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Viscoelastic damping materials are often under complex service conditions. To precisely characterize its dynamic
damping properties, based on fractional calculus and viscoelastic theory, considering the periodic characteristics
of viscoelastic materials, the distributed fractional order Kelvin-Voigt constitutive model (DFKV) was constructed.
The model accuracy was validated by quasi-static experiments. The dynamic modulus expressions were derived,
and the model parametric feature analysis was carried out. Dynamic Mechanical Analysis (DMA) and Separate
Hopkinson Pressure Bar (SHPB) experiments were performed with silicone rubber as the subject. The results
show that the silicone rubber has an obvious temperature and frequency dependence, and it has a strong strain rate
correlation considering that the strain rate effect indexes that are under high strain is 29.331. At the same time,
clearly the viscoelastic dynamic constitutive behavior has phased characteristics that are in line with the scientific
assumption of the distribution order. The fitting accuracy of DFKV model is higher than the existing contrast
models, which reflects DFKV model and favorably represents the dynamic mechanical properties of viscoelastic
materials under wide temperature, frequency and strain rate. The model is highly accurate, has fewer parameters,
and the physical meaning of its parameters is clearer. It can provide a theoretical reference for the research and
design of viscoelastic damping materials.

1. INTRODUCTION

Viscoelastic damping materials have good energy consump-
tion capacity and relatively low manufacturing and mainte-
nance cost. They are often used as vibration control materials
in mechanical equipment, aerospace, bridge and culvert en-
gineering and other fields.1–3 Under the dynamic conditions
such as variable temperature, variable frequency and impact,
the viscoelastic damping material presents dynamic constitu-
tive mechanical behavior. Accurate and reliable viscoelastic
constitutive model is the key basis for modeling, analysis and
calculation of a viscoelastic oscillator.

The researchers proposed a series of viscoelastic consti-
tutive models to characterize the constitutive mechanical be-
havior of materials. The standard rheological model includes
Maxwell model and Kelvin-Voigt model. On this basis, the
Zener model, Burgers model, generalized Maxwell model and
generalized Kelvin-Voigt model are developed.4, 5 Zener6 pro-
posed a complex Zener model for describing the creep and re-
laxation properties of materials. Scholar Bürgers7 constructed
the Bürgers model by concatenating the Maxwell and Kelvin-
Voigt models. The above models are integer order constitu-
tive models, which have the advantages of simple structure and
clear concepts, as well as often being used to describe the lin-
ear viscoelastic mechanical behavior.

With the development of the fractional calculus theory, Nut-
ting8 and Gemant9 first found that the fractional order of ma-
terial strain was associated with its mechanical properties, and

creatively used the fractional derivatives to describe the consti-
tutive relationship of viscoelastic materials. Koeller10 proves
that the order in the fractional equation can characterizes the
change of viscoelastic materials from a solid state to a liquid
state. Müller et al.11 introduced evolutionary equations into
multiaxial stress states and implemented finite element sim-
ulations of iterative linear and nonlinear fractional order vis-
coelastic models. Khajehsaeid12 modeled the stress relaxation
response under finite deformation conditions and showed that
the fractional order principal model requires only three param-
eters while the integer order model requires five parameters.
The fractional formula order differential viscoelastic model
can fit the relaxation data with relatively fewer material pa-
rameters.

In order to improve the fitting accuracy of the viscoelastic
constitutive materials, some scholars have proposed a higher-
order fractional derivative model by increasing the number of
model configurations and parameters. Note: the highest order
is greater than 1 for different values of the parameter. Jianguo13

obtained the higher fractional derivative model connected in
series or in parallel (FVMS or FVMP) from the fractional or-
der Kelvin-Voigt and Maxwell models in parallel or in series,
derived the expressions of the complex modulus and complex
flexibility of the material, and qualitatively analyzed the influ-
ence of the fractional derivative operator. Yongling14 added
Scott-Blair sticky pot based on the fractional derivative Zener
modeland proposed a 5-parameter fractional derivative mode-

International Journal of Acoustics and Vibration, Vol. 29, No. 4, 2024 (pp. 457–464) https://doi.org/10.20855/ijav.2024.29.42078 457



