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Abstract: Mirror epoxy, used in its pure form with a resin-
to-hardener ratio of 100:50, is emerging as an innovative
material widely used in modern flooring. Its appeal lies in
its smooth, shiny surface, offering a unique and contem-
porary aesthetic. However, understanding its long-term
viscoelastic behavior is essential to ensure the durability
and performance of floor coverings under various condi-
tions of use. This study examines the evolution of the
Schapery model for mirror epoxy, focusing on its long-
term viscoelastic behavior. Creep tests at constant loads
and ambient temperature are carried out in order to
numerically determine the static nonlinearity factors g
and g0 formulated in the Schapery model. To validate this
model, other relaxation tests at constant deformations are
carried out under the same conditions, which allowed us to
determine the nonlinearity factors h and h0 formulated in
this model using the same method. A remarkable consistency
between the variations in the experimental and numerical
values of the model programmed on MATLAB allows us to
conclude that the Schapery model describes the real behavior
of the mirror epoxy in a satisfactory manner.

Keywords: viscoelasticity, creep, relaxation, mirror epoxy,
Schapery model

1 Introduction

Epoxy resins are thermosetting resins [1–3]. Since their
discovery in 1909 by Prileschajew [4], they have been
increasingly interesting owing to some excellent mechan-
ical properties, especially good resistance to chemicals and
high adhesiveness to many substrates [5–12]. Epoxy resins
are extensively used in paint and coating, industrial tooling,
the aerospace industry, electronic equipment, and biome-
dical systems [13].

The field of civil engineering and flooring is experien-
cing great progress in the use of resins because they are
robust, seamless, easy to maintain, and dustproof [14]. “3D
epoxy” technology is the most recent in the development
of mirror resins, which is characterized by its ease of
cleaning, waterproofness, transparency, and indoor and
outdoor application. It can be placed in any room of the
house with a wide choice of pictures, which allows us to
create an atmosphere and an effect of surprise even in small
spaces. Mirror epoxy resins are bicomponent materials
obtained by the polymerization of an epoxy monomer and
a hardener. The resin/hardener ratio varies depending on
the type of the resin, the hardener, and the field of applica-
tion [15]. It directly influences the properties and mechan-
ical characteristics of the material [16]. Each application has
specific requirements in terms of mechanical properties,
chemical resistance, durability, transparency, etc. These
must be taken into account when choosing the appropriate
resin and hardener.

There is a great concern with the study of epoxy and its
mechanical behavior, with and without reinforcement. A
new resin/hardener ratio, new types of resins, and hard-
eners or new improvement additives are emerging with
each new study.

Mirror resins are bicomponent materials used in their
pure state with a resin/hardener ratio of 100:50. They have
a nonlinear viscoelastic behavior. Their mechanical prop-
erties vary over time and depend on the applied load.
Therefore, the law of superposition is not valid here. For
these materials, modeling is often done by introducing
nonlinearity factors into Boltzmann’s law. One of the first
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models based on this method is that of Leaderman [17],
which introduces a nonlinearity function in the integral.
Other models that take this approach were presented by
Bernstein et al. [18] and Green and Rivlin [19]. The most
widely used model to describe nonlinear viscoelasticity is
that of Schapery [20–22]. It is often used to predict the long-
term behavior of materials, such as relaxation and creep,
which are important phenomena in many industrial appli-
cations. To move into the nonlinear domain, Schapery used
the principles of the thermodynamics of irreversible pro-
cesses. In this model, Boltzman’s superposition principle is
modified by introducing nonlinear functions.

Gmir et al. [23] have successfully used the law of
Schapery to characterize the nonlinear viscoelastic beha-
vior creep type of PMMA. The nonlinearity coefficients
were determined by creep tests at 23°C, followed by an
iterative program based on the rule of least squares.

In the present work, the same resolution method
under the same test conditions was used to identify the
nonlinear viscoelastic constitutive law of pure mirror resin
at a resin/hardener ratio of 100:50 and at 23°C.

