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BASIC PROPERTIES OF COMPOSITE STRUCTURES

- heterogeneity

- direction-dependent material properties (anisotropy, orthotropy)

- complexity of constitutive laws

- multiscale modeling (from micro- to macroscale)

- main advantage: structures with properties optimized for given loads
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Ortotropic material

Three perpendicular symmetry planes of material properties are a very common case in
engineering practice. In this case, the number of independent coefficients in the constitutive
matrix is reduced to 9, and the material is called orthotropic:
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E11, E22, E33 - Young’s moduli in directions: 1, 2, 3

G12, G23, G31 - shear (Kirchoff’s) moduli in planes:
12,23 and 31

Due to symmetry:

E11, E22, E33 — tensile tests along the principal orthotropy axes,

G,,, G,3, G3; — shear tests,

vij=—-Z —uniaxial tension tests along 0;; directions.
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STRAIN AND STRESS IN ORTHOTROPIC LAYER
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If a thin layer is loaded in xy-plane along the principal orthotropy direction 1 and/or 2, then:
Taz = Tyz = 07z =0 - - i Vs PLANE
— Y31 = O, Y23 = O, E33 = —E—Jll — E 072 STRESS
Tgq1 = Typ3 = 033 = 0 11 22
CONDITIONS
Constitutive law for the plane stress in 12-plane can be expressed as:
-1 Vv 7 _ _
S 221 O E11 V12E22 0
< E11 Ezz o o _ _
11 . ) 11 11 1=v12V21  1-V12V21
Expt =1|— E_12 E_ 0 079 or: Oy = | V21E11 E32 0 &Ern
Y12 11 22 ; \T12 T12 1-v12V21  1-V12V2s
0 0 — 0 0 Gqo.
R G12_

There are four independent constants in a constitutive matrix (E,;, E,, , V15, Gypy).




It is usually assumed that E;; > E,,, V1, is called major Poisson's ratio, and v, - minor Poisson's ratio.

s=sina,c=cosa

Sfl == 511C4 + (2512 + 566)S2C2 + 52254

Sia = S12¢* + (S11 + Sz2 — Sg)s?c? + Syp8*

S;Z - 522C4 + (2512 + 566)S2C2 + 51154

526 - 566C4 + 2(2511 + 2522 - 4‘512 - 566)SZC2 + 56654
Sie = (28511 — 2815 — Se6)SC> — (25,5 — 281, — See)s°c
Sy6 = (2812 + Sg6 — 2833)5¢% — (2815 + Sg6 — 2511)s°¢

Q11 = Qq1¢* + (Q12 + 2Qe6)s%c® + Qqps*

Q12 = S12¢* + (Qq1 + Q22 — 4Qg6)s%c? + Q5™

Q32 = Qa2¢* 4+ 2(Q12 + 2Qg6)s%c? + Qq45*

Q66 = QosC* + (Q11 + Q22 — 2Q12 — 2Q46)5%c* + Qges*
Q16 = (Q11 — Q12 — 2Q66)SC3 —(Q12 — Q22 — 2Q66)53C
Q36 = (Q12 + Q22 + 2Qs6)sc® — (Q11 + Q12 — 2Q¢6)s°cC

Relationship between strain and stress components in xy- plane
can be expressed as:

Exxy  [S11 Si2 Sie| (Oxx
Eyyt =[S12 S22 Sie|1%vy
yxy) _5;6 556 S;6 \Txy
Wa ki * * ]
Oxx) Q11 Q12 Q16| (Exx
* * *
Oyye=|Q12 Q22 Q26 Eyy
* * *
Txy) _Q16 Q26 Q66_ Vxy
1 —Vyq
S11 = _E S12 = E
11 22
S 1 1
22 = & 66 — ~
E,, G2
0.y = E1q _ vEp
11 — 12 —
1—v1,Vy 1—v1,vy
22
Q22 = Q66 = Gy,
1—-v,vy

Ifa + k%the principal stress directions do not coincide with the principal strain directions (full coupling).




Strain and stress components transformation of to x’y’-coordinate system

Transformation matrix:

cos? 0 sin® 6 2 sin 0 cos 6
[T] = sin? 6 cos? 0 —2sin6cos 0
—sinfBcosO sinBcosB cos?6 — sin?6




FAILURE CRITERIA

In the case of orthotropy, uniaxial stretching at a given load may lead to failure in some directions
but not in others. This effect does not occur in isotropic materials. Therefore, orthotropic

materials require different failure criteria, which are often modifications of those developed for
isotropic materials.