Y. Qin, et al.: FRACTIONAL ORDER KELVIN-VOIGT CONSTITUTIVE MODEL AND DYNAMIC DAMPING CHARACTERISTICS OF. . .

las well as analyzed the influence of fractional derivative oper-
ator parameters on the shape of Cole-Cole curve. Mingyu15

proposed the generalized fractional element network-Zener
viscoelastic constitutive model (GFE-Zener model), added the
“coordination equation”, developed the method of discrete
seeking inverse Laplace transform, and then expanded the con-
struction of model solutions to the generalized function space,
so that it can contain more solutions with obvious physical
significance. Due to the global relevance of fractional calcu-
lus, the fractional-order constitutive model can reflect the his-
tory dependence of the evolution of the mechanical properties
of viscoelastic materials and can describe the coexistence of
elasticity and viscosity of viscoelastic materials, as well as the
dynamic mechanical properties in a certain time-frequency do-
main.16, 17

Viscoelastic damping materials often bear high frequency
heavy loading, and their dynamic mechanical properties are
clearly different from those at low strain rates. While exist-
ing studies on the mechanical properties of viscoelastic mate-
rials mainly focus on low strain rate conditions, and are based
on static, quasi-static loading and simple harmonic excitation
experiments,18it fails to reveal the mechanical properties and
damping mechanism of viscoelastic materials at high strain
rates. The Separate Hopkinson Pressure Bar (SHPB) tech-
nique, invented by Kolsky in 1949, is now a classic technique
for testing the high strain rate constitutive mechanical behav-
ior of materials.19, 20 In order to predict the strain rate effect of
polymer materials under impact loading, Zhaoxiang et al.21, 22

proposed the ZWT nonlinear viscoelastic constitutive model
for the first time. They believed that the dynamic response of
materials can be described by two relaxation times, reflecting
the slow and fast change characteristics of materials respec-
tively, they also revealed the impact strain rate effect of epoxy
resin and time-temperature equivalence. Haixia et al.23 used
a generalized nonlinear ZWT constitutive model to describe
the uniaxial compressive mechanical behavior of propellants
at low, medium, and high strain rates. Their analysis showed
that at least four Maxwell elements were required in the model
to accurately describe the dynamic mechanical properties of
rate-dependent materials.

Yang24 proposed a sticky-hyperelastic constitutive model for
the high strain rate effect of rubber materials, which can char-
acterize the hyperelastic properties, strain rate correlation as
well as history dependence. Xiangrong25 modified the con-
stitutive model proposed by Yang et al., changed the Rivlin
function to Yeoh function, and proposed a new nonlinear sticky
superelastic constitutive model based on the high strain rate ef-
fect. Yuliang26 constructed an improved Ogden model consid-
ering the strain rate effect based on the Ogden model by using
the strain energy function, the model has good computational
accuracy when dealing with large strain data of viscoelastic
materials under impact compression. The existing constitutive
models suitable for high strain rate can describe the mechani-
cal characteristics of viscoelastic materials during large impact
deformation. However, there are too many model parameters,
unclear physical significance, and limitations that cannot rep-
resent the dynamic mechanical characteristics in the frequency
domain of viscoelastic materials.

Under the dynamic service conditions such as variable tem-
perature, frequency conversion and impact, the viscoelastic

damping materials show strong nonlinear properties. How-
ever, the traditional integer-order constitutive model fails to ac-
curately characterize the history-dependence and temperature-
frequency correlation of viscoelastic materials, as well as the
mechanical properties when striking large deformations. The
existing viscoelastic constitutive model for high strain rate can-
not represent the viscoelastic dynamic mechanical properties
in the frequency domain. Fractional-order constitutive mod-
els need to improve the accuracy of characterization of vis-
coelastic dynamic mechanical properties over a wide range of
temperatures, frequencies, and strain rates. Previous studies
showed that the constant fractional model can accurately de-
scribe the dynamic mechanical properties of viscoelastic ma-
terials in single stage,27, 28 while for the characterization of
multi-stage dynamic mechanical properties, it has low gener-
alization ability. In other words, the constant fractional model
has a large error for the description of the consecutive multiple
stages. Based on this, the research takes the value of the order
and constructs a constitutive model of distributed order vis-
coelastic materials to accurately characterize the constitutive
mechanical behavior with stage characteristics. It could reveal
the dynamic damping properties of viscoelastic materials.

