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Abstract Despite being investigated for many years, the Mullins effect is considered a ma-
jor obstacle in understanding the behavior of rubber, especially in antivibration design and
applications. It is important that not all current models relate the Mullins effect with a phys-
ical rubber property and the response is not measured in real time. In this paper, we propose
a new method for antivibration applications. The full Mullins effect in the modified hyper-
elastic model, with stress softening and residual strain from the virgin state, is assumed to
be a combination of damage, energy dissipation, and time-dependent characteristics. The
measurable property of rubber (i.e. rebound resilience) is included. An industrial product,
a circular rubber mount used for rail vehicles, is utilized for the experiment and simulation
verification. The real-time history of the load and deflection calculated from the model is
compared to the experimental data. In addition, the load-deflection responses of five con-
secutive cycles are extracted from the simulated historical data. To verify the proposed ap-
proach further, an overloading procedure 20% beyond specification is performed on three
consecutive cycles. The comparisons between the simulation and the test data, in both the
time-domain and load-deflection form, demonstrate the accuracy and reliability of the pro-
posed approach. As the hyperelastic models are widely used in industry, the modification on
existing models can be easily achieved and applied to antivibration applications.

Keywords Mullins effect - Residual strain - Hyperelastic model - Time-dependent
response - Energy dissipation - Cyclic stress softening

1 Introduction

Rubber components are widely used in antivibration applications. The mechanical properties
of rubber materials display considerable changes during the first several loading—unloading
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cycles after molding. This observation, with both stress softening and residual strain, is
known as the Mullins effect; see Mullins (1947, 1969) and Harwood et al. (1966). In engi-
neering design, stiffness measurement is based solely on the loading portion of the loading—
unloading procedure; see Luo et al. (2004) and Luo and Wu (2006). There are very limited
studies on the Mullins effect on antivibration products, as profiles of rubber components are
usually complex and most loading conditions involve multiaxial stress states.

Although it has been investigated for many years, the Mullins effect is still considered a
major obstacle to understanding the behavior of rubber-like materials. To model the Mullins
effect, a damage concept has been considered by many scientists; Ogden and Roxburgh
(1999a, 1999b) used classic hyperelastic models with an additional variable to model the
stress softening response; this is known as the idealized Mullins effect. Dorfmann and Ogden
(2004) used two additional variables in their models to simulate the full Mullins effect,
including both stress softening and residual strain. Their method has been implemented in
some finite element code; see, for example, Abaqus (2018). The approach has been applied
to several applications, such as Bacca et al. (2017), Chen et al. (2018), and Kumar et al.
(2018). This model has been also used in a dielectric elastomer analysis (Lv et al. 2018),
a bellow seal evaluation (Sasso et al. 2017) and a tyre rolling study (Sokolov et al. 2018).
Praffcke and Abraham (2012) found that a simplified approach to industrial applications may
be more cost effective. Consequently, models for specific applications have been developed,
for example, those described by Cheng et al. (2004), Andrieux and Saanouni (1999), Gornet
et al. (2012), Diani et al. (2012), and Merckel et al. (2012).

For some applications, reasonable results have been obtained by omitting some factors;
see Rickaby and Scott (2012). The damage concept has also been introduced into a network
model and applied to cyclic uniaxial tension stretch—stress calculations (Diani and Tallec
2019). The important fact is that not all the parameters defined in current models are related
to measurable physical properties (Diani et al. 2009 and Merckel et al. 2013).

The viscoelastic approach has also been used for loading—unloading evaluations, for ex-
ample, analyses of viscoelastic dampers (Xu et al. 2003, 2013, and 2016). An equivalent
higher-order fractional derivative model, including the effects of temperature and frequency
was developed; the model was applied to several types of viscoelastic dampers, and the
numerical results were successfully verified by the experimental data (Xu et al. 2016).

In principle, the Mullins effect is related to one or more physical measurable properties of
rubber materials, which should be included in the models. It has been found by Luo and Wu
(2014a) and Luo et al. (2016) that the Mullins effect can be related to the rebound resilience,
a key physical property (BS ISO 4662:2017 (2017) and Nagdi (1993)). Hence a function
containing a single additional variable was used to simulate the stress softening behavior of
rubber components. More complex methods were developed to include both stress softening
and residual strain with some success (Luo et al. 2014b and Luo 2015). For now, there is
neither a well-defined approach to model the Mullins effect during the design process nor
suitable criteria to evaluate the effect on rubber components in engineering applications. In
this paper, we propose a new approach; we assume the full Mullins effect from a virgin state
to be a combination between damage, energy dissipation, and time-dependent characteristics
in a modified hyperelastic model.

