UDC 5394

Analysis of Viscoelastoplastic Behavior of Expanded Polystyrene
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Ilpu ucnomvsosanuu pacuiupennozo ROIUCMUPENA 6 CVYde APOKIAOKU 00po2, Ko20d Noued umeem
ocobule ceoticmsd (Hanpumep, cocamoe COCMOsAHUE), 603HUKAEN HeoDX0OUMOCMb U3yUeHUs MeXd-
HUYECKUX XAPAKMEPUCMUK 3mo2o mamepuaid. B dannoii pabome uccrnedosanst mMexanuyeckue
C8OUCMBA PACUIUPEeHH020 RoIucmupera npu coicamuu. Paboma exmouaem Ose uacmu: dKche-
pumenmaibtoe ucciedogatiie i MOOEIUposanie.

Dkcnepumenmanbhbie Oanuble NOKAZAIY, YMO ROGedeHle PACUIUPEHHO20 ROTUCTIUpeHd APU CHiCd-
muu xapakmepusyemcs mpems cmaouamu. Ilpu ananuze ycmanosieno, umo HAOMHOCMb pacuiu-
PeHHO20 ROMUCTUPEHA UZPaem BAXCHYIO pPOilb.

Paccmompena penomenonozuieckas mexanuueckas Mooelns 0Jsi MOOTUPOBAHUS 6A3KOYAPY2ORLAC-
muueckux ceoticms npu cocamu. C HOMOWBIO YUCIEHHO20 AHATU3A ONUCAHBI MeXaHUYecKue
cgolicmsa, KOMopuvle Xopouio CONACYIOMCS ¢ ROTYHeHHbIMU IKCREPUMEHMATLHO.

Knrwueevle cnoea: paCHII/IpCHHHﬁ MMOJIUCTUPCH, CKATUC, BASKOYIPYTOILTaCTHUICC-
KOC IIOBCACHMNC.

Introduction. Expanded polystyrene (EPS) is manufactured from
expandable polystyrene beads, which are fused and moulded in moulds using dry
saturated steam [1]. The final product is the low-density EPS foam. It has a closed
cell structure, wherein 95% of the volume is occupied by air. The specific density
of polystyrene, equal to 1050 kg/m3 , 1s reduced to the range 8 to 60 kg/m3
depending on the type of EPS [2-3]. Thus, EPS is a highly porous material, which
contains 1.15 to 3.25% of polymer and has a complex structure that can be
decomposed into two basic elements [2-5]: beads and cells (Fig. 1). The
geometry of cells can be defined by their mean diameter (cellularity) (¢) and wall
thickness (e). Microscopic observations reveal that cell walls contain
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microporosity [12]. Beads are simply defined by their mean diameter
(granulometry) (g). Beads and cells present structural isotropy that can also be
seen on macromechanical level. The EPS structure can be described by three
geometrical parameters, namely, §,c, and € that can vary significantly within an

EPS block. Moreover, there is no direct correlation between those parameters and
*

the EPS apparent density p .However, it can be observed thatthe €/ C ratio that

characterizes the compactness ofthe cells can be linearly correlated with the EPS

density by the following equation [7, 12]:

p*=1347psC, (1)

where ps is the PS crystal density (1050 kg/m ).

In general, this material is frequently used as a packaging material for shock
and vibration damping. In this case, cellular materials are usually subjected to
high deformation rates and their mechanical behaviorunder dynamic compression

plays an importantrole, as well as their energy absorption characteristics [11, 15].

a b

Fig. 1. Expanded polystyrene microstructure: beads (a) level and cells (b) level.

Recently, EPS has also been used as lightweight fill for sub-road pavement
for compressible or unstable soils [1-3]. This application leads researchers to
study EPS mechanical behavior under static compressive or creep loading at low
deformation rates [4-7]. These works, essentially experimental, allow a better
understanding of the EPS behavior and establishing empirical models relating the
EPS mechanical properties to its relative density [5-7]. These relationships are
similar to those usually used for traditional foams [8-11].

The mechanism ofthe EPS compression is the addition oftwo simultaneous
phenomena:

- cell walls, solid polymer compression;

- cell enclosed, air compression.