Maximum stress criterion

The safe state of the orthotropic layer means that stresses along the principal axes of orthotropy are
lower than the experimentally determined limit values X;; , X.; and Sl-‘;-’ :

(t- tension, c- compression, S- shear, X.; # —X;;).

Xe1 <011 < Xpp 5 Xep <092 <Xpp 3 Xez<o3z <X

T2l <SY1y 723l < S%a3 5 lT13l < S§Y3

The criterion of maximum stress can be expressed as:

K = max {011 or 011 022 or 022 033 or 033 |12l 723l |T13|}
= ) ) ) W ) —
X1 Xeo Xeo X Xz Xes S Sy Sy

(k= 0 — no stress, k=1 — failure)




Maximum strain criterion

The safe state of the orthotropic layer means that strains along the principal axes of orthotropy are
lower than the experimentally determined limit strain values &;; , &,; (t- tension, c- compression),

and y;; -shear:

€1 < €11 < &2,

V12l <¥viz s

Ecz < &2 < &2,

V23l <7va3

Ecz < €33 < &3

ly31l < ¥31

The criterion of maximum strain can be expressed as a single factor:

€33 - €33 [¥12]

VZ51

ly13l

)
&t3 €c3

*
V12

)

* )
V23

*
V13

j

(k= 0 — no stress, k=1 — failure)




Tsai—Wu criterion

This criterion includes contribution of all stress components and assumes that the material
effort represents a polynomial function of stress. The safe state of the orthotropic layer is inside
the ellipse:

F1011 + F2005 4 FeTip + Fi1081 + F220%, + FeeTiy + 2F15011055 = 1

; where material constants: Fy, F,, Fg, F11, Fa3, Fge, F12 depend on the limit values: X1, X¢1,Xc2, Xe2, S¥q5:
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Comparison of Stress, Strain, and Tsai—-Wu criteria
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Example 1. Unidirectional stretching of a single orthotropic layer

Material properties: E;; = 2 -10°> MPa, E,, = 0,5-10°> MPa, v;, = 0,25, G;, = 2 - 10* MPa. The layer is loaded
by g,,= 10 MPa. Find stress in xy-coordinate system as a function of a angle.

Analytical solution: Exx Si1 Stz Sis] (0ex . -
Eyy(=1S12 S22 Sz26|] O ¢, - A Y
Yxy Sie Sz See)\ 0 - e
. - -
yields: - grem—— -
— * — —— -
Exx = Sllo_xx' - -
— *
Eyy = Slzo-xx'
_ *
Vxy = S160xx
where:
* 4 2.2 4
S11= 811 + (2515 + Sgg)sc” + S,087,
* 4 2.2 4
S12=812¢" + (811 + S22 — See)s“c” + 5125 259 e
x 3 XX
S;6= (2512 + 566 - 2522)5C3 - (2512 + 566 - 2511)S3C. 107 —_——— :Eyy(y(aﬂ
_____ Yxl
1 1 gic
—V21 —V12
Sy =— Syy = — Sip = =2 See = Giz.
1= 5 22 = g 12 Ero Eiy 66 12
1,5
1,0
Strain components for a set of a values o
o 0 5 15 30 45 60 75 85 90 0.5
10%e, 0.5 0,528 0,741 1,297 1,812 2,047 2,040 2,006 2,000
10%e -0,125 -0,142 -0,266 -0,547 -0,688 -0.547 -0,266 -0,142 -0,125 e 0
> 0 0,5 1,0 1,5 2,0 2,5 x10°°
10* Yo 0 -0,323 -0,862 -1.137 -0,75 -0,162 -0,112 -0,062 0

11




I\ Uinear Orthotropic Properties for Material Number 1

Linear Orthotropic Material Properties for Material Number

Choose Poisson's Ratio |

T1

Temperatures -
EX 2E+05
EY 50000
EZ 50000
PRXY 0.25
PRYZ 0.3
PRXZ 0.25
GXY 20000
GYZ 15000
GXZ 20000

Add Temperature Delete Temperature |

oK Cancel

o =30°

— ; Ly ) L L
— - - - -
. - - | -
. - - | -
— - | -
— - | -
—l - | -
. - - - - -
—l - o | -
— - | -
—f - | -

X

DOF Solution (ANSYS)

UX [mm]

UY [mm]

MY =.005154
SMl =—.611E-1%

ENSYS Release 1

\D12988

ANSYS Release 19.2
Build 19.2
pueiy

. 139E-03
.114E-13

ANSYS Release 19.2
Build 19.2
puety 0:
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DOF Solution

o = 45°

. Y N A Y
. I Y A v
P R R I I B
P R I I VN B
R I I VN B

o = 60°

o =75°

in ANSYS

ELEMENTS
PRES-1R0RM
10

ELEMENTS
FRES-HCRM
10

UX [mm]

