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Abstract— This paper is concerned with predictions of mechanical properties of carbon fibre-reinforced laminated composite panels using
micro-macro mechanics laws. Due to superior mechanical properties, the fibrous composites are being increasingly used in aircraft industry.
The industry attaches prime importance to experimental testing methods to screen quality mechanical properties of fibrous composite made
components at pre-design level. However, different test methods and setups produce different results, while analytical studies neglect influence
from coupling deformations. That necessitates use of micro-macro mechanics methods to be included to supplement the existing methods.
Present work is mainly based on usage of micro-macro mechanics laws and influence from deformations to enhance previous efforts in
prediction of mechanical properties. Current study progresses with determining properties from physical tests and relating them to off-axes
properties to develop two- and three-dimensional mathematical formulations. Computer programs for the formulations were written and
implemented in MATLAB™ software to predict the properties. Good agreement was found between predicted and experimental produced
quantities of the mechanical properties. Comparisons of results confirmed that proposed use of micro-macro mechanics laws could efficiently
predict mechanical properties the panels considered in current study.
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I.  INTRODUCTION

Fiber-reinforced composite panels are manufactured from combination of fibres and resin rich matrices. The combined
constituents keep their individual characteristics while creating a new substance of superior properties in a specific application
[1]. Fibers are deliberately oriented in matrices to increase directional stiffness of the materials. Plies are stacked in various
orientations of fibre directions to build composite panels [2]. The most efficient configuration to effectively transfer forces for a
unidirectional force system is a unidirectional composite panel oriented in the direction of loading path [3]. In cases where
loading are such that unidirectional panels are inadequate or inefficient then multi-directional panels are used. The composites are
being used as alternatives to steel due to their outstanding corrosion resistance, high specific strength properties (20-40% weight
savings), low cost, long service life, and reduced maintenance. The other common desirables consist of the following: ability to
fabricate directional mechanical properties, excellent fatigue and fracture resistance, lower tooling cost alternatives, lower thermal
expansion properties, simplification of manufacturing by parts integration, potential for rapid process cycles, and ability to meet
stringent dimensional stability requirements. Because of favourable properties, the composite materials are being widely used in
modern aircraft structures as shown in Figure 1 [4], and their applications are rapidly expanding in military vehicles, ships,
buildings, and offshore structures.
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Figure 1: Images of a) commercial, b) military aircrafts

Since composite panels possess anisotropic properties whereby a normal stress may induce both normal and shear strains
hence relationships between forces and deformations exhibit much more complication compared to conventional materials [5].
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These coupling effects have important implications in mechanics of composites and characterization of mechanical properties to
understand their unexpected behaviour structural components during service life [6]. Thus extensive research work is being
carried out on various aspects of mechanical properties characterizations of the composites. Selected ones are being presented
below for reference.

Structural elements have certain characteristics of shape, rigidity, stiffness, and strength [7]. Thus comprehensive knowledge
of their characteristic properties is important before using them as load bearing components. Various physical testing methods are
used for screening properties of materials before they are used put into work. Basic “ignition loss method’ is used to determine
quantities of volume fractions by weight in a composite panel. The characteristic properties identify parameters that influence
strengths and response of composite materials such as fibre, matrix types and interfaces [8]. These volume fractions quantities are
utilised in Rule of Mixture (ROM), Halping-Tsai relations, and physical testing to formulate relationships among basic
mechanical properties so that the property data can further be used to evaluate performance of the composite panels [9]. Common
experimental methods to predict properties of composite materials consist of the tensile, compression, flexural, shear modulus,
losipescu, and v-notch-rail detailed in [10]. Young’s modulus is one of the important characteristic; however, factors affecting its
determination are complicated: nature of matrix and filler, compatibility, and material processing technology [11] and [12].
Similarly, dispersion or distribution of the filler in the matrix, interfacial structure and morphology affect the modulus [13] and
[14]. Influence of shear effects in the displacements is another important factor, larger span-to-depth ratios are used to reduce the
influence [14]. It is reported in [16] that fibre reinforced composites are inhomogeneous and anisotropic in nature hence their
characterisation is complex. Laminates with aligned reinforcement are stiff along the fibres, but weak in transverse to the fibre
direction [17]. In order to obtain equal stiffness in all off-axis loading systems to present balanced angle plies were investigated in
[18] and [19]. To obtain equal stiffness in all directions quasi-isotropic lay-up configurations were used in [20] and [21]. These
methods relate material properties into algebraic set of equations that are easier to code and solve using computers [31], [23].
However, use of the method is reported to be limited for cases of tensile-shear interaction if the off-axis loading system does not
coincide with the main axes of a single lamina or if the panel is not balanced. Instead of such testing, the simplified property
prediction schemes based on mathematical formulations were preferred in [24] and [25]. A composite laminate subjected to off-
axis loading system presents tensile-shear interactions in its plies that leads to distortions and local micro-structural damage hence
their testing can produce unreliable results. Thus, unidirectional lamina was tested at different fibre volume fractions to predict
elastic constants using the finite element method [26] and [27]. The study paved the way for solution to obtain equal stiffness of
panels subjected in all directions within a plane is presented by various authors by stacking and bonding together plies with
different fibres orientations. Allocations of appropriate input engineering parameters such as the effective elastic moduli and the
associated Poisson’s ratios for materials based on the theory of micro-macro mechanics along with linear elasticity and their
limitations are detailed in [28], [29], and [30]. Characterization of in-plane mechanical properties of laminated hybrid composites
is given in [31], and mechanics-of-materials model for predicting Young’s modulus of damaged woven fabric composites,
involving three damage modes can be found in [32].

The literature review reveals that majority of the existing studies are experimental, resource and time consuming. Many test
methods use different geometries for panels and holding-fixtures that produce different data. Researcher has to undergo series of
experiments to obtain desired properties [33]. Moreover, composites are anisotropic in nature while certain characteristics of
shape, rigidity, and strength make physical testing complicated [34]. Furthermore, analytical studies based on neglecting
deformation effects could not be relied to predict optimal mechanical properties [35]. Micro-macro mechanics based theoretical
methods are required to evaluate performance and identify load bearing parameters panels.

Current study is mainly based on micro-macro mechanics of fibrous composites. Stiffness matrices and invariants were
formulated to include stress-strain effects and implemented in MATLAB™ code to approximate the properties. Comparison and
validation were carried out against intra-simulation and experimentally produced results and found within acceptable agreement.
The study proposed that mechanical properties can be reliably determined from computer codes utilising the micro-macro
mechanics laws.

