %
30 % 0.001768 0.002272 28.5%
20 % 0.00118 0.001389 17.7 %
3 40 % 0.002803 0.004661 66.3 %
30 % 0.002017 0.002995 48.5 %
20 % 0.00132 0.00176 33.3%
4 40 % 0.002378 0.003652 53.6 %
30 % 0.001687 0.002241 32.8%
20 % 0.001121 0.001276 13.8%

of the fitting results is sufficiently high for engineering applications.
However, the parameter values obtained from different specimens were
quite different, even though the same stress level was applied in the
creep experiment. This result can be explained by the mechanical
property variation of the material itself. According to the manufacturing
process of the recombinant bamboo, this natural fiber reinforced com-
posite material is manufactured through the pressing technology, which
may result in the inhomogeneous distribution of the fiber and the

phenolic resin within the specimen, as well as the polytropy of the
mechanical property [24].

On the other hand, from the fitting results of all the four specimens,
it’s obvious that when the higher stress level (40 % of the compressive
strength) is applied on a specimen, the value of the order will also be
larger. While for the viscosity coefficient, the situation is completely the
opposite. According to the theory of fractional order, this phenomenon
means that the material has more obvious rheological properties under
the relatively higher stress level, which is in accordance with the creep
increase speed.

3.4. Prediction results

The compressive creep strain growth process of a specimen under
different stress levels can be predicted based on the model parameters
obtained through the fitting process. In addition, according to the fitting
results in Table 2, the stress level of the experiment affects the values of
both the order and viscosity coefficients. Therefore, the determination of
the values of the parameters at the given stress level is a key step in
predicting the compressive creep strain under other stress levels. In this
study, combinations of two types of commonly used functions were used
to calculate the parameter values under other stress levels. Detailed
information regarding these combinations is presented in Table 3.

As shown in Table 3, the power and exponential functions were
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Table 3
Model parameters obtained from the fitting.

Structures 80 (2025) 109950

Specimen number 20 % stress level

30 % stress level

40 % stress level

1 Ey = 12.1GPa Eo = 12.2GPa Eo = 11.5GPa

o = 1234GPa-min™! 1o = 994GPa-min ™" 1o = 796GPa-min*
a = 0.4872 a = 0.5467 a =0.6199
R? =0.9879 R? =0.9951 R? = 0.9962
RMSE = 0.0131 RMSE = 0.0058 RMSE = 0.0038

2 Ey = 11.4GPa Eo = 11.8GPa Eo = 11.2GPa
1o = 556GPa-min~’ 1o = 468GPa-min~! 1o = 356GPa-min~!
a=0.352 a=0.4167 a=0.499
R% = 0.9963 R% =0.9924 R% =0.9981
RMSE = 0.0046 RMSE = 0.0076 RMSE = 0.0082

3 Ey = 10.9GPa Ey = 10.8GPa Ey = 11.2GPa
o = 241GPa-min~! o = 196GPa-min~! 1o = 182GPa-min™!
a=0.325 a =037 a = 0.404
R? = 0.9972 R?% = 0.9966 R% =0.9877
RMSE = 0.0046 RMSE = 0.0142 RMSE = 0.0121

4 Eop = 13.1GPa Ey = 13.5GPa Ey = 12.8GPa
o = 539GPa-min " flo = 364GPa-min ™" flo = 292GPa-min "
a=0.308 a =0.3723 a =0.448
R? = 0.9858 R? = 0.9988 R? = 0.9989
RMSE = 0.0211 RMSE = 0.0156 RMSE = 0.0169

Table 4 as shown in Eq. (16), C and D are also specimen-calibrated coefficients of

Different combinations of functions used to analyse the relationship between the
stress level and the main model parameters.