In this paper, we describe an experiment performed on a circular rubber mount from a
virgin state. The theoretical functions and assumptions will be detailed; the finite element
model and the simulation will be reported and compared with measured data; the stability
of the model will be discussed; and conclusions will be presented.
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2 Experiment

In rail industry, the resilient wheels of the vehicles increase the ride quality and reduce the
noise generated by the interaction of the rails and wheels. One of the key design require-
ments for the resilient wheels is an accurate prediction of stiffness. The circular mount is
made from a filled natural rubber compound with 70 hardness. It is 140 mm in diameter and
45 mm in height; it is used for resilient wheel design, as shown in Fig. 1(a).

Fig. 1 The circular wheel mount
and the experimental
measurement
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(c) Displacement history of the circular wheel mount

@ Springer



584 Mech Time-Depend Mater (2021) 25:581-600

Fig. 1 (Continued) 4
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(d) Load-deflection response from a virgin state

A compressive loading procedure was performed on this circular mount from the virgin
state in the laboratory, based on the specifications. In this procedure, a fixed deflection along
the vertical direction was applied for five consecutive cycles up to approximately 3.5 mm
at a rate of 10 mm/min. The experiment lasted approximately 190 seconds. Figure 1(b)
shows the force history over the loading period, and the deflection history is displayed in
Fig. 1(c). The load-deflection curve was obtained by removing the time variable, as demon-
strated in Fig. 1(d). The full Mullins response was observed with both the stress softening
and the residual strain. In addition to the maximum force reduction in each cycle with dif-
ferent loading—unloading paths, the residual deflection was also observed in an accumulated
form.

3 Theoretical models

A general form of classic hyperelastic models can be written as (see Bower 2010 and Ogden
1984)

W=w,)+ W), (h

where W, (1) is the deviatoric part of the strain energy density of the primary material re-
sponse, and W, (J) is the volumetric part of the strain energy density. / can be further
expanded to 7, and I, which are alternative sets of the invariants of the left Cauchy—Green
deformation tensor B:

_ I

I, = VPR 2)

_ I,

I = Ja (3)

I, =trace(B), 4
1

12=§(112—B-B). 5)
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The left Cauchy—Green deformation tensor B can be expressed using the deformation
gradient tensor F':

duy duy duy
1 + dxq dxp 0x3
F = dup 14 &2 duy 6
- 9x1 9xy 9x3 ©)
duz duz duz
x| X7 1+ 9x3
or
ou;
Fiyj =8+ ot ™)
0x;
T
B=F.F", Bij= iijk- (8)

Let J be the Jacobian of the deformation gradient and a measure of the volume change
caused by deformation:

=/det(B) = det(F) )

The stress-strain law can be obtained by differentiating the strain energy density. The deriva-
tion procedure is tedious; the results are as follows:

211 /oW _ W oW oW\ §;; 18W

%= 7[7% (57, + 757 mo = (17 2 ) 5 - Ji 0T, 7, et |
+ W (10)
aJ

where §;; is the Kronecker delta.
Polynomial forms of the strain energy potential are frequently used in industry:

W= Zamﬁﬁm—w+2—u1ﬂ (11

i+j=1

where C;; and D; are material constants. The Neo—Hookean model is the simplest form of
the strain energy potential

_ 1
W=Cyo, —3)+—(J - D>~ (12)
D,

The existing models based on Eq. (1) can only be used for uploading simulation with-
out residual strain. The models need to be modified to account for the unloading portion
with residual strain. To achieve the requirement, a measurable physical property needs to
be included in the modified model so that the simulation of the Mullins response can be
directly linked with characteristics of rubber. The proposed model should not require a
negative stress state for residual strain to be included. Finally, to match a real test pro-
cedure, the response in time-domain should be available by introducing a real-time vari-
able.

It is postulated that the Mullins effect may be considered a combination of damage,
energy dissipation, and time-dependent characteristics. The concept is that the first loading
to a maximum deflection is dominated by damage, followed by energy dissipation and time-
dependent response. After the first loading—unloading cycle completes, residual strain is
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Fig. 2 Tripsometer equipment

formed and accumulates with each added reloading—unloading cycle. In addition, energy
dissipation and time-dependent characteristics are added for every loading—unloading cycle.
A damage index is defined as the ratio between the residual deformation and the maximum
deformation:

Sy
Dypax =

) 13
Emax ( )
where 8,,,, is the deflection under the maximum load, and §, is the residual deflection cor-
responding to the maximum load. The value is expressed as a percentage.

The time-dependent response is added after the first loading:

Rty =k(t = T)* (I, + 1), (14)

where ¢ is time, T is the time when the first loading finishes, and K and ¢ are parameters
to be defined.