Il. MATERIALS AND METHODS
2.1 Carbon fibre-reinforced panel and material properties

General realisation is that a comprehensive analysis programme to investigate the mechanical properties of a full-scale
structure would prove too costly. Thus, smaller representative specimens are normally studied using restricted parameters under
specific conditions so that the scale effect is accounted for, and data could be used at pre-design evaluation of full-scale structures.
Moreover, composites are heterogeneous materials hence full characterisation of their properties is difficult, as various processing
factors may influence the properties: misaligned fibres, fibre damage, non-uniform curing, cracks, voids and residual stresses.
These factors are assumed to be negligible when care is taken in the manufacturing processes. Considering these reasons, the
purpose specific fabricated panels supplied by manufacturer were considered. Brief illustrations of carbon fibres, satin weave 5"
ply harness layup, and schematic of 8-, 16-, and 24-Ply beam-panels with plane dimensions: 150mm x 120mm are shown in [2].
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a) b) c)
Figure 2: Schematic a) fibres, b) 5" harness satin weave, and c) beam specimens

Panels considered were of code Fibredux 914C-833-40, consisting of 8-, 16-, and 24-Ply layup, assumed to be void-free,
Poison’s ratio: 0.21, and property parameters given in Table 1.

Table 1: Panels, layup codes, average thickness, and properties

Panel Lay-up code Thickness mm Property parameter Unit MPa
8-Ply [0/90/45/-45]s 2.4 Exx (0°), Eyy (90°) 230
16-Ply [0/90/45/-45]2 4.8 Tyy 45°, -45° 23
24-Ply [0/90/45/-45]3s 7.2 Gxy 88

2.2 Experimental test methods

An important aspect of the subject is the physical testing of material samples by applying forces and deformations. Once
behaviour of material is quantitatively known from testing, its chances of success in a particular engineering design could be
evaluated. When a material is characterised experimentally, its mechanical properties (engineering constants) are measured
instead of the stiffness or the compliance. This is because mechanical properties can be easily defined and interpreted in terms of
simple state of stress and strain used in design development and analysis. Mechanical properties of the test standard panels are
obtained from static experimental test methods: tensile, compression, flexural, shear modulus as shown in Figure 3, for details
please refer to (ASTM: D7264). Tensile and bending tests suffice requirements of current study; therefore, compression and shear
testing procedures and discussion of their results will not be included.

Figure 3: Schematics of common test methods for composite panels

Commonly used universal machine for the above tension, compression, flexure tests is shown in Figure 4 below.

60
http://ijses.com/
All rights reserved



|
w International Journal of Scientific Engineering and Science
Volume 5, Issue 7, pp. 58-73, 2021. ISSN (Online): 2456-7361

\n ,"

,‘5

< |

L

o
_,4/’

a) InstranTM 5585H machine b) Tension/compression c) Flexural
Figure 4: Images of a) Machine, b), and c) enlarged view of chambers

2.2.1  Tensile test

Three specimens from each of the panels were prepared in I-shapes in line with the testing standard for tensile tests (ASTM:
D3039). Photographs of the specimens selected for the tests are shown in Figure 2(c). Average span and width of 8-, 16-, and 24-
Ply specimens were considered 120mm and 20mm with average thicknesses considered 2.4, 4.8, and 7.2mm, respectively. The
effective beam length (L) used for all calculations was length (120mm) —both the grips (30mm) = 90mm, approximate dimensions
and relevant spans to depth ratios as shown in Figure 5. Load transfer tabs were adhesively bonded to the ends of the specimens in
order that the load may be transferred from the grips of the tensile testing machine to the specimen without damaging it.
Specimens were gripped at both ends. The specimen was inserted within in the fixture holders of the machine by metal grips as
shown in and loaded axially at a rate of 1 mm/min. The applied tensile load produced tensile stresses through the holding grips
that results elongation of the specimen in loading direction.

| ,4— b =90 mm :i W=20

t=4.8,4.8,7.2mm

| < b =120 mm >
a) b)
Figure 5: Schematic of a) beam panel, b) cross-sectional area

Results from two beam specimens were selected from the three types of panels shown in Figure 2(c). Approximate mechanical
properties predicted by tensile experimental tests are presented in Table 3.
2.2.2  Flexural test

Flexural properties of the specimens were determined using the standard method of three point bending test. A schematic of
simply supported flat rectangular specimens three types closed at both ends with cross-sectional areas of constant width is shown
in Figure 6. The specimens have different thicknesses: t= 2.4, 4.8, 7.2mm, as can be seen from Figure 5. There is a wide variety of
test methods available for flexure testing described in (ASTM: D7264) those address particular testing needs of heterogeneous,
non-isotropic materials.

— L=100 _—

“ | >\
A L/2 L/2

Figure 6: Schematics of specimen under three-point bending
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The vertically applied load could deflect (bend) the specimen and could even fracture the outer fibres under excessive loading.
Approximate dimensions and relevant simple support of span to depth ratios provides base to be utilised in beam bending
formulation. Calculation of Young’s modulus from the load-displacement relations are given in

Table 2.
Table 2: Formulation used to calculate young’s modulus.
Bending moment | Area moment Max Bending Stress Load Young’s modulus
L 3 t 2 PL?
4 12 Omax = I - EW 2 L 4816

Approximate mechanical properties for three types of specimens in Figure 2(c) predicted by tensile and three-point bending
tests are compared and illustrated in Table 3 below.

Table 3: Young’s modulus of beam specimens

Young’s modulus GPa
Specimen Tensile test Flexural Test
1 2 1 2
8-Ply 45.8 45.2 52.8 53.2
16-Ply 45.5 45.7 51.5 49.2
24-Ply 48.4 49.1 48.6 49.8

2.3 Micro-macro mechanics methods to determine engineering properties

2.3.1  Use of Rule of Mixture properties in orthotropic lamina formulations

Most of the structural parts use laminates that consist of several plies with different orientations connected together through a
bonding interface. A lamina (heterogeneous at the constituent level) forms the building block of laminated composites based
structures. Micromechanics do not refer to mechanical behaviour at the molecular level rather it looks at components of a
composite lamina (matrix and fibre) while behaviour of the lamina is called “macro-mechanics” those predict behaviour of the
assumed homogeneous composite material. Mechanical and physical properties of the lamiae (reinforcement and matrix) and their
interactions are examined on a micro-macroscopic level on various degrees of simplifications. Fibre and matrix densities are
measured and converted into respective fibre volume fractions that form basis for approximation of engineering properties [14].
Elastic constants (for uniformity expressed in normal format rather than italic) for unidirectional lamina with fibres aligned in x
direction can be calculated using Rule of Mixture from the following equations:

E, = EfVi + E Vi (Longitudinal Young’s modulus) 1)
Er = % (Transverse Young’s modulus) (2
fYmTEmVf
Gir = z(1+\L; 5 (In-plane shear modulus) (3)
LT
virEr = vr Ep  (Relation for Poisson’s ratios) 4

Equations (1)-(4) can be utilised to determine components of the lamina stiffness matrix (Q), and subscripts L and T are
replaced by 1 & 2:

Ey
Q1= —"—,0Q12=

1-v12V21 1-v12V21

V12E E
2t = Q21,022 = ——*—, and Q66 = G12,

1-v12Vz21
Elastic constants are required to consider influence from in-plane deformations. Out-of-plane stresses (0, = T, = T,, = 0)
may be neglected for the stress-strain relations of a thin elastic lamina.