For this purpose, the EPS compressive mechanical behavior has been
analyzed using a global approach. This work consists of experimental and

numerical studies based upon arheological model and finite-element simulation.
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1. Experimental Procedure. Specimens were machined using a hot wire
process and have the shape of a parallelepiped (L= 100 mm, H =75 mm, and
I =100 mm). Compression tests were conducted under environmental conditions
at a constant crosshead displacement speed (4 mm/min). Five samples were tested
for each EPS density in order to obtain the mean mechanical behavior [12, 17].
Because of density variation inside an EPS block, the density of e*ach specimen
was measured prior to the test, giving the apparent density value P . The density
of specimens was determined from their weight and dimensions. In this
investigation, eighteen types of the EPS were tested corresponding to three
density values (15, 20, and 30 kg/m ) and different sizes of the cells and beads.
Globally, the density varies from 13 to 37 kg/m [12].

2. Results and Discussion. Compression causes transverse deformation
leading to Poisson’s ratlo nearly equal to zero [8]. This results in an increase in
the apparent density P with the applied strain: compressibility of the material
(Fig 2). The above observation is similar for all cellular materials [11]. This
mechanical behavior leads to an increase in the apparent density with the
longitudinal strain £, according to the following expression:

P =Po (2)

where PO isthe initial apparent density of the material and £ is the applied strain

under compressive loading.

Strain (%)
Fig. 2. Stress and density vs strain.
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Figure 2 presents a complete EPS compressive stress-strain curve, which is
typical of all cellular materials. It is Iine*ar-elastic up to 4% strain. This portion is

determined by the tangent modulus E . The plastic phase is represented by a

horizontal plateau, which extends to about 60% strain and is characterized by the
*

yield stress @S . W hen the specimen is essentially composed ofthe polymer, the

stress increases rapidly. This final phase is defined by the densification strain ed.
M ost foams have a typical sigmoid stress-strain relationship that can be described
by a variety of empirical models [11, 19].

*

The value of the yield stress @S can be obtained either from experimental
tests, from residual strain analysis using “loading-unloading” technique or
*
recovery tests, and graphically (Fig. 3); @S is the stress value corresponding to
the intersection of the initial tangent and plateau tangent (Fig. 2) [11, 19].

O Cycle residual strain (%)
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iy
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—m— Strain (%)

Fig. 3. Determination of the yield stress value: stress vs strain and cycle maximum stress vs cycle
residual strain.

A preliminary study was performed in order to verify the uniformity of
compressive deformation in the axial direction. For this purpose, a sample was
marked with seven lines along the longitudinal dimension L. The distance
between those lines was equal to b (Fig. 4). The variation of the displacement
value during a compression test was measured using image analysis in order to
determine the value of Ab. The local strain calculated by the ratio Ab /b was
compared to the global strain determined by the ratio AL /L. Figure 4 illustrates
the local and global strains and shows that these strains are similar. This
observation indicates that the global measure of displacement is sufficient for the
determination of the applied strain in order to realize the stress-strain curve. For
many types of foams, directly under the applied load, the cell structure appears to
bend and buckle. Damage to the entire specimen is done in a progressive way.
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20% 30% 40%
Gl strain

Fig. 4. Local sample deformation vs global sample deformation.

Compression tests were conducted in order to study the influence of the
strain rate. The displacement rates studied were 1, 2, 4, 5, 10, 20, 30, 50, and 100
mm/min. The results obtained show that an increase in the displacement rate leads
to a slight increase in the yield stress and has no effect on the tangent modulus
(Fig. 5). These results are similar to those published for cellular materials [11].
The slight yield-stress increase is caused by the viscous behavior of the material.
Actually, at low strain rates, the EPS can adapt itself to the applied stress by air
evacuation through the cell-wall porosity. On the contrary, at high-strain rates, the
internal cell pressure cannot reach equilibrium. This leads to a slight increase in

the sample strength and in the yield stress.

0 20 40 60 80 100
Strain (%)

Fig. 5. Crosshead speed influence on EPS compression behavior.
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In order to confirm the EPS viscosity, compression-relaxation tests were
performed at various strain levels (5, 10, 15, and 20% ). The results show a slight
viscosity phenomenon whatever the EPS type (a 30% stress decrease). This low
viscosity explains the slight strain rate influence on the EPS mechanical behavior
(Fig. 6).

0 50 100 150 200 250 300 350 400 450 500
Time ()
Fig. 6. Stress relaxation.

The apparent density P is the main parameter, which governs the
mechanical behavior of cellular materials [9-11]. In our case, we studied the
influence of the EPS apparent density on three mechanical parameters E ,o0s,

and £D. The results allowed us to determine empirical relationships between the

density and mechanical properties. They are written using the EPS relative
characteristics:

E *\ 163
* P
— =101 | . (3)
Es vPsj
* 1 « 146
=0.37 P_ (4)
0§ \Ps
*
eD=100- 522.83. (5)
Ps

These relationships show the major density effect on the three mechanical
parameters. Indeeg, an incgease in the relative density leads to an increase in the

EPS strength, E and os, and to a decrease in the densification strain, £D

(Fig. 7). Generally, the same conclusions have been pointed out in all the cases
with cellular materials [11].
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Strain

Fig. 7. Influence of density.