This study delves into the evolution of the Schapery
model within the realm of long-term viscoelastic materials,
with a specific focus on mirror epoxy in 3D flooring, an
emerging innovation in building materials. It enhances our
comprehension of the viscoelastic properties of this novel
material, shedding light on its durability and stability over
time. By intricately analyzing creep and relaxation mechan-
isms, this research surpasses mere initial characterization.
Furthermore, it contributes to the advancement of predic-
tive methodologies for the viscoelastic behavior of mirror
epoxy by developing and validating a tailored Schapery

model. The insights gained from this study are directly per-
tinent to practical applications in construction and interior
design, underscoring its significance in the industry.

In Section 2, we introduce the mirror epoxy product.
Section 3 details the test samples, procedures, and config-
urations, including machine specifications and sample pre-
paration. Section 4 presents the method for resolving the
nonlinear viscoelastic behavior of the creep type to solve
Schapery’s law parameters. Section 5 addresses the relaxa-
tion-type nonlinear viscoelastic behavior and discusses the
validation of this law. Finally, Section 6 presents the results
and initiates discussion.

2 Product presentation: Mirror
epoxy

The mirror finish epoxy studied in this work is used for
poly mirror-type coating on self-smoothing with or without ima-
ging instruments. It is produced in Tunisia by the “PolyFloor”
company. It is a registered trademark, classification AFNOR
T36005 of Family 1 class 6b. This poly solvent-free epoxy resin-
basedmirror finish is a mixture of bicomponents: component A
(resin) contains 100% bisphenol AF and some silicone additives,
while component B (hardener) contains 100% polyamine.

It is very important to make a homogeneous mixture
between the two components, A and B, respecting the
100:50 ratio to guarantee the properties of the product.
To obtain a perfect epoxy with minimum defects, it is neces-
sary to mix slowly and gently. Subsequently, the use of a
debulking system [24,25] makes it possible to release the air

Figure 1: Experimental equipment.
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bubbles that occupy the product. The epoxy obtained is
poured into a mold. After about 24 h of drying, a thin
4mm thick transparent plate is obtained by demolding.

3 Test specimens, procedures, and
test setup

The tensile, creep, and relaxation tests were carried out
using a high-performance universal tensile machine-type
Lloyd instruments LR30K Plus (capacity 30 kN), computer-
aided and controlled using NEXYGEN software. This machine
is equipped with a longitudinal extensometer with a base
length of 25mm to measure the elongation of the specimens
(Figure 1).

The test specimens were manufactured according to
ISO 527-2: 2012 [26]. The specimens were produced by laser
cutting a mirror epoxy plate already obtained by molding
to avoid roughness along the edges and to have the max-
imum match [27].

Figure 2 highlights the effect of an increase in the
loading speed, revealing a strongly time-dependent beha-
vior of the mirror epoxy resin. Viscoelasticity involves both
elastic and viscous behaviors. At higher loading speeds,
viscous effects can become more pronounced, affecting
material deformation and response. Tensile tests at different
speeds make it possible to evaluate the impact of viscosity
on the behavior of the material. The viscoelastic zone of a
material exhibits both elastic and viscous behavior. By
choosing stresses in this area, one can observe how the

material deforms over time under constant load, allowing
the study of nonlinear viscosity and its impact on material
behavior. The stresses 4, 7, 9, 11, and 13MPa belong to and
cover the viscoelastic zone, as well as the strain levels 0.25,
0.5, 0.75, 1, and 1.25%. A loading speed of 1 mm/min with an
elastic modulus (E) of 1,500MPa is chosen, assuming that
Poisson’s ratio (ʋ) is constant of the order of 0.3 [28].

4 Method of resolution of the
nonlinear viscoelastic behavior
law of creep type

Creep is a phenomenon that describes the time-dependent
deformation of a material instantaneously subjected to a
constant stress [29–31]. Schapery’s viscoelastic formulation
is most widely used to model the nonlinear viscoelastic
behavior of polymers [32]. Based on the principles of irre-
versible thermodynamics [33], and in the case of a uniaxial
loading, Schapery proposed in his works [34–37] the non-
linear viscoelastic constitutive law of creep type as follows:

( ) ( ) ( ) ( )
[ ( )]∫= + ∆ −

∂
∂

ε σ t σg σ D g σ D ψ ψ

σg σ

τ

τ, * d ,

t

0
0

1

0

2 (1)

where the coefficients ( ) ( )g σ g σ, ,
0 1

and ( )g σ
2

are the non-
linear viscoelastic material parameters, which depend on
the level of applied stress ( )σ .