1
Eyx = E(axx —v0y,)
Eyy = %(_ngx +ayy)

1
Vxy = G (Txy) (5)
There is no coupling between the shear stresses and normal stress. For an orthotropic lamina in a plane stress form as shown
in Figure 7, the stress-strain relations may be written:

Oxx Oyy

Exx = 5 = Uy = — M, T

xx Exx yx Eyy xlxy

Oxx | %yy

Eyy = —Uyy —— + = — M, T

vy XY By | Eyy ytxy

— Txy

yxy = —MyOxx — myUyy + Gy (6)
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Figure 7: Orthotropic lamina in a plane stress

Stresses in a general orthotropic lamina under a plane stress conditions may be obtained from coefficients of mutual influence
(m, and m,,) for an angle-lamina in global coordinates can be determined from the equations:

= (sin20) [12 + - 1 (cos?h) (4 Zm2p L L

m, = (sin2 6) [511 + 5 2602 (cos?0) (511 + s + = 612)] (7
(s vz g 11 (g (a2 L

my = (sin2 6) [511 + Ezz  2Giz (sin®0) (E11 + E1q + E3z G12)] ©

For an especially orthotropic lamina (8 = 0° and 90°), the stress-strain relations yield:

— _ Oxx Oyy
Exx = €11 = it v

Ezgr
Oxx
Eyy = &2 = “Upp -t %
T.

]/xy = yyx =Y12=7Y21 ﬁ (9)
The relations may be written in local coordinates as

01 Qi1 Q2 O il

O2¢=|(01z Q2 O 7122 (10)
T12 0 0 Qesl |5

Similarly, for the general orthotropic lamina (6 # 0 and 90), the complete set of transformation equations for the stresses in the
xy-coordinate system can be developed using the local-global coordinate transformation matrix

01 Ox
{az _ 1y {o} )
T12 Txy
m? n? 2mn
Where: [T]=| n2 m? —2mn ]; m =cos@ andn = sin6
-mn mn m?—n?

The generally orthotropic laminate creates fully populated, the reduced transformed stiffness matrix:
Ox Qur Qiz Qus| (&«

{ay} = (012 Q22 Q2 {83’ } (12)
Txy 616 626 666 )/xy

Where: Q; ;are the components of the transformed stiffness matrix defined as follows:
011 = QHCOS49 + szsin49 + Z(le + 2Q66)Sin29C0529
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012 = (Qll + sz - 4066)Sin29C08‘29 + le (COS49 + Sin49)

022 = QllCOS49 + szsin49 + Z(le + 2Q66)Sin29C0529

Q16 = (Q11 — Q12 — 2Qe6) 5in 6 c05°0 — (Qz2 — Q12 — 2Qs6) cOs O sin>6
Q26 = (Q11 — Q12 — 2Q66) c0s 0 sin*0 — (@22 — Q12 — 2Qg6) Sin 6 cos*6
Qo6 = (Qu1 + Q22 — 2Q12 — 2Qs6)5in*0c05%6 + Qg6 (cos*6 + sin*6)

It appears from Eq. (12) that there are six constants that govern the stress-strain behaviour of a lamina. However, the equations
are linear combinations of the four basic elastic constants, and therefore are not independent. Elements in stiffness matrices can be
expresses in terms of five invariant properties of the lamina using trigonometric identities:

Q11 = U; + Uyc0526 + Uscos4B

le = U4 - U3COS49

Q,, = Uy — Uycos20 + Uscos40

Q16 = %sinze + U;sin4f

Qe = %sinze — U;sin4f

066 = %(UI - U4_) - U3 Cos 46 (13)

Where the set of invariants is defined as
1

Uy = §(3Q11 + 3Q22 + 2Q12 + 4Qs6)
1

U, = E(Qll = Q22)
1

Us =3 (Q11 + Q22 — 2Q12 — 4Q6)

Uy = §(3Q11 +3Qz; + 6Q12 — 4Q66) (14)
The invariants due to rotations in Eq. (14) are simply linear combinations in plane of the lamina. There are four independent
invariants, just as there are four independent elastic constants. In the equation, all the stiffness expressions (except coupling)
consist of one constant term which varies with lamina orientations. Thus, the effects of lamina orientation on stiffness are easier
to interpret very useful in computing elements of these matrices. The element of fibre-reinforced composite material with its fibre
oriented at some arbitrary angle exhibits a shear strain when subjected to a normal stress, and it also exhibits an extensional strain
when subjected to a shear stress. The state of stress is defined as o, # 0,0y, = Ty, = 0.
Mutual influence coefficients can be found from:

Yx;
Nxxy = j (15)
Similarly, when the state of stress is defined as oy, # 0,0, = Ty, = 0, the ratio

Y.
Nyxy = % (16)

As pure shear stresses Ty, # 0,0, = 0y, = 0, the ratio n,y, characterises the normal strain response along the y direction due
to a shear stress in the x-y plane. The ratio can be found as:

_ Wy
T]xy,y - a_xy (17)
Superposition of loading, stress-strain relations in terms of elastic constants are:
[ A _Vyx Asx
Exx Eyy ny]
il D P M
Sy (=175, Eyy ny' Oyy (18)
O I 1N
Gxy Gxy  Gxy
Elastic constants derived from Eq. (18) in global coordinates can be written as:
Eyx = 2 2 252 (19)
“ /[;n_ (m? — n?v;,) + En_ (n? —m?vy,) + mG . ]
11 22 12
E,y = 1/ 2 2 252 (20)
vy D% 2 a2 m® 2 2 mTn
[Eu (n?2 — m?vy,) + ™ (m? — n?v,,) + o ]
Gy = 1 212 242 2_12)2 (21)
Y /[4mn(1+"12)+4mn(1+V21)+7(m n)]
Eq1 Ez2 Gi2
E
Vxy = XX/ m?2 n2 mZ2n2 (22)
- 2 —n2 - 2 _ 2
[Eu (m2vy, —n?) + Ear (n?v;; —m?) + s ]
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E,, v
Vyx —_—1 Xy/EXX (23)
Txs _ Msx _ [2m®n _ 2mn3 _ mn(m2-n?)
/EXX = /ny = [ ) (1+vy12) Eos (1+vzy) T 6n ] (24)
Nys _MNsy _ [2mn® _ 2nm3 mn(m?-n?)
foyy ="y = (B @t v = G o) + 202 @)