The stress softening can be related to the energy dissipation. It has been found that a
physical property (i.e. the rebound resilience) can be measured to reflect the energy loss
(dissipation). Hence this parameter needs to be included to calculate the softening response.
The determination of the rebound resilience is standardized in BS ISO 4662:2009. A trip-
someter can be used to perform the test, which is shown in Fig. 2.

To include the full Mullins effect in the classic hyperelastic model, Eq. (1) can be modi-
fied to

W=0@®W, )+ W,(J)+R(,1). (15)

During the first loading from the virgin state,

t
O(Z)Z(I_FDmax>a OSISTI (16)
1
During the reloading,
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=T

e(t) = (l - Dmax)[(l - (1 _00)<1 B m

nr
) ], T <t <Tiy, a7

where 6, is the rebound resilience, and 7; is the time between the start and end of the
loading—unloading cycle, and i =1, 2,3..., n, is a reloading index.
During the unloading,

t_]_; o t_]'; Nu
e(t):(l_Dmgx)[(l—(l_e())(T,l—T) i|[1_(l—Dmax)<T | T) ]9
i+1 — 1 i+ A

T <t =T, (18)

where « is the resilience index, and 5, is the unloading index.

The classic hyperelastic model (1) is modified to the time-dependent model (15), which
can be used for the Mullins calculations. In model (15), because W, (I) is the function of
the strain energy density, by introducing (), 8(t) W, (I) varies as the loading—unloading
process develops. The rubber physical property for the energy dissipation measurement,
rebound resilience, is included in 6(¢). Hence the energy dissipation performance in rubber
is achieved.

4 Simulation and comparisons

We generated an axisymmetric model for the circular mount due to the symmetry in both the
geometry and the loading condition. The total number of degrees of freedom was approxi-
mately 4,400, in which approximately 1,400 elements were used. The type of element used
was CAX4H. For clarity, a half of the solid finite element model of the circular product was
displayed, as plotted in Fig. 3(a). From the rubber resilience test, the value of the rebound
resilience 8y was 60%. The maximum damage D,,,, was approximately 9.4% at the maxi-
mum loading 39 kN. For the purpose of demonstration, the Neo-Hookean model was used
for the simulation test:

Fig. 3 Finite element model and
stress profiles

(a) Finite element model for circular wheel mount
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(b) The stress profile of the circular wheel mount at first maximum load
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(c) The stress profile of the circular wheel mount at second maximum load
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(d) The stress profile of the circular wheel mount at the end of first unloading

Fig. 3 (Continued)
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(e) The stress profile of the circular wheel mount at the end of second unloading

Fig. 3 (Continued)

Cio=0.92; D; =0.00165.

The entire experimental procedure was simulated, and the values of the parameters to be
defined for the Mullins simulation were:

k=-0.012,
¢=0.1,
a=0.5,
n, =n,=235.0.

The parameters Cyy and D; were extracted from standard material tests (uniaxial, biax-
ial, planer, and volumetric tests) and verified by actual products, and « is a constant (an
optimized value for the idealized Mullins prediction from Luo (2020)). The remaining pa-
rameters were determined by the data-fitting procedure.

The maximum stress profiles between the first maximum loading from the virgin
state and the second maximum loading are demonstrated in Figs. 3(b) and 3(c). Al-
though the values were different, the pattern of the two stress contours were similar.
The stress value from the first loading was approximately 1.53 MPa against approxi-
mately 1.41 MPa from the second loading, with approximately 4% difference. Due to
the damage and some contributions from the time-dependent response, there were resid-
ual deformations in the mount when the loading forces were removed, as shown in
Fig. 1(d). Figure 3(d) and 3(e) reveal the maximum stress values of 0.0013 MPa and
0.0014 MPa at the end of the first and second unloadings, respectively, which corre-
sponds to zero load. It should be pointed out that this model did not require a nega-
tive stress state to contain the residual strain. Figure 4(a) illustrates the simulated load-
deflection curve for five consecutive loading—unloading cycles, which was nearly iden-
tical to the measurement shown in Fig. 1(d). Figure 4(b) and (c) show the comparison
of force and deflection history between the experiment and simulation, respectively. The
comparison demonstrates the accuracy of the proposed model. Finally, a detailed com-
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(a) Simulation on experimental loading-unloading cycles
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(b) Comparison of Force history between the experiment and the simulation
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(c) Comparison of deflection history between the experiment and the simulation

Fig. 4 Simulation result and comparison with experimental results

parison on load-deflection between the experiment and simulation for all individual cy-
cles, ranging from cycle 1 to cycle 5, are presented in Fig. 5. The comparison indi-
cates that the model well evaluated the Mullins effect for rubber antivibration applica-

tions.
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(a) The 1% load-deflection comparison between the experiment and the simulation
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(b) The 2" load-deflection comparison between the experiment and the simulation

Fig. 5 Load-deflection comparison between the experiment and the simulation
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Fig. 5 (Continued)
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5 Discussion

In industry a typical tolerance of stiffness specification of an antivibration product is £20%.
Using this criterion, we carried out an investigation of different parameters to examine the
stability and accuracy of the proposed approach.