3. Viscoelastoplastic Modeling.

3.1. Phenomenological Mechanical Model. The EPS behavior under
compressive loading can be described by rheological models of two particular
types of material: the elastoplastic solid and the viscous liquid. Experimental
results lead to the conclusion of the EPS viscoelastoplastic mechanical behavior.
Here, a global modeling is used in order to simulate the stress-strain curve up to
20% strain. The microstructure of the EPS (beads and cells) is not considered.
Indeed, this type of phenomenological mechanical model assumes the existence

of an “equivalent material.”

Fig. 8. Rheological model.

The rheological model is built by the superposition of two parallel branches
(Fig. 8):

- a viscoelastic branch composed of a spring and a piston assembled in series
(nonlinear viscosity). This branch allows simulation ofthe nonlinear elastic phase

and the relaxation mechanism;
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— an elastoplastic branch composed of a spring assembled in series with a
spring and a pad. This branch allows simulation of the plasticity (pad),
densification (spring «) and creep phenomenon (spring K » assembled with the
piston of the viscoelastic branch).

The stress and strain applied to the system come into an elastoplastic and a
viscoplastic parts of the model and are given by the following equations:

e=el+e" =&+l (6)

0=0,+0,=0,+0,,+0,, (7)

The stress—strain relationship for each part of the model are expressed by

o,=K,ef forthe K, for the spring, (8)
o, =nk" n_lg" = 17‘5" nsign(é") for the piston, C)
0,= erg for the K, spring, (10)
O pe = ac” for the a spring, (11)
Opp =0, for the pad. (12)

This model involves a six parameter set: K, 1, n, Kp, a, and o,.
Identification of the parameters has been carried out using a calculation algorithm
minimizing the distance between the theoretical and the experimental curves [12,
20, 21]. In this study, the parameters for compression (single identification) and
compression—relaxation (multiple identification) tests, are identified.

The error between the theory and the experiment is less than 0.5% for
compression tests (Fig. 9) and less than 1.5% for compression—relaxation tests
(Fig. 10).

All results for the cases of compression and compression—relaxation are
listed in Table 1. These results show that it is possible to relate the experimental
values (E* , ...) and the model parameters K, K, a, and o ,. In our case, these

relations are expressed by [12]

K,+K,=E", (13)
ocKp _
a+k, (14)
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0.4.

OS compressive tests (15)

relaxation tests

Nevertheless, the study of the viscosity parameters n and N shows that
there is no correlation with the experimental parameters. Indeed, the viscosity
parameters essentially depend on the strain rate, which is constant for the
identified tests.

160

0o 2 4 6 8 10 12 14 16 18 20
Srain @)
Fig. 9. Stress vs strain: comparison of the rheological and finite-element models and experimental
results (compression case).

1205

0 100 200 300 400 500 600 700
Time (9

Fig. 10. Stress vs strain: comparison of the rheological and finite-element models and experimental
results (compression-stress relaxation case).

It is important to note that the parameters of the rheological model obtained
by simple and multiple identifications, are different. This indicates that this type
of approach has no unique set of parameters (see Table 1).

ISSN 0556-171X. Mpo6nembl npo4yHocTH, 2001, Ne 2 73



A. Imad, A. Oudkka, K. Dang Van, and G. Mesmacque

Table 1
Parameters of the model values in the compression and compression-relaxation cases
EPS type K, K, o, a n n Error (%)
Compression
AlS 1588 879 27 139 466 0.42 0.44
A20 3884 1493 73 214 346 0.30 0.41
A30 6891 7656 93 261 422 0.14 0.29
B15 2523 1041 48 172 216 0.28 0.48
B20 3865 1921 77 259 191 0.19 0.47
B30 7059 5556 132 376 354 0.14 0.46
Ci15 2194 1220 39 122 154 0.21 0.41
C20 3656 1944 68 134 187 0.19 0.32
C30 3812 3897 62 166 340 0.19 0.37
D15 1728 1262 31 139 223 0.24 0.42
D20 3590 1322 76 27 55 0.06 0.20
D30 5801 7661 41 412 387 0.15 0.58
E15 1986 1278 36 109 210 0.25 0.38
E20 2715 2638 52 142 371 0.24 0.34
E30 2735 5101 44 174 392 0.17 0.37
F15 2312 995 45 100 104 0.18 0.39
F20 3393 2211 65 111 122 0.10 0.32
F30 3827 3216 76 116 206 0.13 0.26
Compression—relaxation
Al5 (10%) 950 1049 20 197 120 0.23 1.02
Al5 (15%) 796 1787 15 239 135 0.17 1.25
A20 (15%) 2186 4165 32 296 225 0.15 0.88
A20 (20%) 2247 4378 29 208 235 0.15 1.15
B20 (15%) 1634 4261 26 270 210 0.13 0.96
B20 (20%) 1376 5450 22 229 222 0.11 0.93
C15 (20%) 917 1607 27 135 173 0.17 1.11
D20 (15%) 2218 3548 30 184 184 0.11 0.91
D30 (15%) 3608 3945 86 112 328 0.15 0.51
E20 (20%) 1200 3762 23 140 194 0.11 0.95
E30 (20%) 2667 4375 60 144 306 0.14 0.73
F20 (10%) 1387 4286 24 151 169 0.08 0.81
F20 (15%) 2168 3626 35 106 181 0.11 0.82