2.3.2  Effective mechanical properties for three-dimensional panels
Real structural elements involve lay-ups containing various number of angle plies subjected to three-dimensional state of
stresses. Engineering properties using ‘Rule of Mixture” may be written as:

1 2
EX = EEL + EET (26)

2 1
EZ = ET (28)
VoimEm = VmnEn (29)
Shear moduli may be written as follows:

Tx Txz _ Tyz

ny = ﬁv ze = Ev Gyz = YLyz' (30)

Where: L stands for longitudinal and T for transverse directions.

The determination of the material properties of laminate with several layers of lamina and orientations can be done using the
theory of lamination plates. The deformation hypothesis from classical homogeneous plate theory and the laminated force-
deformation equation can be used to define the coordinate system in developing the relations. The force, N and moment, M per
unit length for the laminate, which can be computed at ply level. The quadratic mid-plane of the laminate contains x-y axes, and z
axis defines the thickness direction. A typical laminate geometry of thickness h, number of laminas N, and lamina thickness t is
shown in sketch Figure 8.

1st Jamina t

Mid-plane

l l hy
i jth Tamina l hy-1
T ‘b
v Nth lamina ;
Figure 8: Laminate geometry coordinate locations of ply in a laminate
Laminate strains are linearly related to the distance from the mid-plane:
Exx = g%x + zkyx
&yy = ga(f)y +zky,
Yay = Vay T Zkay (31)
Where:
&9y, €5y = Mid-plane normal strains in the laminate
Yoy = mid-plane shear strain in the laminate
k. k,, = bending curvatures in the laminate
k. = twisting curvature in the laminate

z = distance from the mid-plane in the thickness direction.
The mid-surface strain and curvature are always assumed zero and not function of z. Integrations at mid-surface yields:
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Nxx Q11 Q12 Q16 EJ(C)X
Nyy k=11]Q1z Q22 Q6 83931 (hie = hy—1) + |0y
Ny Q6 Q26 Uos V:?y
My Q11 Q12 Quel (&2x
Myt =¥r 13 |Qiz Qa2 Qa6|d 8wy ¢ (i = hieer) + | O
Mxy Q6 Q26 Uos %?y .
(€5 + L,e?
xx [A11412416B11B12B16 E11 E12 Ev6] e;é + szzl
y A12422426B12B53B26 E12 E3; Ede 04 [ yn
Ny A16A26466B16B26Bes E16 Eze Ees | | 17 1n]/y
Mx 311312 B16D11D12D16 Fiy Fip F16 kx
M, } =|Bi;B;;By6D12D5,D56 Fi3 Faz Fag k31/
M,, B16B26Be6D16D26Do6 Fi6 Fa6 Foos k}cy
P, E11E12E16F11 Fiz FioHi1Hip Hyg k2
P, Ey2Eop By Fip Fop Fog Hi2Hyp Hig k)é
P, LE 16 E26 E6 F16 Fa6 Foo H16H26Hee! kzy
xy

Q12
Q22
Q26
QlZ
QZZ
Q26

Q16 kxx
QZG k
666 ka
616 kxx
QZG k
666 kx.'y

vy (5 (hE = hE_

vy (5 (i = hi
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(32)

(33)

(34)

The laminate reduced transformed stiffness matrices and the ply thickness reference coordinate h; can be combined to form

new matrices. The element stiffness matrices: [A], [B], [D], [E], [F], and [H] may be written as:
Ay = Zﬂ:l[Qi]‘]k(hk —hgy) = Zﬂ—l[Qi]’] tie
- h12<—1)

-hi )= 52k=1[Qij]k(tk + tZ_kz):

%Zﬂ=1[dij]k(hlz<
= §2ﬂ=1[dij]k(hli

yo_ 1[Q1]] t, Dcthie-1) (hk+hk 1)

1 _ 1 _
Eyj = Z]Z::l[Qil']l<(hﬁ i) = Z;[Qij]k(tﬁ +°)
15, _ 1w,
Fi = 5 ) [l k= 2o = 5 ) Q] (4 15)
Z[Ql]] (ZK ZK 1) - Z[QI]] (tk + tZk )

k=1

Where i, j =1, 2, 6; so stresses may be written as follows:
Q11€x + QlZEy + Q16Vy + (Q11k1 + Q12k1 + Q16kxy)z

‘|'(Q11k2 + Qu2k3 + Q16k: y)Z + Ln(Qufx + Qu26) + Q16ny)

= Q1269 + Qp2€p + Quevy + (Q12k1 + Qpky + QZékxy)Z
+(Q12k2 + szk2 + stk y)Z + Ln(Q12€x + QZZEy + Q26yxy)

Q44(yyz +z yyz) + Q45(yxz t+z yxz)
Oxz = 04—5 (yj}z + Zzy;z) + QSS(V)}Z + ZZYxZZ
Oxy = Q1665 + 626639 + st)’;?y + (Qlﬁk}c + ézskglz + Qﬁﬁk}cy)z +
(ka;zc + 626]{)21 + QGGkJ%y)ZB‘ + Ln(élekarcl + Gzek; + 666)/2?31)23
Applying unidirectional load in x-axis direction, the matrix of Eq. (34) becomes,

€2+ L,el

cocoococoocococoz

[A11412416B11B12B16 E11 E12 Eq6

A12A22A26312BZZB26E12 E22 E26
A16A26A66B16B26366E16E26 E66
BllBlzB16D11D12D16F11 F12 F16
B12B22B26D12D22D26F12 FZZ F26
BIGBZGB66D16D26D66F16 F26 F66
E11E12 E16 F11 F12 F12H11H12H16
E12E22E26F12 F22 F26H12H22H16

-E16E26E66 F16 F26 F66H16H26H66-

Using the relation

(hi —hi_;) = [(hy —hy_1)* + 3(hy
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€y + Lyey
¥y + Lavy
Ky
ky
kxy
k%
k3
kzy

— hy_) (hy + hy_1)? = 3(hii -

hi-1)]

(35)
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=t} + 12t7,2
Where h;.;; distance from the mid-plane to the top of the "™ lamina, h;: distance from the mid-plane to the bottom of the j™ lamina,

and thickness of the k™ lamina denoted by t, and z, = (h"+2¢‘1) and putting Ln =0.