5.1 Time-dependent function R (1, t)

This equation is a continuous creep function with two parameters k and ¢; k can be consid-
ered an amplitude parameter that determines the strength of the creep, and { may be taken
as a hardening coefficient that governs how quickly the creep progresses within the time
frame.

The time-dependent function is not active until the first loading finishes as the damage is
dominated over this initial loading from the virgin state. For clarity, the first two complete
cycles are displayed in Fig. 6. It shows that the change of the amplitude parameter k£ had
slightly bigger influence on the response than that of the hardening coefficient . However,

Fig. 6 The effect from the time 45
dependent function "
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(b) The effect from parameter £
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Fig. 7 The effect from the rate 45
of energy dissipation
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all the influences were small due to this relatively short period of measurement. After a much
longer time period, the effect is more apparent. A typical example is a creep simulation on
a rubber product up to 2000 hours using a similar function conducted by Luo (2019).

5.2 The resilience index o

The resilience index « characterizes the strain energy stored in the rubber; its reciprocal is
the rate of energy dissipation. The lower the resilience index, the higher its reciprocal, and
the faster the strain energy releases when an unloading begins. The index « is active only
during unloading. Figure 7 illustrates the effect of changing «. There are some effects on the
response at the beginning of the unloading. The largest difference should be seen when the
loading ends and the unloading begins. Since the value of « has properly been tested (Luo
2020), the effect of the deviation is limited.

5.3 The reloading index 5, and the unloading index 7,

The effects from both indices were almost the same, and nearly no apparent effect was
observed on the response, as illustrated in Fig. 8. The reason for this is that both indices
play a similar role in 6(¢), and these parameters have been selected properly. Therefore it
may be much simpler to assign the same value to both variables, which is the case in this
application.

By the previous results the proposed approach was stable, and the simulated response was
not highly sensitive to a reasonable change of the parameters. The deviation range +20%
of the parameters, based on a typical industrial specification, had limited influences on the
Mullins response, which implies that a reasonable range of values were available for those
coefficients. Therefore it should not be difficult to find suitable values to evaluate the Mullins
effect in antivibration applications.
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Fig. 8 The effect from the 45
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(b) The effect from the unloading index

5.4 Overloading case

To test the approach further, approximately 20% overloading was applied to the rubber
component with the same compound in three consecutive loading—unloading cycles. All
the parameters remained the same except for the maximum damage, which was approxi-
mately 6.1% at the maximum load of 48 kN. Figure 9(a) shows the maximum stress profile
under the first maximum loading, which was approximately 30% higher than that in the
normal loading. As shown in Fig. 9(b), the maximum stress profile at the end of the first
unloading was approximately 0.0004 MPa, which corresponded to the zero load. The load-
deflection curves of the three consecutive cycles, which are plotted in Figs. 10(a) and 10(b),
demonstrate excellent agreement with the experimental data, as illustrated in Figs. 10(c),
(d), and (e). From the prediction perspective, not based solely on the simulation, reasonable
agreement was seen between the predicted results and the measured response when all the
parameters from the normal loading were used.
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Fig. 9 Stress profiles between
the end of the first loading and
the first unloading for
overloading condition
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Fig. 10 Comparison between the simulation and the experiment for overloading condition
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6 Conclusion

In this study, we proposed a new model to simulate the full Mullins effect for an antivibration
component. The damage concept, energy dissipation, and time dependent behavior are all
included in the model, which can be used to obtain the Mullins response from the virgin
state. This model incorporates a physically measurable property of rubber materials (i.e.
the rebound resilience). To verify this approach, a circular mount for a resilience wheel
used in rail vehicles was tested based on the specification. The real-time history for load-
deflection response was calculated and compared with the experimental data. In addition,
the load-deflection response of five consecutive cycles were extracted from the historical
data. The comparisons between the simulation and the test data, in both the time-domain
and load-deflection form, have demonstrated the accuracy and reliability of the proposed
approach. For further verification, an overloading procedure above the specification has been
carried out on three consecutive cycles. The results of this procedure have also demonstrated
the accuracy of the proposed method. Particular attention should be paid to the fact that
the proposed model does not require a negative stress state to include the residual strain.
Hyperelastic models are widely used in industry, and the modification of existing models can
be achieved easily and effectively. Nevertheless, the proposed approach should be further
verified using more engineering cases.
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