ψ ψand * are reduced times expressed as follows:

Figure 2: Mirror epoxy tensile tests at different speeds and a temperature of 23°C.
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aσ is a stress σ-dependent factor expressing the reduc-
tion in time. For solid viscoelastic materials (polymers) and
in the case of isothermal deformation, this factor is equal
to 1.

Thus, Eq. (1) becomes

( ) ( ) ( ) ( )
[ ( )]∫= + ∆ −

∂
∂

ε σ t σg σ D g σ D t τ

σg σ

τ

τ, d .

t

0
0

1

0

2 (2)

It is interesting to apply this formula for the constant stress
creep case and to determine the factors of nonlinearity.

In the case of creep under constant stress,

( ) ( ) ( )= =
⎧
⎨
⎩

<
≥σ t σH t H t

t

t
, with

0 0

1 0

, (3)

( ) [ ( ) ( ) ( ) ( )]= + ∆ε σ t σ g σ D g σ g σ D t, .
0

0
1 2

(4)

Let us suppose that ( ) ( )=g g σ g σ
1 2

; then, the new equa-
tion is

( ) [ ( ) ( ) ( )]= + ∆ε σ t σ g σ D g σ D t, .
0

0
(5)

( )∆D t represents the transient creep flexibility and is
an exponential function that can be expressed by a 5-term
Prony series. To identify the parameters Di and τi, it is
possible to arbitrarily choose a distribution of the relaxa-
tion times τi according to a power law such that τi = 10i

[38]:
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i (6)

where the material constants D τandi i represent the tran-
sient flexibility and the relaxation times, respectively, asso-
ciated with a viscous mechanism. We finally obtain
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To determine the nonlinearity coefficients ( )g σ
0

and
( )g σ , and by analogy with the iterative procedure of Gmir

et al. [23], five constant stress creep tests on mirror epoxy
were carried out (Figure 2). Then, for each test (k = 5), we
note the strains ( )ε t*

k j associated with the times tj, with j = 1,
…, n (n = 16).

The experimental value of the creep rigidity for test k
measured at each time tj is given by

( )
( )

=D t

ε t

σ

*

*

.
k i

k i

k

(8)

For each test k,
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Thus, the sum over all times tj and all tests k of the
differences to the squares of the theoretical values ( )D tk

and the experimental values ( )D t*
k i is determined.
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The minimization condition of the difference between
the theoretical and experimental rigidity values is

=∂
∂ 0

S

Di

for i = 0, …, m.
The result is a linear system ofm + 1 (m = 5) equations,

which are written in the following matrix form:

[( · ) ( · )] [ ( · )]⨂ → = ⨂ →
G G A A d G A D u* ,

t t t t (11)

with ⨂ denoting the operation between two matrices
obtained by the element-by-element multiplication.

The different matrices are as follows:
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matrix (m + 1) × n,
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The vectors →
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The method used to solve this system assumes that the
first test is performed at low stress, so the linear behavior
law [39,40] can be applied. In this case,

= =g g 1.
00 0

Subsequently, the linear rigidity ( )D t
l

0
is written as
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Therefore, the boundary conditions are expressed in
the following form:

At the instant t = 0, =D D
l

0 0
, ( ) =ε σ D0 .
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For the other k = 1,…, p tests (p = 4), the behavior of the
material is nonlinear. The rigidities at the extreme times
t = 0 and t = ∞ are expressed by
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For a first approximation,
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In this approach, tn = t → ∞. The strains measured at
times 0 and tn are written as

( ) ( )

( ) ( )

( ) ( )

( ) ( )

⎧

⎨
⎪⎪

⎩
⎪
⎪

=

=

=

=

ε t σ D t

ε σ D

ε t σ D t

ε σ D

0 0

0 0

.

k

n

n k k

n

n

k

n

k k

n

l

n

l

n

l l

0 0 0

0 0 0

*

*

*

*

(15)