BNEYS Release 19.2

\01e12s

MEYS Release 19

ANSYS Release 19
Build 19.2

UY [mm]

—
-~

MESYS Release 19.2

BNEYS Release 19.2

Build 19.2
7 2024

13:42:15
. 1

DAL SOLOTICN

STEP=1

SUB =1

TIME=1

MY =. 021663

SM =-.007093
-.007093
~-.006304
—.005516
—.004728
—.00394
-.003152
=, 002364
—. 001576
—-.788E-03
0

BNEYS Release 19.2

‘o011zl
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S . a (0 | s 15 30 45 60 75 85 90
train 10°e 0,5 0,528 | 0,741 1,297 1812 | 2.047 | 2,040 | 2,006 | 2,000

ges

N o) d a I SO I ut | on | n A N SYS 10%s,, -0,125 | -0,142 | -0,266 || -0,547 || -0,688 | -0,547 | -0,266 | -0,142 | -0,125
10y, 0 -0,323 | -0,862 || -1.137 -0,75 -0,162 | -0,112 | -0,062 0

EPELX (&,,) EPELY (&,,,) EPELXY (v, )

AEYS Release 1 MNSYS Relefse 1 MNSYS Release
Build 19.2 . Build 19.2
NV 8 2024 N 8 NOV 8 2024
17:52:23 154 17:54:32
. PLCT NO, 1
NCDAL

FLOT NO. 1 .
NCDAL SOLUTICH NCOAL SCLUTICON
STEP=1 STEP=1

SUE =1 SUE =1

TIME=1 TIME=1

EFPELX (AvE) EFELXY  (AVC)
RSYS=0 R5YS=0

OME =.005154 DM =.005154
SMY =,500E-04 SMI =-,189E-15
SMY =.500E-04 SMK =—.125E-04 SMY =.107E-14

ANSYS Release 19.2
Build 19.2 ANSYS Releass 19.2 ANSYS Release 19.2
MOV e 2024 Build 19.2 19.2
17:57:21 MOV & 2024 7

17:57:29 Ti57:

PLOT NO. 1

HODAL

STEP-1 NCDAL SOLITICH

SUE =1 STEP=1

TIME=1 SUB =1

EFELY  (AVO) TIME-]

RSYS=0 EFELY  (AVG)

CH{ -.021251 RSYS~0

SMY =.130E-03 DM =.021251

SMX =.1306-03 S = ,547E-04

mm 130503 SM =—.547E-04
“1308-03 - 47E0

-.547E-04




. po 0 5 15 30 45 Y 60 75 85 90
Strain 10z, 0.5 0,528 | 0,741 | 1297 || 1.812 || 2.047 || 2.040 | 2.006 | 2,000
. : ; 0125 | -0.142 | 0266 | -0.547 || -0.688 || -0.547 || -0.266 | -0.142 | -0.125
Nodal solution in ANSYS 10°a, | O ’ ’ ’ ’ ’ ’ ’ ’
10, 0 0323 | 0862 | -1.137 || 0.75 || -0.162 || -0.112 | -0.062 0
\

EPELX (& EPELY (&

xx) yy)

o =45°

(BVG)

023133
S .688E-04
SM =—.687E-04
o G28E04

SMT L T50E-04
SMY =—.750E-04
04

.181E-03 -.687E-04

INSYS Rele: INSYS Release 1¢ HISYS Releas

1ild 19,2 Euild 19.2 Build 19.2
MOV 8 2024

18:07:28

PLCT NO. 1
NCDAL SOLUTICON
STEP=1

SUE =1

TIME=1

EFELY (BVG)
RS

021663

SMY = SE;
S = 2058

205 51
bl it -'54

TE-04
TE-04




Maximum stress criterion

8 2024
223

E=
FAILSMRX (AVG)

Build 19.2
NOV 8 2024
18:22:46

FLOT MO. 1
NCDAL, SCLOTICET
STEP=1

SUB =1

TIME=1
FAILSMRY, (RVG)
RSYsS=0
DM =.021251
33013

For orthotropic materials, equivalent stress criteria

(Huber, Tresca) provide erroneous assessment of failure.

