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BnuaHne nocnefoBaTeNbHOCTM YKNAAKM C/I0EB Ha MeXaHU4YecKue
XapaKTEPUCTUKN MHOFOCMOMHbIX NlaMUHATOB M3 CTEK/I0BO/IOKHa-
3MOKCMAHOWN CMObI
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Anxup

OueHnBaeTCs BAMSHWE NOCneoBaTeNbHOCTW YKNaAKN CNOEB NaMUHATa Ha pacnpefeneHue nonei
fedhopmalinii n Hanps>KeHUin No ero ToAWwmHe. JlaMuHaTHble 06pasLbl COCTOAT U3 CNOEB ANOKCUA-
HOM CMOfbl U CTEKNOBONOKOH, NPUYEM COOTHOLLEHWE CNOEB C OpueHTauueld BonokoH oT 0 go 90C
paBHO efuHULe. Takoe COOTHOLUEHME COEB WCMOMb30BANOCH MPU M3rOTOBNEHUU NAMUHATOB pas-
JIMYHON ToNWMHLI. OnNnUcaHo HanpsiXKeHHO-4e)OPMUPOBAHHOE COCTOSHWE MHOTFOCNOMHBIX NaMUHa-
TOB NPW NMHENHOM CTaTMWYeCKOM HAarpy>XeHuu C NOMOLLbI0 KOHEYHO3NEMEHTHbIX MOAenel cTaH-
JapTHbIX nporpaMMHbix nakeTos ANSYS 6.1 n LUSAS 15.3. YucneHHoe mofenmpoBaHue BbINof-
HEHO [AnA cnyvyas TPexTOouyeyHoro usruba nammHaTa. BbINOAHEeH pacyeT MaTepuana B BA3KO-
ynpyrom COCTOSHUM, OCHOBAHHbLIA Ha MPUHUMNE NOfo6Ws. Pe3ynbTaThl pacyeTa MeTOLOM KOHeu-
HbIX 3M1€EMEHTOB XOPOLIO COrNacylTCs C MOMYYeHHbIMW B paMKax KnacCM4YecKon Teopun namu-
HaTOB. [N KOHKPETHbIX 3HAYEHWUA MoLynell BA3KOYNPYrocTw W pacnpejencHws pasnnyHblx napa-
MeTpOB OnpejeneHa ONTHUManbHas NOCNef0BATENbHOCTb YKNa4KN CNOEB NPUMEHUTENLHO K AWHA-
MWYECKMM 3afiayaM A1 TakuX KOHCTPYKUMA, KaK naMUHATHble Peccopbl ANf HOBbIX aBTOMO-
OUNbHBIX NOABECHbLIX CUCTEM.

KnoueBble C/10Ba: MHOTOCNOWHbIE NaMWUHAaTHI, TpeXTOHE‘-IHbIVI n3rnb, KOHEYHO-
9/IEMEHTHbLIE MOAENN, YHNCNEHHOE MOoAeNnpoBaHMe, NocnenoBaTeNbHOCTb YKAaaKN
CNnoeB NaMunHaTa.
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Introduction. Traditional isotropic and homogeneous materials offer a
limited choice in terms of degrees of freedom to design high-performance
structures. Composite materials offer the flexibility, lightweight characteristics
and high-end performance required nowadays in all constructions sectors, like
aerospace, ship building, railway structures and, more recently, automotive
applications. Advanced composites show high stiffness characteristics along
preferential directions, good fatigue resistance, no presence of corrosion when the
material components are not metallic, complex shape forming and decreasing
manufacturing costs. Worldwide composite materials production is increasing at a
6% rate each year [1-2]. More recent applications of composite laminates are
related to the design of novel spring leaves for automotive suspensions, such for
the case of Renault minivans and the new Chevrolet Corvette.