Then, the outcome is as follows:
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Using the least-squares method for each test k, the
result is
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The minimization of Sk is obtained when
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The problem boils down to the following matrix:
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The vectors →
g

k
and →

d
*

k
are as follows:

( )

( )

( )

⎟⎜
→ = ⎛

⎝
⎞
⎠

→ =

⎛

⎝

⎜
⎜
⎜ ⋮

⎞

⎠

⎟
⎟
⎟

g

g

g
d

D t

D t

D t

,

*

*

*

*

.
k

k

k

k

k

k

k n

0

1

2

The matrix Ag of dimension 2 × n is written as
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From Figure 3, ( )ε t*
k j associated with times tj is deter-

mined. Then, the experimental value of the creep stiffness
( )D t*

k i is determined. Next, minimize the difference between

Figure 3: Resolution algorithm of nonlinearity coefficients of Schapery’s
law [28].

Schapery model for mirror epoxy  5



the theoretical and experimental values of the stiffnesses in

order to obtain [( · ) ( · )] [ ( · )]⨂ → = ⨂ →
G G A A d G A D u*

t t t t .
To solve this system, we can apply the linear con-

stitutive law since the stress is low ( )=σ 4MPa ). In this
case, = =g g 1

00 0

. For the other constraints ( =σ 7, 9,

)11, 13 MPa , the behavior is nonlinear and the rigidities
at extreme times make it possible to obtain
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for the first iteration (i = 1). However, a

new minimization between the theoretical and experi-
mental rigidity makes it possible to obtain ( · )→A A g

g

t
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=
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A d
*

g

t

k
to calculate the new values of → =g

k

[ ( · )]
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0

1

*
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The algorithm continues iterating until this difference
( )−+d di i1

becomes less than a 10−4 [41,42] threshold, indi-
cating that the coefficients have converged to stable values.
Once this condition is verified, the algorithm programmed
on MATLAB stops and the nonlinearity coefficients g

k0

and
g

k
of the Schapery model are considered to be determined

with acceptable precision. Finally, we can write and trace
the Schapery model curve.

5 Method of resolution of the
nonlinear viscoelastic behavior
law of relaxation type

Based on the same laws of thermodynamics, Schapery
developed the behavior law for a relaxation-type loading
as follows:

( ) ( ) ( ) ( )
[ ( )]∫= + ∆ −

∂
∂

σ ε t εh ε E h ε E ϑ ϑ

εh ε

τ

τ, * * * d ,
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0 1
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2 (20)

where ( ) ( )h ε h ε* , ,
0 1

and ( )h ε
2

are nonlinearity factors,
depending on the strain ε.

ϑ ϑand * are reduced times expressed by
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,

t

ε

τ

ε
0 0

where aε is a factor dependent on the strain ε, which
expresses the reduction in time. For solid viscoelastic mate-
rials (polymers) and in the case of isothermal deformation,
this factor is equal to 1.

Eq. (20) is then written in the following form:

( ) ( ) ( ) ( )
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∂
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εh ε
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t

0 1
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It is interesting to apply this formula on the case of
relaxation under constant strain and to determine the non-
linearity factors. In the case of relaxation under constant
strain, we have
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Let us suppose that ( ) ( ) ( )=h ε h ε h ε*
1 2

. Then, we have
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( )∆E t is a function expressed as an exponential series:
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i (25)

ultimately leading to

( ) ( ) ( )∑=
⎡
⎣⎢

+
⎤
⎦⎥=

⎛
⎝
− ⎞

⎠σ ε t ε h ε E h ε E e, * * * ,

i

m

i

t

τ

0

1

i (26)

which can also be written in the following form:

( ) ( ) ( )∑ ⎜ ⎟=
⎡

⎣⎢
−

⎛
⎝

−
⎞
⎠
⎤

⎦⎥=

⎛
⎝
− ⎞

⎠σ ε t ε h ε E h ε E e, 1 .

i

m

i

t

τ

0 0

1

i (27)

To determine the nonlinearity coefficients ( )h ε
0

and
( )h ε , the following iterative procedure is adopted:

Perform five constant strain relaxation tests on mirror
epoxy (Figure 3); then, for each test k (k = 5), the stresses

( )σ t*
k j associated with times tj, with j = 1, …, N (n = 16) are
obtained.