2. THE DISTRIBUTED FRACTIONAL ORDER
KELVIN-VOIGT CONSTITUTIVE MODEL

2.1. Model Building
Based on the theory of fractional calculus, from the perspec-

tive of phenomenology and the modeling idea of a classical
model including component combination, the DFKV is estab-
lished. The model consists of the elastic element k and the
distributed fractional order damping element < c, αmi > in
parallel, as Figure 1 shows. The total stress of DFKV model
of the parallel structure is the sum of an elastic element and
a distributed order damping element, as σ = σe + σf , which
also obtains, Fd = σA = σeA+σfA. The total strain is equal
to the strain of the elastic element and the distributed order
damping element, as ε = εe = εf . Therefore, the parameter
of the constitutive operator of the distribution fractional order
is n = 0, m = 1, p0 = 1, q0 = k, q1 = c, α0i = 0, α1i = αi,
β0j = 0. The DFKV constitutive equation is:

σ = kε+ cDαi
t ε; (1)

where:

Dαi
t f(t) =

1

Γ(n− αi)

∫ t

a

f (m)(τ)

(t− τ)αi−m+1
dτ ; (2)

where n = [αi], n− 1 < αi ≤ n.29

The mechanical properties of viscoelastic materials have
stage characteristics related to strain, and the typical stress-
strain curve can be divided into elastic stage, softening stage
and hardening stage (see Figure 2). In the elastic stage I,
the stress-strain relationship of the material is close to linear.
Within the softening stage II, as the strain increases, the in-
ternal temperature of the material increases and softening phe-
nomenon occurs, presenting a hysteretic stress-strain relation-
ship. In the hardening stage III, compared to the softening
stage, the slope of the stress-strain curve increases.
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Figure 1. DFKV constitutive model.

Figure 2. Typical constitutive relation for viscoelastic
materials.

To reflect the mapping relationship between the distribution
order αi and the viscoelastic properties, the order αi is taken
as the distribution function to reflect the stage of the dynamic
mechanical behavior of viscoelastic materials, as:

αi =


&α1 0 ≤ ε < εI
&α2 εI ≤ ε < εII
&α3 εII ≤ ε < εIII

. (3)

In particular, when αi = 0, the distributed order viscoelas-
tic element follows Hooker's law, which becomes pure elastic
element. When αi = 1, it follows Newton’s constant viscosity
law, which becomes pure viscoelastic element.

2.2. Verification
With the silicone rubber as the research object, the quasi-

static uniaxial tensile test is carried out in the universal material
testing machine (Testometric M350-10 kN). Taking the stress-
strain curve of 500 mm / min as an example (see Figure 3), the
constitutive model parameters of DFKV distribution are iden-
tified and analyzed. The model parameters are identified by
the least squares method. When 0 ≤ ε < 20%, the material
is in the pure elastic stage, the stress and strain is a linear re-
lationship, α1 = 0, ke = 2.91 × 106 N/mm. When 20% ≤
ε < 113.12%, the material is in the softening stage, the perfor-
mance of “visco-elastic co-existence”, the stress and strain is
a nonlinear relationship, α1 = 0.38, c = 0.12 × 106 Ns/mm,

Figure 3. Fitting of the quasi-static experimental curves.

k = 2.84 × 106 N/mm. When 113.12 ≤ ε < 160%, it is
hardening, and it is a non-linear relationship. α1 = 0.38,
c = 0.12 × 106 Ns/mm, k = 2.84 × 106 N/mm. When
113.12 ≤ ε < 160%, the material is in the hardening stage,
parameter α1 = 0, ke = 2.06× 106 N/mm.

Root mean square (RMSE) is selected as the error evaluation
index, and the specific expression is as follows:

RMSE =

√√√√ 1

n

n∑
i=1

(yt − ye)2; (4)

where, yt and ye are the experimental value and theoretical
value, respectively.

The fitting error RMSE value of the DFKV model is 0.029,
while the constant fractional FKV model is 0.128. It can be
seen that the DFKV model has a high fitting accuracy on the
silicone rubber quasi-static stress-strain curve, which can accu-
rately describe the quasi-static constitutive mechanical behav-
ior of the viscoelastic material under large deformation condi-
tions.