& General Postproc
B Data & File Opts
Results Summary
Read Results

I\ Add/Edit Failure Criteria

[FC] Temperature-independent failure criteria for material 1

B Failure Criteria X ¥ z

E Temp Variation

l=JAdd/Edifj

Strain in Tension [poo2 | [0:002

-

E Delete Strain in Compression ‘ 0,002 || 0,002

o]

HList

E Criteria Check xv v XZ

St Shy
Plot Results e nohesr [0.0025 | [0001

e

List Results X ¥ z

Query Results

B Options for Outp stress i Tension [400 |[100

Results Viewer Stress in Compression [-400 | [-100

Nodal Calcs

Element Table A1 iz =

Path Operations s EE [10 IE

Surface Operations

Load Case ~ vz z

Check Elem Shape Stress Coupling Coefficients ‘.1 ||1

E Write Results
ROM Operations
~ “--“modeling

Build 19.2

NOV 8 2024 aty Factor
18:26:40 ne/Modify

FLOT MNO. \linear Diagnostics
MCOAL SCLOTICT t

STEP=1 .

SUB =1 wal Rezoning
TIME=1 ist Postpro
FAILSMAX (AVG) Tool

Cancel

ion Opt
wn Editar

FAILSMAX (AVG)
RSYS=0

DMK =.021663
33013

TIME=1
FAILSMRX (AVG)
R3YS=0

DM =,020459
SMN =.25

Help

ANSYS Release 19.2
Build 19.2

MOV 8 2024
19:42:56

PLOT NO. 1
TODAL SOLOTICET

TIME=1
FAILSMBY (BVG)
RSYS=0
DM

0zoo32
1
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Tsai Wu criterion

= General Postproc
B Data & File Opts
B Results Summary
& Read Results
& Failure Criteria

E Temp Variation

ZlAdd/Edi

E Delete

B List

& Criteria Check
Plot Results
List Results
Query Results
B Options for Outp
E Results Viewer
& Nodal Calcs
& Element Table
@ Path Operations
Surface Operations
Load Case
Check Elem Shape
E Write Results
ROM Operations
Submodeling
Safety Factor
& Define/Modify
B Nonlinear Diagnostics
E Reset
& Manual Rezoning
TimeHist Postpro
ROM Tool
Radiation Opt
= Qacsinn Fditar

Build 19.2
MOV 8 2024
1 =1

Bulld 14,2

Bulld 14,2

For orthotropic materials, equivalent stress criteria
(Huber, Tresca) provide erroneous assessment of failure.

I\ AddfEdit Failure Criteria

[FC] Temperature-independent failure criteria for material 1

X ¥ z
Strain in Tension [pon2 | [m002 | [o.002
Strain in Compression ‘ -0.002 ‘ | -0.002 | ‘ -0.002
XY vz oox
Strain in Shear [00025 | [w001 | [o0m1
X ¥ z
Stress in Tension ( [400 | [100 iE )
Stress in Compression [-a00 [ [-100 |[-1
XY vz X
Stress in Shear [10 K |[
XY vz X

Stress Coupling Coefficients

[ J[

Cancel

Help
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BASICS OF MULTILAYER COMPOSITES

Assumptions:

- the laminate is composed of multiple orthotropic layers tightly bonded together,

- stresses perpendicular to the layers can be ignored for thin laminates (thickness << length and width),
- strain components are continuous at the interface between layers,

- stresses discontinuities are allowable due to differences in material properties,

- small deformations,

- theline normal to the laminate surface remains normal to it after deformation (Kirchoff's hypothesis)

0 [A B1 ! ny

where:

€1, €5, Yxy — Strain components in the middle layer,

2%wyq _ 9wy _ 0%wy
, K ) Kx
ax2’ Y T gy2 Y T axdy

Ky = - curvatures of the middle layer,

— deflection of the middle layer,

Ny, Ny, Nyy, My, My, My,, — internal forces,

Internal forces in a multilayer composite

A — in-plane laminate stiffness matrix, B — coupling stiffness matrix,

D — flexural-torsional stiffness matrix.

18




BASICS OF MULTILAYER COMPOSITES

— 0 -— — —
a) A gx Nx
0 N
Ey . Ny
0 _
Vay | = [A B] Xy
7
[ LA, Ky My
'y
AN - [ Kxy | | Myy |
)’)’(/
b)
] T Matrices A, B, D (3x3), are symmetric and depend on material
| i
1 I properties of layers, their orientation and location.