Due to inherent heterogeneity, anisotropy, complicated geometries, and variety of loading, the in-plane forces cause out-of-
plane deformations. Components of such laminates may be obtained by referring stress and strain components. The principal
system of material coordinates (1, 2, 3) related to an arbitrary coordinate system (X, y, z) by the transformation relations as shown
in Figure 9.

(5]
Kl

DALV
v T N ™

z

a) b)
Figure 9: a) 3-D panel, b) Coordinate systems referred to 3D transformation relations

Stress and strain components in local-coordinates may be related to the corresponding components in global-coordinates along
with transformation matrix as follows:

g
A T i
022 Oyy
033 Ozz
o (= Tl z,, (36)
T13 Txz
T12 kay
€11 Exx
€22 Eyy
€33 €22
1 1
$3Vesp = [Ty]{ 3z ¢ @37)
1 1
7Y13 5 Vaz
1 1
Eylz nyy
Where transformation matrix is given as,
m? nj pi 2n,p, 2m;p,; 2nymy
m3 nj p3 2n,p, 2m;p, 2n,m,
Tpic | mj n3 p3 2n3p; 2mzp3 Znzmz |

mymz nyN3 p;ps N3p; +psn; myps +p;mz nymg+myng
m,m; NpNy PPy N3Pz +piN; Mppy +ppmy  Npmy + Mmpny
The transformation relations for angles (6, 6, 8,5) measured from x-axis to axis 1-, 2-, 3-axes in terms of direction cosines
m;, n; and p; are given as:

]:
[m2m3 NNz PPz NP3 +Pphzy  ppmg + pzm; mpng + n2m3]

m; = cosB,;; m, = cosO,,; m;3 = c0SBOy;
n; = cosby,; n, = cosBy;,; nz = cosbyz
p1 = cosB,;; p2 = cosb,y; p3 = cosby;3

To transform the lamina stiffness matrix into a global form using the transformed coefficient with different angles and
thickness of each layer, the transformed stiffness matrices can be calculated. Denoting g, r, and s as contractions of the subscripts
y-z, z-X, and x-y the following 3D formulations for coefficients of the reduced stiffen matrices:
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Qux = M1Qqy +2mim3Qy, + 2mim3Qy3 + m5Qz, + 2m5m3Q,3 + m3Qs3 + 4mim5Quq + 4mim3Css + 4mim3iCes  (38)
Qxy = mim3Qy, + (mins + mini)Qs, + (min3 + minim3)Qy3 + minsQ,, +
(m3n3 + m3n3)Q,3 + m3n3Qsz + 4mymanynsQuy + 4myman nyCsg + 4mymyn,n, Ceq (39)
Qxz = Mip?Qyq + (mips + mipim$)Q, + (mips + m3pf)Qi3 + m5p3Q;,
+ (m3p3 + m3p5)Qzs + m3p3Qas
+4m,mzp, 3044 + 4Amimzp1p3Css + 4mymp,p1Ce (40)
Qxq = [2minyp; Q11 + 2minyp, + 2minyp;)Qqz + (2minzps + 2minypy) Q3 + 2m3n,p,Qy,
+ (2minzps + 2min,p;) Qs + 2mingp3 Q33 +
dmymz(nyps + n3p2) Qus + 4myms(nyp3 + n3py)Css + 4mymy (nyp; + pin,)Ceel/2 (41)
Qur = [2m3p1 Q11 + 2mymy (Myp, + p1m;) Q12 + 2myma(Myp; + M3py)Quz + 2m3p, Q5 + 2mymy(Myps + M3p;) Q23
+ 2m3p;2m3p; Q33 +
dmymz(myps + M3p;) Qaa + 4myms(myps + m3p;)Css + 4mymy (myp; + p1m;)Ceel/2 (42)
Qus = [2Mmin,Qq1 + 2mymy (myn, +nymy)Qy, + 2myma(myng + myng)Qus + 2m3n,Qy, + 2mymy(myns + mny) Qs
+2m3n;Qs5 +
dmymz(myng + man,)Quqe + 4myms(myng + myny)Css +

dm,my(myn, + nym,)Ce6l/2 (43)
Qyy = n1Q; + 2nin5Q;, + 2nin3 Q3 + n5Q,, + N3n3Q,3 + n3Qs3 + 4n3n5Qu, + 4nin3Css + 4ninjCe (44)
Qy; = nipiQi; + (ip3+n5p)Qs; + (Ip5+n5pi) Qi3 + N5p5 Qs + (N5P54n35p5) Q23 + n305Q33 + 4nyn3p,p3Qyy +

4n nzp1P3Css + 4ninyp1p2Ces (45)
Qyq = [2n3p1 Qa1 + 2nyny (Nyp; + P1n2)Qrz + 2130, (g3 + Pi13) Qs + 203, Qa2 + 2030, (Mops + P2n3) Qs +

2n3p3Qs3 + 4nzn, (Nyps + Pan3)Qus + 4ngng (nyp; + p1n3)Css + 4nyn, (nyp, + p1n2)666]/2 (46)

Qyr = [2nfmp; Q11 + 21,0, (P, + Pi1y)Qup + (2n3mypy + 2n8myp;) Q3 + 2n5Myp, Q0 + (2n3Myp, + 21n5M3P3) Q53
+2n§msp; Q33 +
dnyng(Mmyps + pams)Qas + Anynz(Myps + pym3)Css + 4nyn, (myp, + P1m2)C66]/2 (47)
Qys = [2n3m,Qy1 + 21,0y (Myn, + nymy)Qyp + 2nyn3(Myng + nym3)Qqz + 2n3M,Q;,
+ 2nyn3(m, ng + nym3) Qa3 +2m3n;Qsz + 4nyng(Myng + nym3)Quy