The experimental value of the relaxation modulus for
test k measured at each instant tj is given by

( )
( )

=E t

σ t

ε

*

*

.
k j

k j

k

(28)

For each test k, we can write

( ) ∑ ⎜ ⎟= −
⎛
⎝

−
⎞
⎠=

⎛
⎝
− ⎞

⎠E t h E h E e1 .k k k

i

m

i

t

τ

0 0

1

i (29)
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Thus, the sum over all times tj and all tests k of the
differences to the squares of the theoretical values ( )E tk

and the experimental values ( )E t*
k j is determined:

( )∑ ∑ ∑ ⎜ ⎟=
⎧
⎨
⎩

− +
⎛
⎝

−
⎞
⎠
⎫
⎬
⎭= = =

⎛
⎝
− ⎞

⎠S E t h E h E e* 1 .

k

p

j

n

k j k k

i

m

i

t

τ

0 1

0 0

1

2

i (30)

To minimize the difference between the theoretical and
experimental values of the rigidities, it is necessary that

( )
∂
∂

= = =
S

E

i m m0 for 0,…, 5 .

i

A linear system of (m + 1) equations is obtained,
written in the following matrix form:

[( · ) ( · )] [ ( · )]⨂ → = ⨂ →
H H B B e H B E u* .

t t t t (31)

The different matrices are as follows:

=

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

H

h h h

h h h

h h h

…

…

… … … …

…p p p

00 0 0

01 1 1

0

, a dimension matrix (m + 1) × (p

+ 1) (p = 4),

=

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜

⎛
⎝− + ⎞

⎠
⎛
⎝− + ⎞

⎠

⎛
⎝− + ⎞

⎠ ⋯ ⎛
⎝− + ⎞

⎠
⋯ ⋯ ⋯ ⋯

⎛
⎝− + ⎞

⎠ ⋯ ⎛
⎝− + ⎞

⎠

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟

− −

− −

− −

B

e e

e e

e e

1 1 … 1

1 1 1

1 1 1

t

τ

t

τm

t

τ

t

τm

tn

τ

tn

τm

1

1

1

2

1

2

1

, a dimension

matrix (m + 1) × n,
( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

=

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

E

E t E t E t

E t E t E t

E t E t E t

*

* * … *

* * … *

… … … …

* * … *

p

p

n n p n

0 1 1 1 1

0 2 1 2 2

0 1

, a dimension matrix

(p + 1) × n.
The vectors →

u and →
e are expressed by

→ =
⎛

⎝

⎜
⎜ ⋮

⎞

⎠

⎟
⎟

→ =

⎛

⎝

⎜
⎜⎜ ⋮

⎞

⎠

⎟
⎟⎟

u e

E

E

E

1

1

1

, .

m

0

1

The method used to solve this system is to assume that
the first test is done at low strain and so we can apply the
linear behavior law [43]. In this case,

= =h h 1.
00 0

Then, the linear relaxationmodulus ( )E t
l

0
can bewritten as

( ) )(∑= − ⎛
⎝ − ⎞

⎠
=

−
E t E E e1 .

l

i

m

i

t

τ
0 0

1

i (32)

Then,
At the instant t = 0, ( ) =E E0

l

0 0
, ( ) =σ ε E0 .

l

0 0 0

At the instant = ∞t , ( )∞ = − ∑ =E E E
l

i

m

i0 0 1
, ( )∞ =σ

l

0

( )∞ε E .

l

0 0

For the other k = 1, …, p tests, the behavior of the
material is nonlinear. The relaxation module at the
extreme times t = 0 and t = ∞ is expressed by

( )

( ) ∑
⎪

⎪

⎧
⎨
⎩

=

∞ = +
=

E h E

E h E h E

0

.

n

k

k

n

k k

i

m

i

0 0 0

0 0

1

(33)

A first approximation

( )

( )

( ) ( )

( ) ( )

⎧

⎨
⎪

⎩
⎪

=

=
∞ −
∞ −

h

E

E

h

E E

E E

0

0

0

0

.

k

k

l

k

k

n

k

n

l l

0

0

0

0 0

(34)

In this approach, we set = → ∞t tn . The stresses mea-
sured at times 0 and tn are written as