The widespread use of composite laminates in different engineering fields
involves the use, at design stage, or simplified formulas to speed-up the time to
market of the product. However, some aspects of their behaviour under complex
loading patterns are still insufficiently understood. The effect of the stacking layer
sequence over the damage tolerance and fatigue the cross-ply laminates was
studied by Bezazi et al. [3-5]. A three-dimensional analysis by finite elements
showed that the stacking sequence affects the loss rate of energy [6]. The
influence of the stacking layer sequence for the case of laminates (0m/90n)s and
(90n/0n)s was studied by Sun and Jen [7] and El Mahi et al. [8] using finite
element analysis. The last authors evaluated the loss of rigidity and energy in
cross laminates during fatigue tests for tensile loading. A macromechanical
approach was also used by Tsau and Liu [9] to study the effect of the stacking
sequence over the stress distribution on the laminates. Using two methods of
optimisation, the authors examined the optimal stacking for the symmetrical and
non-symmetrical laminates. Park et al. [10] maximized the resistance of the
composite laminates by using genetic algorithms to find the optimal stacking for
various conditions of loading and border. A theoretical study was also carried out
to optimise the design of the plates symmetrically laminated with regard to the
orientation of fibres and the thickness of the layers [1]. In this work the authors
showed that the optimal fibre orientation is single and independent of the order of
stacking. Results were also obtained for the optimal thickness values of each
layer. Tsai and Hahn [11] for the first time proposed the stacking sequences used
in this work. However, they did not carry further analysis on the effects that these
laminates have over the stress and strain field distributions in composite laminates
under out-of-plane loading. This work is aimed at filling this gap, with the
analysis of the effect of the stacking layer sequence over the internal stress and
strain distribution for these classes of symmetric laminates, which are also
denoted by ease of manufacturing. Moreover, the uses of simplified engineering
formulation for composite beams under three-point bending loading (typical, for
example, of spring-leaf solutions) are benchmarked against analysis provided by
two different commercial FE codes based on different element formulations. An
evaluation of the influence of these particular stacking sequences over the
complex flexural modulus (i.e., hysteretic damping) of the composite laminate
following a simplified beam formulation is also carried out. The rationale of this
analysis is based on the importance that the material damping can provide to
optimise the design of composite-based springs for suspension applications.
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M aterials and Simulations.

Materials. Figure 1 shows the different types of cross-ply laminates
considered, the ST 1(04/94), ST 2 [(07902)s]s, ST 3 ,and ST 4
[(0/90)4~. The laminates were manufactured using glass fibres and epoxy resin,
having all as many plies oriented at 0o as those oriented at 900. The laminate
components are provided by SICOMIN plc; their principal characteristics being
given in [4]. The laminates were subjected to tensile tests using an universal
monotonic hydraulic Instron 8516 tensile machine with 100 kN of load capacity.
Five tests were carried out for each laminate at a feed rate of 2 mm/min. The
values measured for the in-plane mechanical orthotropic properties are: BL = (34
to 37) GPa, ET = (85 to 9.0) GPa, vit = 0.25 and Gi1t = (4.4 to 5.5) GPa,
where: E1,Et, vit,and Git are, respectively, the longitudinal and transverse
Young’s modulus, the in-plane Poisson’s ratio, and in-plane shear modulus.

1 S2 3 S4

Fig. 1 Laminates considered in this work.

Homogeneous Beam Model. The mechanical behavior of the laminate beam
can be identified using a simplified approach [12]. Considering a special
orthotropic linear elastic material, Hooke’s law can be expressed as

On Qu o 0 £11

8 ~ Q1 Q= 0 £2 | (1)

AN S

66. _ 0 0 Qe66. £66.

The in-plane stiffness constant Qj can be formulated in terms of in-plane
Young’s moduli and Poisson’s ratio:

EL ET
Q1 = ET 2 Q22:IE'LI'Q11,
l—ELVLT (2)
O12=vI1tQii, Q66 = GLT

Using a structural reference frame [12], Eq. (1) becomes:

0 xx QU Qr 0" Ax
Oy - QL2 Q2 0 £yy - 3
oxy_ 0 0 Q66 yx
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Introducing the classical matrix notation A, B, and D, one can identify the
relation between in-plane forces and bending moments versus the tensile strain
and curvature of the medium (neutral) plane of the laminate:

A m
D IC 4)
where

Aij=" (hk hk-\)@Q'ij)km (5)

k=l

1n
Bj=2S (hl - hh)(Q ij)k, (6)

'k=1

1n
Dij=3S (hi- hh)(Q [j)k. (7)

k=1

When the coupling matrix B is non-zero, an in-plane load on the laminate
plate can lead to a transversal displacement having the same magnitude of the
in-plane one. The expressions of the in-plane stresses can be therefore rewritten
using the external bending moment M and inertia moment 1 (rectangular
section) as

M
Oic = zaXx | (8a)
k k M
oyy =zayy~T (gb)
k M
otyz zaW—I , (sc)
where
3
axx = (QUD 11 + Q12D 12 + Q 16D 16) 12
3
akyy = (Qn D11+ Q2D 122+ Q" D 16) C)]
3

axy = (Q16D *1 + Q26D *2 + Q &sDj*,) —

Equations (9) are valid only away from the edges of the laminate for beam
having aspect ratios b/h higher than 16 [12]. In that case, the shear stress through
the thickness at position z under a shear loading Q can be expressed as
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2
3Q
1—4 ,h
°xz 2bh (10)
With the maximum shear stress at z = O
3Q
0 z=0=rQ0=——.
N 11)

Equation (10) is therefore rearranged as

(12)

where dk are numerical constants to be determined assuming the continuity of
oxz through the beam thickness.

For a beam of length L subjected to three-point bending the stresses for the
kth layer can be written as

p
0 XK=~ 6axxT7§xz,
bh

P
ot, = —6a. 13
bh3 (13)
P
Oky = —6a Xz
xybhi

bh:
P

o §y = —3& 2 (14)
bh3

%I>§y = _§a>|<(y bh 3 2

For the case of an homogeneous isotropic material (axx = 1), the normal
stress can be rewritten as

3PL

k
- z. 15
Oxx o (15)

With the maximum normal stress being

3PL

(0] 00 16
XXIMAX obh 2 (16)
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Following (15) and (16), the normal stress for each lamina can therefore be
expressed as

17)

The constants ck in each layer are determined zeroing the stress axz on the
lower and upper skins and assuring continuity of axz across the laminate,
obtaining therefore for the case of a homogeneous material:

Q
Ox 8/ i-4ih 2bh i-4ih (18)
The maximum shear stress is given by
3Q
OXZ(Z- 0)'r8' 2b_h (19)
Inserting Eq. (19) in (12) one obtains, for a homogeneous material
>2'
Oxz- r0 . < (20)

For a beam with equivalent homogenous and isotropic material the stress
axx for each layer can be expressed as

0k - -bh,Z- (21)

With the maximum stress being equal to

3PL
22
‘- bh2 (22)

Flexural Complex Modulus. The elastic-viscoelastic correspondence principle
was first applied by Hashin [13] in the case of fibre-reinforced composites. The
complex modulus approach considers a harmonic time variation of the applied
stress and strains in the following form:

£(t)- £0e™ (23)
o(t)- [C(®)f £oeimt, (24)

where [C(w)] is the complex stiffness matrix obtained using the viscoelastic

reciprocity principle. The effective complex flexural modulus for a laminate beam
can therefore be expressed with the following formulation [14]:
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* 12

Ef=V D f~’ 5>
where the flexural complex modulus can be divided into real and imaginary part:

Ef =Ef (1+ %f ) (26)

where ~f is the loss factor for the flexural modulus. Considering curvature-
moment corrections [15], the effective complex flexural modulus can be expressed
as