3. DYNAMIC DAMPING CHARACTERISTIC
OF VISCOELASTICITY UNDER
FREQUENCY CONVERSION CONDITION

3.1. Analysis of Distributed Order
Hysteresis Characteristics

Under simple harmonic excitation, the strain of DFKV
model is ε(t) = ε0 sinωt. The following equation can be ob-
tained by the definition of the fractional derivative operator:

Dαi
t ε(t) = ε0ω

αi sin(ωt+ αiπ/2). (5)

According to Equation (5), the DFKV constitutive Equa-
tion (1) can be further converted into:

σ(t) = k
[
1 + ωαi

( c

k

)
cos

(αiπ

2

)]
ε0 sinωt+

cωαi sin(αiπ/2)ε0 cosωt. (6)

When Equation (6) is further rewritten to elliptical type, the
hysteresis curve expression of DFKV model under simple har-
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monic excitation is obtained:{
σ(t)− k [1 + (c/k)ωαi cos(αiπ/2)] ε(t)

cωαiε0 sin(αiπ/2)

}2

+[
ε(t)

ε0

]2
= 1. (7)

The formation of viscoelastic hysteresis curve needs to con-
sider the effects of both material viscosity and nonlinear elas-
ticity simultaneously. The larger the viscosity is, the larger the
energy dissipation capacity is. In addition, the stress corre-
sponding to the maximum strain decreases with increasing αi,
that is, the material elasticity decreases with increasing αi. In
particular, when αi = 0, the hysteresis loop Equation (7) de-
generates to an ideal undamped elastic model, σ(t) = 2kε(t),
which indicates that the stress is proportional to the strain, and
under this condition, the corresponding hysteresis loop is a
straight line, and there is no energy dissipation. When α = 1,
Equation (7) degenerate to an ideal stiffness-free Newtonian
fluid model, σ(t) = k+(kc/ω)ε̇(t). The stress is proportional
to the first derivative of the strain, corresponding to the largest
hysteresis ring area, under this condition, the largest energy
consumption occurred.

3.2. Distributed Fractional Order Dynamic
Modulus Expressions and Parametric
Analysis

The Laplace transform of the DFKV constitutive Equation 1
yields its dynamic complex modulus:

E(ω) = k + c(iω)αi . (8)

Due to iαi = cos(αiπ/2) + isin(αiπ/2), the dynamic per-
formance coefficients are obtained by separating the real and
imaginary parts of the complex modulus:

(1) storage modulus

Ed(ω) = k + cωαi cos
(αiπ

2

)
; (9)

(2) loss modulus

El(ω) = cωαi sin
(αiπ

2

)
; (10)

(3) loss factor

η(ω) =
El(ω)

Ed(ω)
=

cωαi sin
(
αiπ
2

)
k + cωαi cos

(
αiπ
2

) . (11)

The expressions of the viscoelastic dynamic performance
parameters are explicit functions of the constitutive parame-
ters, and their partial derivatives are easy to obtain. Therefore,
the analytical method is used to carry out the sensitivity anal-
ysis and to discuss the trends and patterns of the influence of
the variation of the material’s constitutive parameters on the
dynamic properties of viscoelastic materials. The sensitivity
of the storage modulus Ed, dissipation modulus El, and loss
factor η of the DFKV model to the order αi are:

LEd,αi
= cωαi(Alnω −Bπ/2); (12)

LEl,αi
= cωαi(Blnω +Aπ/2); (13)

(a)

(b)

(c)

Figure 4. Parameter sensitivity for αi of DFKV model. (a)
Parameter sensitivity for Ed to αi; (b) El to αi; (c) η to αi.

Lη,αi
= [cωαi(Blnω +Aπ/2) (k +Acωαi)−

Bc2ω2αi(Alnω −Bπ/2)
]
(k +Acωαi)

−2
; (14)

where A = cos(αiπ/2).

The sensitivity trends of dynamic performance parameters
Ed, E1, and η to order αi are shown in Figure 4. When order
αi takes the value of 0.1 ∼ 0.4, the LEd,αi

, LEl,αi
and Lη,αi

are all in the positive value, and they are all positively corre-
lated with order αi, and with the increase of frequency, LEd,αi

,
LEl,αi

and Lη,αi
all show an increasing trend. Among them,

in the low-frequency band, LEd,αi is less affected by the order
αi. In the high-frequency band, with the increase of the order
αi, LEd,αi

changes relatively obviously. In contrast, the value
of LEl,αi is slightly more affected by the order αi.
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(a)

(b)

Figure 5. Fitting results of DFKV model DMA experiment.
(a) Storage modulus Ed; (b) Loss modulus El.