+4n nz(mnz + nymy)Css + 4nyng (myn, + nym,) Cegy 2 (48)
Qzz = P1Qu1 + 2pip3 Q12 + 2pFD5Qus + P7Q22 + P5D3 Q3 + P3Qa3 + 4p505 Qs + 4D7P5Css + 4p7p3 Cos (49)
Qzq = [2P311Q11 + 2p;p1 (4D, + P112) Quz + 2p3p1 (NP3 + P1n3) Quz + 2p31,Q02 + 2p2p3 (3D, + P3n2) Qa3 +2p3N30Q33 +
4pop3(n3p2 + P3N2) Qas + 4p3p1 (i3 + P1n3) Css + 4p2p; (D, + P112) Ceey)2 (50)
Qzr = [203M1 Q11 + 2P, (M1py + P1My) Quy + 2p3p1 (Myp3 + P1M3)Quz + 2p3M, Q0 + 2P, p3(M3p, + P3My) Qs +

2p3m3Qs3 + 4p,p3(M3p, + P3m;)Qug + 4pspr (Myp3 + Pym3)Css + 4p,py (Myp, + pym;)Ces/2 (51)

Qs = [2P12m1n1Q11 + (Zp%mﬂh + 2p12m2n2)Q12 + (2p§m1n1 + 2p12m3n3)Q13 + ZP%mzanzz
+ (2pimyn, + 2p3man;)Qzs + 2p3man3 Qs +

4pop3(Mmany + n3m;)Quy + 4p3py (Myng + nym3)Css + 4pypr (Myn; + nlmZ)CGG]/Z (52)
Qqq = [4n3pf Q11 + 8p1n1p2nyQyp + 8pinyp3ns Qs + 4n3p3Q2, + 8pynyp3n3Qas + 4n5p5 Qa3 + 4(pan, + n3p;)*Qus +
4(p3ny +n3p;)?Css + 4(P1ny + 11P;)?Cogy/a (53)

Qqr = [4p7min,Qy1 + 4p1p, (Myn, + nymy)Qy, + 4pips (Mynz + nym3)Q43

+4pim,n,Qy; + 4psp; (Many + n3my)Qaz + 4p5manz Qa3 + 4(P3ny + n3p,) (Mapy + P3my)Qua +

4(mzpy + p3my) (p3ny + n3py)Css + 4(p1n; + nypy) (Myp, + p1m3)Cee)ya (54)
Qqs = [4—n%m1p1Q11 + 4nyn, (myp, + p1m;) Qi + 4nynz (myps + pym3)Qs3 + Zn%mzszzz + 4nzn, (m3p, +

p3m,) Q23 + 4n§m3p3Q33 + 4(p3n, + n3py) (M3ny + nymy)Qus + 4(p3ny + n3py) (Many + nymy)Css + 4(pyn, +

mp2)(myn, + nym,)Ceel/4 (55)
Qrr = [4m%P12Q11 + 8pymyp,m,Qq; + 8pymypsm3Qy3 + 4m%p22Q22 + 8p,m,yp3m;Q,3 + 4m§P§st + 4(psm, +
m3p2)zQ44 + 4(psm; + m3p1)2C55 + 4(pim, + m1p2)2C66]/4 (56)

Qrs = [4mfn1p1011 + 4mym, (np, + p1nz)Qiz + 4myms (nyp3 + pin3)Qs + 4m§P2"2Q22 + 4mzm, (n3p; + p3nz)Qzs +
4m3 psn3Qzs + 4(p3my + map,) (M3ny + n3m,)Quy + 4(p3my + map;) (many + nymy)Css + 4(pym, + myp,)(myn, +

nym;,)Cesl/4 (57)
Qss = [4mfan11 + 8nymyn,m,Q;, + 8nymnym;Qq5 + 4n%m§Q22 + 8n,m,n;m;Q,; + 4m§n§Q33 + 4(nym;, +
M3n,)?Quq + 4(nzmy + many)?Css + 4(nym, + myny)*Ceel/4 (58)

The mathematical formulations may be utilised to formulate effective mechanical properties of laminated structural

beam/plate panels of thickness H consisting of N plies rotated at angles 6;:
1

E1 =un ?1:0 E (6,) (59)
By = — Y E,(6) (60)
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= 1
Gy = ﬁZ?’:o G12(9i) (61)
_ 1
Vi2 = EZ’LO v12(6;) (62)
_ 1
Vo1 = ﬁZ?:o v21(6;) (63)

I1l.  RESULTS AND DISCUSSIONS

Mathematical formulations relevant to the current study were selected out of the formulations presented in the Section2.3
above. Three-dimensional formulations were selected to program and implement in MATLAB™ software to approximate the
mechanical properties (elastic constants) as presented in Table 4, Table 5, and

Table 6. The coded programs were executed to predict effective mechanical properties of laminated structural beam/plate
panels of thickness H (8-ply of 2.4 mm; 16-ply of 4.8 mm; and 24-ply of 7.2 mm thickness laminates) made of N plies as shown
in Figure 1 with material properties provided in Table 1. Extensive data for mechanical properties (Young’s modulus, shear
modulus, and Poisson’s ratios) from axis-aligned and rotated beam panels through simulations of tensile, shear, and bending tests,
and effective were recorded. Selected data were plotted as functions for the four mechanical properties against ply orientation
angles range: —’T/2 <0< 7T/Z at the step difference of 10° depicted in Figure 10, Figure 11, Figure 12, and Figure 13. Selected
quantities out of simulated results illustrated in Table 7 were compared against the data available in Table 1 and reference [14]
and found to be within good agreement. Mechanical properties (elastic constants) are presented in Table 7 are independent, so the
presented elastic constants were considered to be parallel in fibre directions in all cases.

Table 4: Computer program to predict mechanical properties

Clear

clc
e11=230;e22=23;neul2=0.2;g12=88;
diaryElastic_Constants.out

fprintf('====== Angle and Elastic constants ======\n"); fprintf(’ ------------=--------== \n\n');
fprintf('Angle \tExx v12 Eyy Gxy \n");
fprintf(’ \t \t \ts====== ======= \n");

i=0;for ii = -90:10:90;i=i+1; ex1(i) = Ex(e11,e22, neul2, g12, ii);

neux1(i) = NUxy(ell,e22, neul2, g12,ii);ey2(i) = Ey(ell,e22, neul2, g12, ii);