The above comments lead to the necessity of finding an experimental
procedure to immediately determine the model parameters [12]. This will allow
determination of a sole parameter set that is not possible using numerical

identification.

3.2. Numerical Modeling. In this connection, a three-dimensional extension
of the rheological equations allows the use of finite-element calculations for the
simulation of compression tests. Modeling has been conducted on a quarter of a
specimen using a CUBS element type and Castem 2000 software.

74
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The global mechanical behavior of the EPS foam is considered by using the
six identified parameters obtained by the rheological model (X, 7, n, K P& and

0 .), which are introduced into the calculation software. Microstructure effects are
not considered in this type of modeling. Numerical simulation corresponds to the
“equivalent material.”

With a uniaxial compressive load applied, the deformation mechanism is
similar to experimental observations. The predicted responses of the foam from
the finite element analyses were compared to the experimental results.

The results obtained are indeed close to the experimental ones. This allowed
us to validate the proposed type of modeling.

Conclusions. The results of studying the EPS compressive loading allow us
to draw several conclusions. It has been shown that viscoelastoplastic mechanical
behavior of the EPS is affected by a slight viscosity effect leading to almost no
strain rate effect. The mechanical parameters describing the elastic and plastic
phases, namely, the initial tangent modulus and the yield stress, can be related to
the relative density using increasing power laws. The densification strain
decreases linearly with a growing relative density. Rheological modeling of
compression and compression—relaxation tests has shown that the results are
correct and offer confirmation of the EPS viscoelastoplastic behavior. Moreover,
finite element simulation using the rheological model parameters and equations
allows a correct simulation of compression and compression—relaxation tests. The
extension of this approach should make it possible to use numerical calculations
for the optimization of the EPS lightweight fill structure.
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Pe3wme

[Ipr BUKOpHCTAHHI PO3MIMPEHOrO MOJICTUPEHY Y BHIAJIKY NPOKIaJaHHA JIOpIr,
KOJIM TPYHT Ma€ OCOOJIMBI BIACTHBOCTI (HAIPHKIIA/A, CTHCHCHHS), BHHUKAE HEOO-
XITHICTh Yy BMBYCHHI MEXaHIYHHMX XapaKTEPUCTHK LBOIO Marepiary. Y paHiit
pOoGOTI TOCTIKEHO MEXaHIuHI XapaKTePUCTHKH PO3LIMPEHOTO MOJICTHPEHY NpH
crucHeHHi. Pobora ckiajgaerses 3 JIBOX YAaCTHH: CKCIEPHUMEHTAIBHOTO JOCIII-
KEHHS 1 MOJICITIOBaHHA.

ExcriepuMenTanbHi TaHi CBIIMATH, 110 TOBEAIHKA PO3LIMPEHOrO MONICTUPEHY IPH
CTHCHECHHI XapaKTePH3YEThCS TPHOMA CTAIIsIMH. AHali3 MOKa3aB, O IIIbHICTH
PO3LIMPEHOTO TONICTHPCHY TPA€ BAXIINBY POJIb.

PosrisiHyTo (PeHOMEHOJIOTYHY MEXaHIYHy MOJCHb JUIS MOJCIIOBAHHS B’S3KO-
HPYKHOILTACTHYHUX BIACTHBOCTCH NPH CTUCHEHHI. 3a JIONOMOIOI0 YHCIOBOTO
aHaTI3y ONMCAHO MEXaHIYHI XapaKTEPHCTHKH, SIKi J00pe y3TO/UKYIOTBCA 3 OTpH-
MaHMMH CKCIIEPHMCHTAIBLHO.
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