( ) ( )

( ) ( )

( ) ( )

( ) ( )

⎧

⎨
⎪⎪

⎩
⎪
⎪

=

=

=

=

σ t ε E t

σ ε E

σ t ε E t

σ ε E

0 0

0 0

.

k

n

n k k

n

n

k

n

k k

n

l

n

l

n

l l

0 0 0

0 0 0

*

*

*

*

(35)

Then,

( )

( )

[ ( ) ( )]

[ ( ) ( )]

⎧

⎨
⎪⎪

⎩
⎪⎪

=

=
−
−

h

σ ε

σ ε

h

σ t σ ε

σ t σ ε

0

0

0

0

.

k

k

n

l

k

k

k

n

n k

n

l

n

l

k

0

0

0

0

0 0

*

*

* *

* *

(36)

Using the least-squares method for each test k,

( ) )(∑ ∑=
⎧
⎨
⎩

−
⎡
⎣⎢

− ⎛
⎝ − ⎞

⎠
⎤
⎦⎥
⎫
⎬
⎭= =

−
S E t h E h E e* 1 .k

j

n

k j k k

i

m

i

t

τ

1

0 0

1

2

i (37)

The minimization of Sk is obtained when

⎧

⎨
⎪

⎩
⎪

∂
∂

=

∂
∂

=

S

h

S

h

0

0

.

k

k

k

k

0 (38)

The problem boils down to the following matrix:

( · )
→ = →

B B h B e *
.

h

t

h k h

t

k
(39)

The vectors →
hk and →

e *

k
are as follows:
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( )

( )

( )

⎜ ⎟
→ = ⎛

⎝
⎞
⎠

→ =

⎛

⎝

⎜
⎜
⎜ ⋮

⎞

⎠

⎟
⎟
⎟

h

h

h
e

E t

E t

E t

,
*

*

*

*

.k

k

k

k

k

k

k n

0

1

2

The matrix Bh of dimension 2 × n is written as

)

)

)

(

(

(

∑

∑

∑

=

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜

− ⎛
⎝ − ⎞

⎠

− ⎛
⎝ − ⎞

⎠

⋮

− ⎛
⎝ − ⎞

⎠

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟

=

−

=

−

=

−

B

E E e

E E e

E E e

1

1

1

.h

i

m

i

t

τ

i

m

i

t

τ

i

m

i

t

τ

0

1

0

1

0

1

i

i

i

With the approximate values of h k0
and hk calculated

using relations (34), we determine the relaxation modulus
( )E tk of Eq. (29), and with Eq. (39), we determine the new

values of h k0
and hk . This iteration is repeated until the

convergence of the procedure, which is programmed in
MATLAB.

The algorithm for solving the coefficients of nonlinea-
rities is represented in Figure 4.

5.1 Results and discussion

5.1.1 Creep case

The identification of the parameters ( )D τ, ,i i which is based
on the method of least squares, allowed us to obtain the
optimal couples ( )D τ, , as showni i in Table 1. The results of
the nonlinear coefficients as a function of the applied loads
are shown in Figure 5.

An interpolation of the nonlinearity coefficients using
second-degree polynomials is necessary to use them later

Figure 4: Experimental and measured creep curves of mirror epoxy with logarithmic axis.

Table 1: Parameters Di and τi

Di (MPa) τi (s)

D0 0.1237 × 10−2 .
D1 −0.0171 × 10−2 10
D2 0.0069 × 10−2 100
D3 0.0135 × 10−2 1,000
D4 0.0065 × 10−2 10,000
D5 0.2179 × 10−2 100,000

Figure 5: Experimental and measured relaxation curves of mirror epoxy with logarithmic axis.
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in the numerical simulation in order to be compared with
the experimental one:

( )= = ≤g f σ σ1 for 4 MPa,

= × − × + >g σ σ σ0.0116 0.07989 1.121 for 4 MPa,

2

( )= = ≤g f σ σ1 for 4 MPa,
0

= × − × + >g σ σ σ0.001949 0.05842 1.201 for 4 MPa.
0

2

Figure 6 allows us to visualize the variation in the experi-
mental deformations of the mirror epoxy at different loading
levels (4, 7, 9, 11, and 13MPa). The deformation increases with
time and the material continues to deform gradually over
time in response to different applied stresses. An increase
in the applied stress generally results in an increase in strain
over time, resulting in a greater slope on the strain curves.