%neuy2(i) = NUyx(ell,e22, neul2, g12, ii)

gxy(i) = Gxy(ell,e22, neul2, gl2, ii);

fprintf('%2d \t\t%5.2f\t\t%5.2f\t\t%5.2A\t\t%5.2f\n",ii, ex1(i),neux1(i),ey2(i), gxy(i))

end

x=[-90-80-70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90];

ex=[23 24.28 28.61 37.69 55.41 88.86 143.52 200.83 226.73 230 226.73 200.83 143.52 88.86 55.41 37.69 28.61 24.28 23];
neu=[0.02 -0.01 -0.08 -0.18 -0.29 -0.39 -0.42 -0.32 -0.04 0.2 -0.04 -0.32 -0.42 -0.39 -0.29 -0.18 -0.08 -0.01 0.02];
ey=[230 252.98 297.4 247.96 134.08 70.16 42.38 30 24.56 23 24.56 30 42.38 70.16 134.08 247.96 297.4 252.98 230];
gxy=[88 63.16 36.84 24.99 20.66 20.66 24.99 36.84 63.16 88 63.16 36.84 24.99 20.66 20.66 24.99 36.84 63.16 88];
subplot(x,ex);xlabel('Angle,\theta(degree)');ylabel('E_{xx}");

title('Elasitic modulus Exx v Rotation'); subplot(x,neu,2);xlabel(‘Angle, \theta (degree)');ylabel("\neu_{12}");
title("Subplot 2 Poisson ratios');subplot(x,ey,3); xlabel('Angle, \theta (degree)');ylabel("E_{yy}");

title("Subplot 3 Elastic modulus Eyy');subplot(x,gxy,4); xlabel('Angle, \theta (degree)');ylabel ('G_{xy}');

title('Subplot 4 Shear modulus Gxy");

diary off

e11=59.14;e22=59.14;nu12=0.2;g12=10.0;

diaryElastic_Constants.out

fprintf('====== Angle and Elastic constants ======\n"); fprintf("  ---------------m--muso- \n\n')
fprintf('Angle \tExx v12 EyyGxy \n');
fprintf(’ \t \t \t \n');

i=0;for ii = -90:10:90;i=i+1;ex1(i) = Ex(e11,e22, neul2, g12,ii); neux1(i) = NUxy(e11,e22, neul2, g12, ii);

ey2(i) =Ey(ell,e22, neul2, g12,ii);

%neuy2(i) = NUyx(ell,e22, neul2, g12, ii) gxy(i) = Gxy(el1,e22, neul2, g12, ii);

fprintf('%2d \t\t%5.2f\t\t%5.2f\t\t%5.20\t\t%5.2f\n",ii, ex1(i),neux1(i),ey2(i), gxy(i)); end

x=[-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90];

ey=[230 252.98 297.4 247.96 134.08 70.16 2.38 30 24.56 23 24.56 30 42.38 70.16 134.08 247.96 297.4 252.98 230];
plot(x,ey); xlabel('Angle, \theta (degree)"); ylabel('E_{yy}'); title('Elastic modulus Eyy');

diary off

Table 5: Computer program for mechanical properties by tensile-bending

Clear

clc

function y = Ex(E1,E2,NU12,G12,theta)

m = cos(theta*pi/180);n = sin(theta*pi/180);denom = m”4 + (E1/G12 - 2*NU12)*n*n*m*m + (E1/E2)*n"4;y = E1/denom;
function y = NUxy(E1,E2,NU12,G12,theta);%NUxy This function returns Poisson’s ratio % NUxy in the global

m = cos(theta*pi/180);n = sin(theta*pi/180);denom = m”*4 + (E1/G12 - 2*NU12)*n*n*m*m + (E1/E2)*n*n;
numer=NU12*(n"4 + m”4)-(1+E1/E2-E1/G12)*n*n*m*m;y=numer/denom;
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functiony = Ey(E1,E2,NU21,G12,theta)

m = cos(theta*pi/180);n = sin(theta*pi/180); denom = m”4 + (E2/G12 - 2*NU21)*n*n*m*m + (E2/E1)*n"4;y = E2/denom;
function y = Gbarxy(A,H);a = inv(A); y = 1/(H*a(3,3));

function y = Gxy(E1,E2,NU12,G12,theta)

m = cos(theta*pi/180);n = sin(theta*pi/180);denom = n"4 + m"4 + 2*(2*G12*(1 + 2*NU12)/E1 + 2*G12/E2 - 1)*n*n*m*m;
y =G12/denom;

function y = NUbarxy(A,H);a = inv(A);y = -a(1,2)/a(1,1);function y = NUxy(E1,E2,NU12,G12,theta)

m = cos(theta*pi/180);n = sin(theta*pi/180);denom = m”4 + (E1/G12 - 2*NU12)*n*n*m*m + (E1/E2)*n*n;

numer = NU12*(n"4 + m"4) - (1 + E1/E2 - E1/G12)*n*n*m*m;y = numer/denom;

function y = NUyx(E1,E2,NU21,G12,theta)

m = cos(theta*pi/180);n = sin(theta*pi/180);denom = m"4 + (E2/G12 - 2*NU21)*n*n*m*m + (E2/E1)*n*n;

numer = NU21*(n"4 + m*4) - (1 + E2/E1 - E2/G12)*n*n*m*m;y = numer/denom;e11=230;e22=23;neul2=0.2;g12=88;
diary Elastic_Constants.out

fprintf('====== Angle and Elastic constants ======\n');fprintf("  ----------------------- \n\n")
fprintf('Angle \tExx v12 EyyGxy \n");fprintf(’ \t \t \t \n");
i=0;for ii = -90:10:90;i=i+1;ex1(i) = Ex(ell,e22, neul2, gl2, ii); neux1(i) = NUxy(ell,e22, neul2, gl2, ii);ey2(i) =
Ey(e11,e22, neul2, g12, ii);%neuy2(i) = NUyx(ell,e22, neul2, g12,ii)gxy(i) = Gxy(el1,e22, neul2, g12, ii);

fprintf('%2d \t\t%5.2f\t\t%5.2f\t\t%5.20\t\t%5.2f\n",ii, ex1(i),neux1(i),ey2(i), gxy(i));end

x=[-90-80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90];

neu=[0.02 -0.01 -0.08 -0.18 -0.29 -0.39 -0.42 -0.32 -0.04 0.2 -0.04 -0.32 -0.42 -0.39 -0.29 -0.18 -0.08 -0.01 0.02];
plot(x,neu);xlabel('Angle, \theta (degree)');ylabel("\nu_{12}");diary off

function y = Qbar(Q,theta)

m = cos(theta*pi/180);n = sin(theta*pi/180);T = [m*m n*n 2*m*n ; n*n m*m -2*m*n ; -m*n m*n m*m-n*nj;

Tinv = [m*m n*n -2*m*n ; n*n m*m 2*m*n ; m*n -m*n m*m-n*n};y = Tinv*Q*T;

function y = ReducedStiffness(E1,E2,NU12,G12)