Aij = Yi=1 Qif (Zk — Zk—1)
_Zk 1 Q (Zk Zl%—l)

1 %
D;; = 52 Qif (2 — zi—1)

where: z;, — distance of k-layer from the middle layer
Q; ;‘ — stiffnes matrix of k-layer transformed to xy-coordinate system

19




Example 2. Unidirectional stretching of a six-layer laminate

Thickness of each layer is 0.125 mm, reinforcement directions are [45°,-45°,45°,-45°,45°,-45°]. Size: L, = 100 mm,
L, = 100 mm. A carbon-epoxy composite has Young’s moduli: E;;= 211000 MPa, E,,= E3;= 5300 MPa, Kirchoff’s
moduli G;,= G3,= 2600 MPa, G,;= 2000 MPa. Poisson’s ratios: v,,= v3,=0.25, v,5= 0.2 . Load is applied as uniform
traction N, = 10N/mm. Find deformation and stresses in layers.

Analytical solution: e N
& Ny

o o4 B Mo

K;, [B D Mx

Ky My

| Kxy _Mxy_

(ex| [ 1348e—4 —1.216e -4 0 0 0 ~1.69¢ — 51[107
539 —1.216e—4 1.348e — 4 0 0 0 —1.69¢ —5]]| 0
y)?y _ 0 0 2.685e —5 —1.69e—5 —1.69e—-5 0 0
Ky 0 0 —1.69¢e—5 2.876e—3 —2.594e¢ —3 0 0
Ky 0 0 —1.69e—5 —2.594¢e—-3 2.876e—3 0 0

Kyl L —1.69¢e—5 —1.69¢—-5 0 0 0 5.728e — 4110 |

Strain in the middle layer: Displacements (assuming small deformations):
'SZ' $1.348e — 3 |
&y —1.216e -3 Ux =¢%Lx=0,135 mm,
Vay | = 0 —e O —_
K;’ 0 Uy &y {JYL 0,122 mm,
Ky 0 Uz = Kyy—> = —0,845 mm.
_Kjxy_ L —1.69¢ — 4

20




. . Figure 281.2: SHELL281 Stress Output
FE model of a six-layer laminate
. . - 0 -
Analytical solution: Ex 1.348e — 3
0
&y —1.216e — 3
Ux =¢Lx =0,135 mm, /0 0
— 0 _ Xy | =
Uy =g I_{ =-0,122 mm, K, 0
xLy 0
Uz =k = —0,845 mm. Ky
Xy 2
Kny| | =169 —4
UX=UZ=0
& Material Props
Layerd Mateciald ; ?::::rlll(-:::.m|u Linear Orthotropic Material Propesties for Material Number 1
B Electromag Units | D =
1 l 1 :,é.,,wm ALPX kol Mok Do e Cﬂot)aef‘ulssunbnuhor"
" | S oy crnaria” ||| o ECTCENEE -l | m Favores rompeatars
5 ‘ H LN —— o
’ - * % 3 Ech:c:c’;: Ctris P 5 e
. I i e T L —
. 3 10 N / m m s ! € 1 E?ﬁi&:’f‘.’l&%’é’.“d, g :gm\ﬁg %marﬁ\oﬂ g:; h—m
UX=UY=UZ=0 ot e ) e |
UZ=0 i, s el
]
.014976 M7 —.121629
. 029951 o —.108115
— .044927 = —.094601
— m 0g0
E losgess E= _ps4057
, =
.10483 = —.040543
- -1027029
. = 6.013514
Displacement UX (mm)
Displacement

UY (mm)

SMN =-.844145

1844145
o -.750351
o —l656557 SMY =—2.7174
B -.562763 MK =2.7174
B 468969 o 27174
-1375175 —2.11353
[ | I
-1281382 1.50067
1 .
=. 187588 = 9058
mm 093794 mm 301933
.1438-10 = oisn
9058
1 {75067
2.11353
|

Displacement UZ (mm) Stress SY in layers (g, ) 21




Example 3. Unidirectional stretching of a four-layer laminate

UX=UZ=0

UX=UY=UZ=0

Ea R Ne I

PLCT INO. 1
NCDAL SCLUTICT
STERP=1

SUB =1

TIME=1

Ux (AVG)
RSY5=0
PowerGrarhics
EFACET=1

AECCEETEN

-101645

The limit values of stress and strain

I\ Add/Edit Failure Criteria

[FC] Temperature-independent failure criteria for material 1

X Y Z
Strain in Tension “}0019 | |0‘0019 | |0.0DW
Strain in Compression | -0.0019 | | -0.0019 | | -0.001
Xy YZ Xz
Strain in Shear [00025 | [o001 | [o001
X Y Z
Stress in Tension |4DD | | 10 | | 1
Stress in Compression | -400 | | -10 | | -1
Xy YZ Xz
Stress in Shear | 10 | | 1 | | 1
XY YZ K
Stress Coupling Coefficients | 1 | | 1 | | ]
DOF Solution
Zli33:129
PLCT INO. 1
NCDAL SCLUTTIC
STEP=1
SUB =1
TIME~1
oy (AVG)
R3Y5=0
PowerGraphics
EFACET=1
AVRES=Mat
DM =.804673