Serial number of the combination ~ Order Viscoelastic coefficient

Power function
Exponential function
Power function
Exponential function

Power function
Power function
Exponential function
Exponential function

A WN =

arranged in several combinations to analyse the relationship between
the stress level and the main model parameters. For the power function,
the relationship between the stress level and the model parameter can be
expressed as:

P=Ac" (26)
as shown in Eq. (15), among which Pis the model parameter, ¢ is the
amplitude of the stress level (MPa) applied on the specimen, Aand Bare
both specimen-calibrated coefficients of the given specimen. While for
the exponential function, the definition of the relationship is:

P = Cexp(Do) 27)

Table 5
The relationship between the stress level and the model parameters.

the given specimen. According to these two equations, it’s not difficult
to find out that the values of the function parameters can be easily
determined based on the model parameters obtained from the experi-
ments conducted under two different stress levels. The detailed results
are shown in Table, 5.

As shown in Table 5, based on these combinations, the values of the
model parameters under other stress levels, as well as the predicted
values of the creep strain under the same stress level, can be easily
calculated. Here, the compressive creep strain growth process of the
same four specimens at a relatively low stress level (10 % compressive
strength) was selected for the prediction. The values of the main model
parameters under this stress level based on different functions are shown
in Table 6.

As shown in Table 6, when the values of the main model parameters
are calculated based on different functions, the results are also obviously
different. In order to comprehensively compare the feasible of the pre-
dictions based on different functions, all the combinations in Table 4 are
selected in predicting the creep strain growth property under this stress
level. The results of the model predictions are presented in Fig.10.

As shown in Fig.10, when the third combination was applied, the
predictions of the creep strain evolution process were quite close to the

Order Viscoelastic coefficient
Specimen number Power Exponential Specimen number Power Exponential
1 A =0.1397 C=0.375 1 A =1.109¢ + 04 C=1936
B =0.4368 D =0.01658 B=-0.7722 D = -0.02931
2 A =0.05885 C =0.2427 2 A =9127 C=1063
B =0.6265 D =0.02378 B = -0.9508 D = -0.03609
3 A =0.1424 C=0.2842 3 A =4383 C=2448
B = 0.3056 D =0.0116 B =-0.2576 D = -0.009777
4 A =0.04988 C=0.2137 4 A = 3986 C=7051
B =0.6434 D = 0.02442 B = -0.7661 D = -0.02908
Table 6
The values of the model parameters based on different functions.
Order Viscoelastic coefficient
Specimen number Power Exponential Specimen number Power Exponential
1 0.338 0.425 1 2321GPa x min " 1550GPa-min !
2 0.223 0.296 2 1330GPa-min~! 808GPa-min~!
3 0.264 0.31 3 260GPa-min~" 227GPa-min~!
4 0.184 0.257 4 845GPa-min ! 566GPa-min~"
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Fig. 9. Fitting results of the variable-order Caputo fractional derivative defined Maxwell model for the (a) first specimen; (b) second specimen; (c) third specimen; (d)

fourth specimen.

actual experimental data points (the relative difference at any point in
time during the experimental process was less than 2 %). Fig.11 shows
the detailed information of the residual curves based on this combina-
tion [25]. For predictions based on the other three combinations, clear
deviations from the experimental data are observed. The prediction and
corresponding experimental verification were performed for 600 min.
For the short-term compressive creep experiments under three relatively
high stress levels, the experimental process was performed for 450 min.
Therefore, the prediction can save 25 % of the experimental time and
obtain nearly the same experimental results, clearly demonstrating the
acceleration of the experimental process achieved by using the model. In
addition, although the model parameters obtained from different spec-
imens shows obvious randomness, the parameters for the prediction
were determined by the same specimen, in this way the randomness
could be taken into consideration in advance, which will not affect the
feasible of the proposed model. In other words, the selected third kind of
combination can meet the requirement for the prediction accuracy of all
the four specimens, which makes it credible for engineering
applications.

On the other hand, from the analysis results shown in Table 3, the
mechanical property variation of the material is obvious for the

recombinant bamboo. As a result of this, it’s necessary to analysis the
effect of the main model parameter values on the prediction. On the
other hand, the elastic modulus of the spring body can be easily deter-
mined according to the initial value of the strain at the beginning of the
experiment process. Thus the influence of the main model parameters
were conducted based on the order and the viscosity coefficient.