NU21 = NU12*E2/EL;y = [E1/(1-NU12*NU21) NU12*E2/(1-NU12*NU21) 0 ;NU12*E2/(1-NU12*NU21) E2/(1-NU12*NU21)
0;00G12];e11=230;e22=23;neul2=0.2;g12=88; diaryElastic_Constants.out

fprintf('====== Angle and Elastic constants ======\n');fprintf(’'----------------------- \n\n');fprintf('Angle\tExx v12 EyyGxy
\n');fprintf(’ \t \t \t ==\n');i=0;for ii = -90:10:90;i=i+1;ex1(i) = Ex(e11,e22, neul2, g12,
ii);neux1(i) = NUxy(ell,e22, neul2, g12, ii);ey2(i) = Ey(ell,e22, neul2, g12, ii);%neuy2(i) = NUyx(ell,e22, neul2, gl12,
if)gxy(i) = Gxy(ell,e22, neul2, gl2, ii); fprintf('%2d \t\t%5.2f\t\t%5.20\t\t%5.2f\t\t%5.2f\n"ii, ex1(i),neux1(i),ey2(i),
gxy(i));end; x=[-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90];

gxy=[88 63.16 36.84 24.99 20.66 20.66 24.99 36.84 63.16 88 63.16 36.84 24.99 20.66 20.66 24.99 36.84 63.16 88];
plot(x,gxy);xlabel('Angle, \theta (degree)');ylabel('G_{xy}'); title('Shear modulus Gxy");

diary off; €11=59.14;% in directions parallel and perpendicular to fibres e22= 6;% in any angle to fibre direction
nul2=0.2;N=8;e(1)=6;e(2)=e(1);e(3)=59.14;e(4)=e(3);sum =e(1);for k = 2:N/2;sum =sum +e(k)*(k"3-(k-1)*3);end
ex=8*sum/N"3;end

Table 6: Code for effective mechanical properties of 3-D panels

| TO PREDICT EFFECTIVE ENGINEERING CONSTANTS OF PANEL ||

clear

clc

e11=58.8;e22=58.80;nu12=0.2;g12=10.0;Q=ReducedStiffness(e11,e22,nul2,g12);
Qbar1=Qbar(Q,0);Qbar2=Qbar(Q,90);Qbar3=Qbar(Q,45);Qbar4=Qbar(Q,-45);Qbar5=Qbar(Q,-45);Qbar6=Qbar(Q,45);
Qbar7=Qbar(Q,90);Qbar8=Qbar(Q,0);z1=-1.2;22=-0.9;23=-0.6;24=-0.3;25=0.00;26=0.3;27=0.6;28=0.9;29=1.12;
A=zeros(3,3);A=Amatrix(A,Qbarl,z1,z2);A=Amatrix(A,Qbar2,z2,z3);A=Amatrix(A,Qbar3,z3,z4);A=Amatrix(A,Qbar4,z4,z5);
A=Amatrix(A,Qbar5,z5,26);A=Amatrix(A,Qbar6,z6,27);A=Amatrix(A,Qbar7,z7,z8);A=Amatrix(A,Qbar8,z8,29);a=A;B = zeros(3,3);
B = Bmatrix(B,Qbar1,z1,z2);B = Bmatrix(B,Qbar2,z2,z3);B = Bmatrix(B,Qbar3,z3,z4);B = Bmatrix(B,Qbar4,z4,z5);

B = Bmatrix(B,Qbar5,z5,z6);B = Bmatrix(B,Qbar6,z6,27);B = Bmatrix(B,Qbar7,z7,z8);B = Bmatrix(B,Qbar8,z8,29);b=B;

D = zeros(3,3);D = Dmatrix(D,Qbar1,z1,z2)D = Dmatrix(D,Qbar2,z2,z3);D = Dmatrix(D,Qbar3,z3,z4); D = Dmatrix(D,Qbar4,z4,z5)
D = Dmatrix(D,Qbar5,25,26);D = Dmatrix(D,Qbar6,z6,27);D = Dmatrix(D,Qbar7,27,z8);D = Dmatrix(D,Qbar8,z8,29)
d=D;H=2.4;h=H;abd=[a(1,1) a(1,2) a(1,3) b(1,1) b(1,2) b(1,3);

a(2,1) a(2,2) a(2,3) b(2,1) b(2,2) b(2,3);a(3,1) a(3,2) a(3,3) b(3,1) b(3,2) b(3,3);b(1,1) b(1,2) b(1,3) d(1,1) d(1,2) d(1,3);

b(2,1) b(2,2) b(2,3) d(2,1) d(2,2) d(2,3);b(3,1) b(3,2) b(3,3) d(3,1) d(3,2) d(3,3)];bd=[ a(2,2) a(2,3) b(2,1) b(2,2) b(2,3);

a(3,2) a(3,3) b(3,1) b(3,2) b(3,3);b(1,2) b(1,3) d(1,1) d(1,2) d(1,3); b(2,2) b(2,3) d(2,1) d(2,2) d(2,3);b(3,2) b(3,3) d(3,1) d(3,2)
d(3,3)];ab=det(abd)/det(bd);ex=abs(ab*1/h);

end
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Figure 10: Elastic constants in parallel to fibre direction against orientation angles
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Figure 11: Poisson’s ratios against orientation angle

Elastic modulus as a Function of Orientation Angle
3[]0 T T T T T T T T T

250

200

WY

150 1

1001

0 1 1
-100 80 60 40 20 0 20 40 60 80 100

Angle, 6 (degree)

http://ijses.com/
All rights reserved

Figure 12: Elastic constants perpendicular to fibre against orientation angle
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Figure 13: Shear modulus against orientation angle

Table 7: Simulation produced data

Young’s modulus GPa
8-Ply 16-Ply 24-Ply
56.5 46.6 45.8
V. CONCLUSIONS

In this work, mechanical properties of carbon fibre-reinforced laminated composite panels were determined from experimental

tests and micro-macro mechanics theory. Micro-macro mechanics laws were applied to systematically develop formulations from
one-, two-, and three-dimensional panels. The following conclusions can be extracted from the study:

Experimental tests were conducted to determine baseline for mechanical properties

Micro-macro mechanics based mathematical formulations were developed and implemented into commercial software
MATLAB™ to predict the mechanical properties

Mechanical properties were determined from theoretical calculations considering influence from deformations due to
coupling in global coordinate were considered

Simulation produced results were compared and validated against the values obtained by tensile and flexural tests and found
to be within acceptable deviations (£10%).

Based on acceptable comparisons of the results, the study proposed that micro-macro mechanics laws utilising in-plane

material properties and stress-strain relations could be useful to effectively predict mechanical properties influenced by coupling
deformation parameters.
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