4. VISCOELASTIC DYNAMIC DAMPING
CHARACTERISTICS UNDER VARIABLE
TEMPERATURE AND FREQUENCY
CONVERSION

The experimental frequency spectrum of DMA for silicone
rubber is shown in Figure 5, which shows that the storage mod-
ulus Ed, loss modulus El and the loss factor η of silicone rub-
ber increase with frequency, and they all tend to be constant.
The effect of frequency on the properties of viscoelastic mate-
rials is essentially the relationship among the relaxation time
of the molecular chains and the time of stress application and
observation time. (a) When the frequency f is small, the stress
changes slowly and the molecular chain segments have enough
time for conformational transformation and untangling or re-
laxation, which can be regarded as free movement. The values
of Ed, El, and η are small because y deformation occurs easily
and the slip and friction between chain segments are small. (b)
As the frequency f increases, the motion of molecular chain
segments gradually cannot catch up with the change of stress,
which can be regarded as a finite motion under certain con-
straints, and the internal dissipation is larger. Ed, El, and η all
show an increasing trend.

Figure 6. SHPB stress-strain curves for SR.

The DFKV model is used to fit the experimental frequency
spectrum of silicone rubber DMA. The fitting results are shown
in Figure 5. The model parameters are shown in Table 1. It
can be seen that the order αi corresponding to the frequency
f = 10 ∼ 20 Hz is slightly reduced compared with that of f =
1−10 Hz. It reflects the tendency of the material’s viscosity to
weaken and its elasticity to increase. The fitting error RMSE
values are shown in Table 2. The fitting error RMSE values of
the DFKV model with respect to the storage modulus and loss
modulus are lower than those of the FKVM model.

5. VISCOELASTIC DYNAMIC DAMPING
CHARACTERISTICS AT HIGH STRAIN
RATE

5.1. Damping Characteristics Analysis
A short cylindrical specimen with a diameter of 6.5 mm and

a thickness of 3 mm is used to carry out the SHPB impact
mechanical properties experiments. The experimental stress-
strain curves of silicone rubber at strain rates of 2500 s−1,
2800 s−1, 3200 s−1, 3450 s−1 and 3600 s−1 are obtained.
The filtered experimental curves are shown in Figure. 6. The
values of the characteristic parameters of the curves are shown
in Table 3.

The experimental results of silicone rubber SHPB show that
the constitutive mechanical properties of silicone rubber un-
der high strain rate present periodic characteristics with de-
formation and show obvious strain rate correlation. Among
them, the yield strain increased from 0.259 to 0.416, and the
yield stress increased from 4.383 MPa to 9.068 MPa. Defini-
tion dσs/d(lgε) characterizes the strain rate correlation of the
material yield stress.30 σs = A + Blg(ε̇) obtained by fitting
calculation. Where, A and B both are obtained by fitting cal-
culation, A = −95.5203, B = 29.3305. The strain rate corre-
lation index of silicone rubber is 29.331. The cut-line modulus
E at strain ε = 0.2 is used to evaluate the material elasticity.
Compared with the value of E at the strain rate of 2500 s−1,
the incremental range of the value of E at the other strain rates
is 1.65% to 19.

The DFKV model is used to fit the stress-strain curve of
silicone rubber at high strain rates. The fitting results of strain
rates 2800 s−1 and 3450 s−1 are shown in Figure 7, and the
parameters of each model are shown in Table 4. It can be seen
that in the elastic phase, the order α1 = 0, and the ke value is
basically unchanged. Exceptionally, the ke value increases at
strain rate 3600 N/mm. In the softening stage, the up convex
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Table 1. Parameters of DFKV model DMA experiment.

T Storage modulus Ed Loss modulus El

k /(N/mm) c /(N·s/mm) αi c /(N·s/mm) αi f /Hz

-15 90.81 10.70
0.283

128.70
0.104 1 ∼ 10

0.269 0.102 10 ∼ 20

0 72.40 18.04
0.141

103.29
0.106 1 ∼ 10

0.139 0.104 10 ∼ 20

25 65.72 4.19
0.252

57.97
0.110 1 ∼ 10

0.244 0.108 10 ∼ 20

45 55.91 4.00
0.234

36.17
0.121 1 ∼ 10

0.228 0.117 1 ∼ 10

Table 2. RMSE of DFKV model.

T Storage modulus Ed Loss modulus El

DFKV FKVM DFKV FKVM
-15 0.594 0.966 0.256 0.343
0 0.397 0.596 0.211 0.255
25 0.158 0.202 0.168 0.237
45 0.145 0.159 0.124 0.274

Table 3. Parameters of stress-strain curves for SR.