SMT =—. 090662
SMK =.562F-12
.090662
080589
070515
060442
050368
040294
030221
020147
.010074
L00ZE-12

IE0CROOEN

Material
properties

r
| I\ Linear Orthotropic Properties for Material Numk

| Linear Orthotropic Matenal Properties fi

| Choose Poisson's Ratio |

T1
Temperatures |0
EX 2.11E+05
EY 5300
EZ 1000
PRXY 0.25
PRYZ 0
PRXZ 0
GXY 2600
GYZ 1000
GXZ 1000
Add Temperature Delete Temg
21:33:37
PLOT NO. 1
NCDAL SCLUTICI
STEP=1
SUB =1
TIME=1
uz (BVG)
R3YsS=0
PowerGraphics
EFACET=1
AVRES=Mat
DMK =.804673

AECCNE0NN

363E-11
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Lagert Materialf

Stress components in layers (two types of reinforcement)

[45°,-45°,45°,-45°] — asymmetrical

NCOAL SOLUTIO NODAL SCLUTICH NODAL SCLUTICH
STEP=1 STEP-1 TEP=1
SUB =1 SUB =1 SUB =1
TIME~1 TIME-1 TIME=1
SX (BVG SY (AVG) SKY (BVG)
RSYS=0 RSYS=0 RSYS=0
PowerGraphics PowerGraphics PowerGraphics
EFACET=1 EFACET=1 EFACET=1
AVRES=Mat RVRES-Mat RVRES=Mat
DMX =.804769 DM =.804769 DMK =.804769
MY =—3.06355 SMY =—7.77811
SMX SMK :33.062525 SMK =7.77811
6.93645 -3. —7.77811
o 7617z . -2:38216 60494
O 8.29803 O L.70197 O 432117
0 8.978ez = -l.02118 = 2.5927
= 9.65%L 0= ;340395 0= 964234
3 10.3404 o :3403% o 064234
— 11.0212 — 1.02L18 — 2.5927
= 1.0 = 1l.70197 = 4217
mm 123828 Bl 239276 6.04964
13.0636 3106355 W a1

Layerd Materialf

[45°,-45°,-45°,45°] — symmetrical

NCDAL SCLUTTICN NCDAL SOLUTICIT NCDAL SCLUTICR
STEP=1 STEP=1 TRP—1
SUB =1 SUB =1 SUB =1
TIME=1 TIME=1 TIME~1
SX (AVG) SY (AVG) SKY (AVG)
RSYS=0 RSYS=0 RSYS=0
PowerGraphics PowerGraphics PowerGraphics
EFACET=1 EFACET=1 EFACET=1
AVRES=Mat RVRES=Mat RVRES=Mat
DMK =.136134 MK =.136134 MK =.136134
SMY =10 SMN =—.566E-09 SM =—4.69742
SME =10 SMX =.836E-09 SME =4.69742
- —.566E-09 - —4.69742
—.410E-09 —3.65355
[ 7 [ .
.254F-09 2.60968
o . e
.985E-10 1.56581
= - = _
.573F-10 521936
= . ==
L213F-09 521936
[ 5 —
.369F-09 1.56581
] 5 —
= .525F-09 = 2.60968
] 681F-09 ] 3.65355
: .
.836E-09 4.69742
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Example 4a. An isotropic plate with a hole (¢ = 40mm)

Linear Isotropic Material Properties for Material Number 1

T1
Temperatures |0
EX
PRXY
FEm | . Add Temperalurel Delete Temperalurel Graph
ode DOF Solution G
ok Cancel Hel
11:10:20 | | 2 |
PLOT MO.
FLEMENTS 11:10:36
PowerGrapr PLOT NO. 1 11:10:45
EFACET=1 NCDAL SCLUTTICN HOT Mo, 1 Uz 11:10:52
— STEP— NCDAL SCLUTICN PLOT MO, 1
STED= NCDAL SOLUTICH
-10 5B =1 STEP=1
TIME=1 e
Y (BVG) TIME=
RSVS=0 uz (RVG)
PowerGraphics RSYS=0 )
EFACET=1 PowerGraphics
AVRES=Mat EFRCET=1
- DMK =.007242 AVRES-Mat
SMX =.007215 T = 005212 DMK =.007242
_ 003804 SMX =.003458
—.002597
~l001371 00l
—.144E-03 Casrmens
.001082 35e 03
.002309 3e6Eo03
003535 338503
004762 “baises
.005988 03196
.007215 08
.003458
Stress