| (s e —— Ef. (27)
fe (Df,1)2 f
- *1 *1
D1l D66

Finite-Element Simulations - Static Three-Point Bending Loading. The
finite-element (FE) simulations of the three-point bending loading have been
performed using the SHELL93 elements of the commercial code ANSYS 6.1, and
the QTS8 element from the code LUSAS 13.5. The latter code uses a Total
Lagrangian formulation for medium and thick shells, which is based on the
degeneration of a 3D continuum. In this approach, the displacements at any point
in the shell are defined by the translation of the reference surface together with
the rotation of a director. The director is subsequently referred to as the normal,
however, the director need not be initially normal to the reference surface. The
normal is considered to remain straight during deformation for computation of
displacements through the element thickness. The quadrilateral element QTS8
adopts an assumed strain field for interpolation ofthe transverse shear strains. The
inclusion of an assumed strain field prevents the element from ‘shear locking’
when used as a thin shell. The SHELL93 ANSYS element has normal to the
centre-plane assumed to remain straight after deformation, but not necessarily
normal to the centre-plane itself. Also, SHELL93 element has no significant
stiffness associated with rotation about the element normal axis. A nominal value
of stiffness is present, however, to prevent free rotation at the node. For the
three-point bending case, the specific geometry on the beams and the stacking
sequences layouts allow to model only 1/8th of the beam itself (Fig. 2). Therefore,
only 8 laminas are modelled, each consisting of 3 orthotropic layers having single
thickness of 0.0833 mm. Both for the ANSYS and LUSAS models, the mesh
consisted in 525 elements with 6 DOFs per node. The calculations were performed
on an Windows-based PC with 2 GHz of processor and 1 GB of RAM.

Results and Discussions. Figure 3 shows the comparison between the stress
ratio a a 0 forthe different stacking sequences considered, calculated dividing
Egs. (21) and (22), and using the FE simulations as well as results from the
classical laminate theory (CLT). It is evident from the figures that the use of
approximate design formulas (21) and (22) leads to averaging the stresses over
the thickness with a linear variation, therefore introducing considerable errors
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compared to the FE simulations and the CLT predictions. The maximum values
for axx/a o are for the laminate ST4 [(0/90)4 ]s (Fig. 3d), the one presenting the
lower number of layers with the same orientation. The other laminates are
classified following the number of layers possessing the same orientation: ST 3
[(02/902)2L, ST 2 [(02/902)s]s,and ST 1 [(O4/90]4)].

Plan yz

Fig. 2. Laminate beam under three-point bending loading.

Figure 4 shows the variation of stresses a la 0 over the thickness of the
laminates. The stresses are maximum a the interface with the layers oriented at
zero degrees, with positive values for lamina at 0° and negative at 90° of
orientation. It is noteworthy that the values are decreased by a factor of 20
compared to the stresses axx/a o illustrated before.

Figure 5 shows the ratio axz/a 0o of through the laminates thickness. The
maximum values lie on the axis of symmetry of the laminate, corresponding to
the neutral plane of the composite. The ANSYS FE model follows closely the
homogeneous beam model, offering higher discrepancies with the CLT predictions
for the laminates ST4 and ST3. The laminates with the lowest number of plies
having the same orientation offer the lowest values of the shear stresses.

Figure 6 shows the strain fields £xx and £yy for the four laminates. The
values of £xx are positive, while the £yy ones are negative. Both strain fields
provide a linear variation through the thickness ofthe laminates from o at the axis
of symmetry to maximum values at the ends of the composite beams. The strain
fields are more important in terms of magnitude for the laminates with the highest
number of equal orientation plies. The average ratio between £xx and £yy strains
is 10.
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axxl°0 axx/a0

°xx/a0 axxla0

Fig. 3. Through-the-thickness stress ratio axx/a O distribution for the different laminates.

ayy, MPa ayy, MPa

£0 -40 20 1 $ c
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ayy, MPa ayy, Mpa

Fig. 4. Through-the-thickness stress a  distribution for the different laminates.

axz1TO axz1TO

axz1TO axzITO

Fig. 5. Through-the-thickness stress ratio axzjT0 distribution for the different laminates.
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z/h

Fig. 6. Evolution of strain fields through the thickness of the laminates.