Fig. 12 shows the detailed information of the sensitivity analysis
results of the main model parameters, among which a clear conclusion
can be proposed that the value of the order has a positive effect on the
creep strain growth rate. Generally speaking, the larger value of the
order, the quicker growth of the creep strain will be generated. While for
the viscosity coefficient, the effect is completely the opposite. In addi-
tion, compared with the elastic modulus of the dashpot body, the order
affects the strain growth speed more obviously within the definition
range.

4. Conclusion
Creep performance is one of the most important factors for guaran-

teeing the safety and reliability of composite materials. In this study, an
accelerated compressive creep experiment was designed for bamboo
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Fig. 10. Predicted values of the creep strain under lower stress levels based on different combinations for the (a) first specimen; (b) second specimen; (c) third

specimen; and (d) fourth specimen.

scrimber. The key factor of this method is the prediction of the long-term
creep strain evolution process under lower stress levels of the bamboo
scrimber based on the relatively short-term creep strain evolution pro-
cess recorded for the same specimen under higher stress levels. The
relatively high stress levels were set to 20 %, 30 % and 40 % of the
compressive strength of the material. The experimental results under
these three load conditions show that the stress level affects the corre-
sponding creep strain growth rate, and the microstructural features of
the specimens can, in some cases, result in the fluctuation of the strain
signals recorded during the experimental process.

The variable-order Caputo fractional derivative Maxwell model
proposed in this study can accurately simulate the compressive strain
growth process of all four specimens under given stress levels with a
correlation coefficient of 98 % or greater for all cases. The values of the
main model parameters show strong variations among the different
specimens. This phenomenon can be explained by two factors: the stress
level applied to the specimen for the experiment and the variation of the
material mechanical properties among the specimens.

When the exponential function is selected to analyse the relationship
between the stress level and the order of the proposed Maxwell model,
and the power function is selected to analyse the relationship between
the stress level and the viscosity coefficient of the same model, the

10

predicted values of the compressive strain under relatively lower stress
levels are quite close to the experimental results during a longer
experimental period, demonstrating that the actual experiment can be
replaced by model predictions. Therefore, the experimental time can be
reduced by 25 % to obtain nearly the same experimental data, making
this method valuable and suitable for wide application in engineering
practice.
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Appendix

The discretization and analysis of the stress-strain relationship based on the proposed variable-order fractional derivative defined dashpot body is
expressed as follows:

o =2
_ * /(1)
=) /0 Ao % @

zk: (e / D gey (1) 1 de
0 i1 iu ot F[l — a(ti+1 )} (tk+1 - T)a(ti“)

i=

As shown in Eq. (6), n(t;11 )and a(t;, 1 )are the viscosity coefficient and order of the Koeller dashpot body in the ith time step, respectively, which can
be roughly considered as a specimen-calibrated coefficients during this range if the stress level applied on the specimen is unchanged. Based on this
assumption, the stress—strain relationship can be expressed as

k (i+1)u
2 (tir1) — €2(t; 1 dr
02 N g n tz+1/ (fr) — o Hl)/ a(tiz1)
i—0 H iu r[l - a(ti+1)] (tk+1 - T) i

X ea(ti1) — ea(tin) [ETHH 1 dep
Z 1(ti1) / ( ,

i=0 H k—i)u F[l — a(tHl)] (p”(ful)
k (i+1)n
&(tin) — Ez(ti+1)/ 1 do
- tor) ©
i; ) “ W T —alt)] g
- Xk: (t; \gz(tiﬂ) — éa(tiy1) 1 /(Hl)” do
i=0 e H r[l - a(ti+l )] (p”(fiﬂ)
k —a(tiz1)
il i 1-a(ti1) _ l-a(tyq)
(& t )= [i+1 _ falta
IZO: N(tis1)[e2(tin) — €2(ti)] T2 —at)] (i+1) i ]

wheret = (k + 1)uand t are the total load times, and y is the length of the time step. Based on this, the response strain of the model under a given stress
level can be proposed.
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