This remarkable increase in slope indicates a higher
strain rate, which is consistent with the viscoelastic behavior
of the material. At relatively low stress levels (4MPa), the
viscoelastic behavior is linear, and the material response is
proportional to the magnitude of the applied stress. As the
stress level increases (7, 9, 11, and 13MPa), the nonlinearities
in the viscoelastic behavior can become more pronounced.
This can manifest itself in effects such as time dependence of
strain, variable strain rates, and viscoelastic responses, i.e.,
not proportional to the applied stress.

To confirm this interpretation, it is necessary to con-
struct isochronous [44] curves in order to experimentally
determine the nonlinearity interval of the viscoelasticity of

Figure 6: Variation of the experimental deformations of the mirror epoxy at different loading levels (4, 7, 9, 11, and 13 MPa).

Figure 7: Isochronous curves at two given times and the identification of
the nonlinearity limit of the creep-type viscoelasticity of mirror epoxy.

Figure 8: The nonlinearity coefficients of the creep-type Schapery law of mirror epoxy.
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Figure 9: Variation of experimental and numerical deformations of mirror epoxy at different stress levels (4, 7, 9, 11, and 13 MPa).
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the material studied. These curves are obtained by recording
the viscoelastic deformation for each stress level, at a given
time. The viscoelastic deformation is recorded for a period of
1 and 10 h. For the two moments considered, we notice in
Figure 7 a strong nonlinearity from a threshold close to 4MPa.
This result allows us to consider that for creep stresses greater
than 4MPa, the viscoelastic behavior can be described as
nonlinear.

After determining the creep-type nonlinearity para-
meters of the material studied in Figure 8 and the para-
meters of the prony series ( )D τ,i i in Table 1, the tracing of
Schapery’s law is possible. A remarkable consistency is
observed in Figure 9 between the variations of the experi-
mental strain at different stress levels and this model.

Schapery’s law is effectively used to model linear visco-
elastic behavior, particularly in the case of low-stress levels.
At 4MPa, the nonlinear parameters are equal to 1, and the
behavior is linear. At high stress levels (7, 9, 11, and 13MPa),
Schapery’s law can also be used to describe the nonlinear
viscoelastic behavior of materials under study. In this stress
range, where strain is large and loading times longer, non-
linear viscoelastic effects become significant. Schapery’s law
allows us to predict these nonlinear behaviors by including
nonlinear creep-type coefficients g and g0, which take into
account the dependence of the viscoelastic response on
stress and time.

On the microscopic scale, intermolecular bond tensions
play a crucial role. In epoxy, polymer chains are held
together by intermolecular bonds. When these bonds are
subjected to stress, they can deform, break, or rearrange,
resulting in the viscoelastic behavior of the material.
However, beyond the linearity threshold, deformations
can become irreversible due to the breakdown of intermo-
lecular bonds or their reorganization, which leads to non-
linear viscoelastic behavior [45].

5.1.2 Relaxation case

The identification of the parameters ( )E τ, ,i i which is
based on the method of least squares, makes it possible to
obtain the couples ( )E τ,i i optimal, as shown in Table 2. Also,
the results of the nonlinear coefficients as a function of the
applied strain are shown in Figure 9.

An interpolation of the nonlinearity coefficients using
second-degree polynomials is necessary to use them later

Table 2: Parameters E τandi i

Ei τi

E0 6.8822 × 10−2

E1 −3.1959 × 10−2 10
E2 1.6271 × 10−2 100
E3 1.4841 × 10−2 1,000
E4 2.0405 × 10−2 10,000
E5 2.8984 × 10−2 100,000

Figure 10: Experimental relaxation curves of mirror epoxy at different strain levels (0.25, 0.5, 0.75, 1 and 1.25%).

Figure 11: Isothermal curves at two given times and the identification of
the nonlinearity limit of the relaxation type viscoelasticity of the mirror
epoxy.
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in the numerical simulation in order to be compared with
the experimental one.

