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Introduction

A constitutive equation for chronorheologically i materials that describes the
aging and viscoelastic behaviors of elastomerasgmted. A simulated numerical
uniaxial relaxation test of a material at variogsg stages has been performed.
The simulated experimental results demonstratelihenorheological effect and
are used further to determine the material prodarigtions in the constitutive
equation. A test of an elastomer at various agiages has been performed. It
demonstrated the same effect as the simulated mahexample.

The applications of this constitutive equation tonny impact programs are
mentioned.

Chronorheologically Constitutive Equation

For viscoelastic highly compressible constitutige&ions, the principal Cauchy
stresses are given by Feng and Hallquist [1]

L =%{2{Cj(ﬂ —3 e g -0 2T dr}}, =123 (1)

The material constantS,, b, andn can be determined from long-term test
data ¢ = ) andg, (t) can be determined from relaxation test data. For
uniaxial tension or compression tesisst, =0, andA, = A, we have

A, = Aen (2)
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Hence, the constamt can be easily determined from the relationships
between stretch ratios test data. The materiadtaatsC, andb, can be

determined from relationships between the Caua®gstand stretch ratio.
The relaxation functions can be taken as a sefiespmnential functions.

In order to reduce the number of constants that beisletermined, the
relaxation functions are assumed in the followiogf:

0,0=C[3Re™ |=co ) ®

This equation also relates the viscoelastic proggewith the elastic
properties through the constas The material constant®, are

dimensionless ang_ are decay constants. Hence,

bj _ jnb, .
t (t)=%{%cj[mt’i -3™ +.[;Gj(t—7)d/]i—\])dr}}, i =123, (4)
=1

or

In this paper it is postulated that the mathembtaran is preserved in the
constitutive equation for aging; however, two neatenial functionsc; (t,)

and G (t,,t) are introduced to replacg andG,(t). The aging time is
denoted by, .

ti(ta,t)%{ic}(ta){/hb"—J_”bj+I;G}(ta,t—r)mdr}, =123 (5)

or

These four functions are further related by:
Ci(t.) =a(t,)C
G (t,.t) =G, [Bt, )] (6)

wherea(t,) and A(t,) are two new material properties that are functioiitie
aging timet,. The material properties functiongt,) and 5(t,) will be determined



with the experimental results. For determinatib@,) and 5(t,), Equation (2)
can be written in the following form

logt, (t,,t) =loga(t,) +logt,(t, =0t - &)
logé =log A(t,) +logt (7)

Therefore, if one plots the stress versus timeogrdg scales, with the vertical
axis being the stress and the horizontal axis bi#iaedime, then the stress-
relaxation curve for any aged time history can b&imed directly from the stress-
relaxation curve at, =0 by imposing a vertical shift and a horizontal sbif the

stress-relaxation curves. The vertical shift drelliorizontal shift aréga(t,) and
log B(t,) respectively.

Examples

Following are two examples, one for the numerigalugation, and one for
the uniaxial test results of a softening material:

The first, a numerical simulation of aging tesssshown in Figure 1.
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Figure 1, Numerical simulation of an aging test



After the vertical and horizontal shifts, the masterve where all aging test
data collapse into a single curve, with=0 as a reference, is shown in

Figure 2.
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Figure 2, The master curve of the aging test, shiowFigure 1

The values forr(t,) and A(t,) at various aging times are:

a(t,)

t, =0 1.00E+00
t, (1) 1.25E+00
t,(2) 1.50E+00
t,(3) 2.00E+00

a

Alt.)
0.1000E+01
0.5000E+00
0.1000E+00
0.5000E-01

The values forr(t,) andg(t,) between these aging times can be obtained
from extrapolation between two adjacent values.

The second example is from uniaxial aging tesi sdftening material; the
material softens while aging. It is obtained framaxial-tension-relaxation
tests. The force-time histories of these relaxat#sts are shown in

Figure 3. All test conditions are the same, exe¢parious aging times.
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Figure 3, Uniaxial tensile tests of an elastontefaious aging times
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Figure 4, The values of the aging material propgrioga andlogg, versus
the aging time,

The same method illustrated in example 1 is apiey@é. The values of the
aging material propertieggga andlogg, versus the aging time are
shown in Figure 4.



Dummy program at LSTC

Examples of LSTC’s dummy program are shown in Feglsa and 5b. Both
show the SID lIs dummy model. In Figure 5a the @élxdmpact calibration
test is pictured. In Figure 5b the neck pendulutibcation test is shown.

Figure 5a, Thorax impact test Figure 5b, Neck pknduest
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Figure 6, The creep test result of a foam usdadarL, STC dummy program



The creep test result of a typical foam used inUBEC dummy program is
shown in Figure 6. It shows the viscoelastic baraviFurther analysis to
determine the relaxation is shown in Figure 7.nftbe creep and

relaxation phenomena the aging will affect theseenmws just as shown in
examples 1 and 2.
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Figure 7, The relaxation of a foam, at 0.315 casgive strain, used in the
LSTC dummy program

Futurework

Figure 8 displays sample comparisons of results fobysical dummy
calibration tests and calibration tests run witifC3 SID Ils dummy model
in LS-DYNA. The pictured results are from the ngandulum calibration
test shown in Figure 5b. They describe the angld®n the pendulum arm
and the headform replacement mass at the end atttle as well as the
moment at the Occipital Condyle, the joint betwdenupper end of the
spine and the head colored in blue in Figure 5b.

Although the correlations between LS-DYNA and thstfor LSTC'’s
dummy program are good as shown in Figure 8, thtenmaused in
constructing dummies will change with aging. There it is important to
know the aging properties of these materials.
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Figure 8a, Neck bending angle

Figure 8b, Occipital Condyle moment

Several years ago, Toyota proposed studying theahuwdammy program.
They proposed studying many human organs, as shofigure 9. Aging
affects the mechanical properties of human orgaeatly. Thus the

chronorheological constitutive equation may be &dpio that program as

well.

(a) THUMS AM50 occupant model
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(b) Individual internal organs

Figure 9, THUMS AM50 occupant model with individuaternal organs

Conclusions

The interpretation of the chronorheological projesrof an elastomer has
been obtained. The constitutive equation is shiovthis report. A method
for determining the aging properties is also présgnin the formulation,
the geometric nonlinearity as well as the materaadlinearity is included.



The method described in this report can be exteneizdily to other types of
aging and to other types of viscoelastic constigugquations.

The beauty of this method is that the aging matériectionsa(t,) and A(t,)
can be obtained from any test method. They cavbbsned from force-, or
stress-relaxation curves for uniaxial tests; they loe obtained from
pressure-relaxation biaxial tests; they can beioddsfrom other relaxation
tests and creep tests as well.
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