Table 1 shows a comparison between the storage modulus and loss factors
for the four laminates considered. The loss factors are all confined between 1.66
and 1.70%, with no significant dependence of the loss modulus versus the
stacking sequence topology. On the other hand, the storage modulus of laminate
ST1 is significantly higher (50.4 GPa) compared to the one of ST3 (46.6 GPa)
and ST2 and ST3 (44.6 GPa). In view of possible applications as spring leaf
devices, if lower natural frequencies are sought, the ST3 laminate seems to offer
the best compromise in terms both of viscoelastic properties and through-the-
thickness stress and strain distributions. Moreover, the ST3 laminate has been
experimentally proven as the best suited for three-point bending fatigue loading
[4]. The laminate ST1 and ST3 provide also the lowest maximum normal stresses
and strains through-the-thickness, an interesting feature for structural integrity-
oriented applications.
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Table 1
Storage Modulus and Loss Factors for the Various Laminates
Laminate Flexural storage modulus (GPa) Loss factor (%)
ST1 504 1.66
ST2 44.6 170
ST3 46.6 168
ST4 44.6 170

Conclusions. A finite element method is used to analyze the influence of the
stacking sequence on the distributions of the stress and strain fields of specific
cross-ply laminates in linear three-point bending. The analysis of the results
obtained shows that the distribution of the stress depends on the type of stacking
sequence, and that the homogeneous beams formulations used at initial design
stage need to be backed by more refined analysis to determine accurate stress and
strain fields. Stress oxx and strain exx are most significant; the former being
almost 20 times larger than the oyy ones, while the latter are 10 times more
significant than the strains €yy. The maximum stresses (oxx and o yy) are located
at the extremities of the laminates, and this is the same for the maximum
deformations (exx and eyy). On the other hand, the maximum shear stress oxz
are localized in the middle of the beam. Using the reciprocity principle in
viscoelasticity and the complex modulus approach, the various laminates provide
comparable loss factor values lower than 2% and, apart one specific case of
laminate, comparable storage flexural modulus.

Pestome

OUiHIETBCA BMAWB MNOCMAIAOBHOCTI YKnajaHHA LWwapiB namiHata Ha po3nogin
nonie gecopmauiii i Hanpy>XXeHb MO MOro TOBWMWHI. JlamiHaTHI 3pa3ku ckKnapga-
I0TbCA i3 WapiB eNOKCUAHOT CMONU | CKIOBOSIOKHA, NPU LbOMY CMiBBiAHOLIEHHS
WapiB 3 opieHTaliel0 BONOKOH Big 0 go 90° gopiBHIOE oAMHULI. Take cniBBigHO-
WeHHSA WapiB BUKOPUCTOBYBANOCHA MPU BUTOTOBMAEHHI NaMiHaTiB Pi3HOT TOBLLMHM.
OnuncaHo Hanpy>eHo-ae(hopMOBaHMNIN CTaH 6araTowapoBuX NamiHaTiB NP AiHINA-
HOMY CTaTMYHOMY HaBaHTaXXEeHHI 3a JOMNOMOroK CKiHYeHHOENeMEHTHUX Mofenei
cTaHfapTHUX nporpaMHux naketiB ANSYS 6.1 ta LUSAS 15.3. Yucnose moge-
NOBAHHSA BUKOHaHO AN TPUTOUKOBOTO 3rMHY namiHata. [poBeAeHO po3paxyHOK
mMaTepiany y B’A3KO-MPY>XXHOMY CTaHi, WO 6a3yeTbCA Ha MPUHUMNI NOAIGHOCTI.
Pe3ynbTaTy po3paxyHKiB MeTOLOM CKIHYEHHUX efleMeHTIB fobOpe Yy3rofKyrTbCa
3 OTPUMaAHUMMK Y paMKax Knacu4yHoi Teopii namiHaTiB. Jnd KOHKPETHUX 3HAYeHb
MoAyneid B’A3KO-MPYXHOCTI i po3nofiny pisHUX napameTpiB BU3Ha4yeHO MoOCAi-
[JOBHICTb YKflafilaHHA WapiB CTOCOBHO AMHAMIYHWX 3ajay ANA TaKUX KOHCTPYK-
Wi, AK namiHaTHi pecopu AN HOBUX aBTOMOGINbHMUX MiABICHMX CUCTEM.
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