( )= = ≤h f ε ε1 for 0.25%,

= − × + × + >h ε ε0,8673 1,6137 0,6671 for ε 0.25%,

2

( )= = ≤h f ε ε1 for 0.25%,
0

= − × + × + >h ε ε ε2,3143 4,2257 0,1427 for 0.25%.
0

2

Other mechanical tests make it possible to highlight
the time-dependent behavior of materials, such as relaxa-
tion, to confirm the viscoelastic behavior of the material
studied. Figure 10 allows one to visualize the evolution of
the stress as a function of time at different deformation
levels (0.25, 0.5, 0.75, 1 and 1.25%). The results indicate that
during these tests, the material undergoes stress relaxa-
tion, confirming a very time-dependent behavior. At rela-
tively low strain levels (0.25%), the relaxation rate is very
high, the curve reaches a steady state in a very short time,
and the behavior tends towards linearity. As the level of
strain increases (0.5, 0.75, 1, and 1.25%), the nonlinearities
of the viscoelastic behavior can become more pronounced.
This can manifest itself in effects, such as stress depen-
dence, on time variable strain rates.

To confirm this interpretation, it is necessary to con-
struct isothermal curves in order to experimentally deter-
mine the nonlinearity interval of the viscoelasticity of the
material studied. These curves are obtained by recording
the stresses for each level of strain at a given time. The
constraints are noted for times 1 and 10 h. For the two
moments considered, we observe in Figure 11 a strong non-
linearity from a threshold close to 0.25%. This result allows
us to consider that for strain greater than 0.25%, the relaxa-
tion-type viscoelastic behavior can be qualified as nonlinear.

After determining the relaxation-type nonlinearity para-
meters of the material studied in Figure 12 and the para-
meters of the Prony series ( )E τ,i i in Table 2, the tracing of
Schapery’s law is possible. A remarkable consistency in seen

Figure 13 between the variations of experimental stresses at
different strain levels and this model.

Schapery’s law is effectively used to model linear visco-
elastic behavior, particularly in the case of low strain levels.
At 0.25%, the nonlinear parameters are equal to 1, and the
behavior is linear. At high strain levels (0.5, 0.75, 1, and
1.25%), Schapery’s law can also be used to describe the non-
linear viscoelastic behavior of materials studied. In this
strain range, where the loads are large and the strain times
are longer, the nonlinear viscoelastic effects become signifi-
cant. Schapery’s law makes it possible to predict these non-
linear behaviors by including nonlinear relaxation-type
coefficients h and h0, which take into account the depen-
dence of the viscoelastic response on strain and time.

On the microscopic scale, relaxation is associated with
molecular rearrangements and the reduction of internal
tensions in the material.

6 Conclusion

The long-term creep tests on mirror epoxy specimens at
different stress levels (4, 7, 9, 11, and 13 MPa) allowed us to
determine numerically the coefficients of nonlinearity of
the creep type. A remarkable consistency between the var-
iations in the experimental strains at different stress levels
and the Schapery numerical model allowed us to conclude
that this describes the nonlinear viscoelastic behavior of
the creep type of mirror epoxy.

Likewise, the long-term relaxation tests carried out
under the same conditions on the same specimens at dif-
ferent levels of strains (0.25, 0.5, 0.75, 1, and 1.25%) allowed
us to determine numerically the coefficients of nonli-
nearity of relaxation type. An excellent agreement was
observed between the variations of the experimental
stresses at different strain levels and the Schapery numer-
ical model.

Figure 12: The coefficients of nonlinearity of Schapery law of the relaxation type of mirror epoxy.
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Figure 13: Variation in the experimental and numerical stress of mirror epoxy at different strain levels (0.25, 0.5, 0.75, 1, and 1.25%).
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Thus, this model satisfactorily describes the nonlinear
viscoelastic behavior of the creep type and that of the
relaxation type, which proves the validation of this model
for the real viscoelastic behavior of the studied material.

Validation of the Schapery model to describe the non-
linear viscoelastic behavior of mirror epoxy used in 3D
flooring can provide important information to address
the low-velocity mass impact phenomenon. This could
lead to more resilient and safer flooring designs in various
applications.
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