ox [MPa] =

SUB =1 STEP=1 |
g}I{ME::L () SUB =1 %Iif
RSvs=0 A TIME-L SoE =1
PowerGraphics = o o) i
h RSYS=0 RSYS=0 SEQV (AVG)
EFACET=1 ;
T PowerGraphics PowerGraphics PowerGraphics
AVRES=Mat EFACET=1 EFACET=1 EFACET=1
DMX =.007242 AVRES=Mat BVRES=Mat AVEES=Mat
SMI —1.76572 LMK =.007242 &
= DMK =.007242 MK =.007242
SMK =46.5254
SMY 7123&52%6 SMY =—12.448 SMV =1.04036
- L7672 SMX =14. SMX =12.4114 SMK =46.113
3.59996 mm 238626 _12.448 mm 1.04036
:%ggggg ~9.68587 6.04844
. 710-9494 —6.92371 11.0565
/= i é4506 —4.16155 16.0646
= 72.34067 -1.39939 21.0727
[ e 1.36277 26.0807
1 6.26809 4.12494 31.0e88
[ 6.8871 36.0969
= L0 9.64926 41.1049
14.8769 12.4114 46.113




Example 4b. Four- Iayer plate (from Ex. 3) with a hole [45°,-45°,45°,-45°] — asymmetric reinforcement

21:48:58
DOF Solution PLOT MO. 1 PLOT NO. 1
MNCDAL SCLUTICN TODAL SCLUTTICN
BUD = STEP=1 STEP=1
TIME=1 SUB =1 SUB =1
UX (BVG) TIME=1 TIME-1
RSYs=0 Uy (BVG) Uz (AVG)
PowerGraphics RSYS=0
EFACET=1 PowerGraphlcs
BAVRES=Mat EFACE
MY =.145112 AVRES:Mat
=—.009572 CMX =.145112
=.085029 SMT .053825
- 009572 SMX =.005124

BEOCDE0NN 222

.085029

|

]

=

= .030058
I

[

=

]

IIDDIDDII

.005124 1064843

Stress SX [MPa]
PR PR
PLOT MNO. 1 PLOT NO. 1 PLOT NO. 1 PLCT NO. 1
TNCDAL SCLUTTICN NCDAL SCLUTICN NCDAL SCLUTICN NODAL, SCLUTTICN
STEP= STEP= - STEP=
SUB =1 SUB =1 SUB =1 SUB =1
TIMF=1 TIME=1 TIME=1 TIME=1
5K (AVG) SX (AVG) SX (BVG) SX (AVG)
LAYR=1 LAYR=2 LAYR=3 LAYR=4
RSYS=0 RSYS=0 RSYS=0 RSYS=0
PowerGraphics PowerGraphics PowerGraphics PowerGraphics
EFACET=1 CET=1 EFACET=1 EFACET=1
AVRES=Mat —Mat AVRES AVRES=Mat
DMY =.145112 145112 DMK DMK =.145112
SM =—7.80806 -15.393 MY SMT =—6.02358
SMX =60.6899 89,2392 MK SMX :42.33338
~7.80806 -15.393 -6.
o ge 3.76716 [ | o .dad%e
7.4137 7.85863 | 6.3135
o (] =
0 15.0246 19.4844 = 0 l2.4%2
O 22.635% 31.1102 = 0 le.e506
O 30.2463 42.736 = 0 24.8l91
— 37.8572 54.3618 = = 30.9877
= 45.4681 65.9876 = = 37.1562
mm 03-079 77.6134 mm 43-3247
60.6899 89.2392 L 49,4933
oo Maximum stress criterion o
FLOT 1D, 1 10:49:50 HoT Mo, 1
MNODAL SCLUTIO Luigviau PLCT NO. 1 NODAL SC‘)LUTIQQ
STEP=1 DLOT MO. 1 NODAL SCLUTICH
SUB =1 NCDAL SOLUTICH STEP-1 STE. iy
TIMF=1 STEP=1 B =1 %EE;I
FATLSMEX (AVG, SUB =1 TIME~1 e e e
TOP TIME~1 FATLSMAX (AVG) (BVG)
IAYR=1 FAILSMAX (AVG) o8 ThvE—t
RSYS=0 TOP LAYR=3 REYS=0
DM =.145112 LAYR=2 RSYS=0 DMK =. 145112
SMY =. 032254 RSYS=0 DMX =.145112 SMY =, 008459
SMKX =2.,14339 DMX =.145112 SMY =.012798 MK =2.10975
mm 032254 SMY =.024316 SMX =2.12096 =209
o 206624 SMX =2.13218 mm 012798 mm 00540
O 501395 mm 024316 mm 247038 = e
. 735965 258523 O 481279 = -
B loose 1432729 B s B 7088
B il B 26 B leaos R
1.43968 = .9%61143 O 1-184 0= 105
B g B il B llasn g 1.0
1.90882 — 1.42956 0 1-65248 = ¥,
ST B 1z N 18
189797 2.12096 .
k>1 2.13218
>
k>1 k>1 k>1