ε̇/s−1 2500 2800 3200 3450 3600
εs 0.259 0.323 0.385 0.415 0.416

σs/MPa 4.383 5.437 6.830 8.322 9.068
E/MPa 18.837 19.147 20.155 21.938 22.481

curvature of the curves increases with increasing strain rate.
The order α2 shows an overall increasing trend with increasing
strain rate. The hardening stage occurs when the strain ratesare
3200 s−1, 3450 s−1, and 3600 s−1, at which time α3 = 0. The
material can hardly provide damping energy dissipation in this
stage. The ke value increases with the strain rate, which means
the more significant hardening effect.

5.2. Comparative Analysis of Models
The ZWT model and the Ogden model considering the strain

rate effect are typical viscoelastic constitutive models for high
strain rate conditions. The above two models and the constant-
order FKVM model are used to fit the SHPB stress-strain ex-
perimental curves of the silicone rubber respectively. The fit-
ting results are shown in Figure 8.

The RMSE values of the fitting errors for the above model
are shown in Table 5. At strain rates of 2500 s−1 and 2800 s−1,
the distribution order model DFKV has the highest fitting accu-
racy, followed by the FKVM with ZWT model, and the Ogden
model is the lowest. At strain rates of 3000 s−1, 3200 s−1 and
3450 s−1, the fitting accuracy of the distributed order model
DFKV is highest, the ZWT model takes second and the Ogden
model and FKVM model is relatively lowest. Additionally,
the order αi of the distributed order constitutive model can re-
flect the viscoelastic distribution during impact deformation of
viscoelastic materials, which has fewer parameters and clearer
physical meaning.

6. CONCLUSION

(1) Based on the fractional calculus and viscoelasticity the-
ory, the DFKV constitutive model is established by con-
sidering the stage characteristics of the deformation de-
velopment of viscoelastic materials. The accuracy of the

(a)

(b)

Figure 7. Fitting results of DFKV model for SHPB
experiment. (a) Strain rate 2800 s−1; (b) Strain rate 3450 s−1.

DFKV model is verified by quasi-static tensile experi-
ments.

(2) Distributed-order dynamic modulus expressions were de-
rived, and model parameter characterization were carried
out, indicating that the order αi of the DFKV model was
positively correlated with the storage modulus, loss mod-
ulus and loss factor. On the DMA experimental platform,
the variable frequency conversion dynamic mechanical
property experiments of silicone rubber were completed.
The results show that the corresponding order αi at the
frequency f = 10 ∼ 20 Hz is slightly reduced compared
with that at f = 1 ∼ 10 Hz, reflecting the tendency of the
material viscosity weakening and elasticity increasing.

(3) Experiments on the impact mechanical properties of sil-
icone rubber SHPB was carried out to characterize the
macroscopic deformation behavior of the material accord-
ing to the damping dissipation mechanism. The obvious
strain rate correlation of the viscoelastic damping material
was revealed, and its strain rate effect index is 29.331. It
also had the stage characteristics related to the strain, and
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Table 4. Parameters of DFKV model SHPB experiment.

Elastic stage Softening stage Hardening stage
ε̇/s−1 α1 ke × 107 c, k α2 α3 ke × 107

/(N/mm) /(N/mm)
2500

0

7.239

c = 1.4× 105, k = 1× 106

0.495

0

–
2800 7.239 0.497 –
3200 7.239 0.493 1.370
3450 7.239 0.509 1.603
3600 10.41 0.512 2.004

(a)

(b)

Figure 8. Fitting results of models. (a) Strain rate 2800 s−1;
(b) Strain rate 3450 s−1.

Table 5. RMSE of different models.

ε̇/ s−1 DFKV FKVM ZWT Ogden
2500 0.058 0.064 0.111 0.261
2800 0.142 0.143 0.132 0.227
3000 0.068 0.283 0.125 0.248
3200 0.135 0.578 0.157 0.225
3450 0.135 0.567 0.199 0.287

the order in the DFKV model was reflected by the above
characteristics.

(4) The RMSE values of the distributed fractional order
DFKV constitutive model are smaller than those of the
existing comparative models. This reflects the “elastic-
resistive co-existence” of viscoelastic materials., Addi-
tionally, the physical significance of the parameters is
clear, so that it can accurately characterize the viscoelas-
tic dynamic mechanical properties in a wider frequency
domain and under different strain rates.
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