25




Example 4c. Four-layer plate (from Ex. 3) with a hole  [45°-45°,-45°,45°] —symmetric reinforcement

LU2fidl
PLCT NO. . e
ELFMENTS DOF Solution HeeT 1 10:28:29
PowerGragh NCDAL SCLOTICN oy
. SUB =1 SUB =1 B -1
PRES-HVCR TTME-1 Uy TIME-1 TIME-1
(BVG) Uy (BVG) UZ (AVG)
RSYS=0 RSYS=0 RSVS=0
PowerGrarhics PowerGraphics e i
EFACET=1 EFACET-1 FowerGraphics
RVRES=Mat AVRES AVRFSMat
DMK =.098935 DV DM =. 098935
SMY =-. 008702 SMT
SMKX =.083051 SMK
~.008702
= 001493 =
O -011688 O
0 021883 =
= 032077 =
O -042272 O
0 -052467 =
= 062662 =
o 072858 |
1083051
10:29:01 Stress SX [MPa]
PIOT NO. 1
NODAL, SCLOTTCh PLOT NO. 1 i
STEP-1 NCDAL SOLUTIC FLOT NO. 1
SUB =1 STREP= NCDAL SOLUTICN
TIME=1 B =1 STEP=
SE (AvG) TIME~1 SUB =1
LAvR—1 X (AVG) TIME-1
RSYS=0 TRvR=0 sx (AVG)
PowerGraphics RSYS=0 TAYR=
PowerGraphics RSYS=0 )
EFACET=1 PowerGraphics
FFACET=1
AVRES=Mat
DMK =.098935
SMN =-8.32356
SMX =59.1689
-8.32356
= 40439 mm 29399
B erare o L-47603
B 17 O 6.98385
B 21l 0 15.4437
e R B 23.9036
B seleri O 32.3635
=] e . 40.8233
B 5166 B 49.2832
59.1689 I 4 m
layer 2 layer 3 ayer '
luibbign . - N
PIOT NO. 1 Maximum stress criterion
NCDAL, SOLUTTC 10:57:05
STEP=1 PLOL NO. L PLOT NO. 1 BOT 0. 1
SUB =1 NCDAL SOTUTTCN NODAL, SOLOTTON HODRL SCLOTTON
TTME=1 STEP=1 STEP=1 bl
FATLSMAR (AW SUB =1 SUB =1 S -1
TOP TIME-1 TIME=1 TME—]
%ggi% %%)LSMAX (avG) FRILSHRX (BVG) FATLSMAX (AVG)
DMK —.098935 LAYR=2 LAYR=3 LG
SM =.005594 RSVS=0 Faveo
SME =2.1261 DMK =.098935 —
- DMK =.098935
005594 SM =.006203 -
- I SM =.005594
1241206 SMY =2.1261 -
= SME =2.1261
.476818 006203
— - 005594
71243 241748 -
— = 1241206
1948042 477292 [
— (] -476818
1.18365 712836 =
— = 71243
1.41927 .94838 =
= = .948042
1.65488 1.18392 =
= (] 1.18365
1.89049 1.41947 —
= O 1.41927
2.1261 = 1.65501 T 7geass
mm 1-890% B 19040
2.1261 .
2.1261
k>1
k>1 k
k>1 >1




Example 5. 2D-stretching of a four-layer plate (from Ex. 3)

UX=UZ=0

UX=UY=UZ=0 -

[90°,0°,0°,90°] - symmetric

Layer# Material$

1

20

Stress SX [MPa]  sme-!

Stress SY [MPa]

RSYS=0
PowerGraphics
FFACET=1
RVRES=Mat
DMK =.061333
SMY =3.28138
SMK =116.719
- 3.28138

&0
AR

ANSYS Release 1
Build 19.2

NoV 11 2024
11:50:08

PLOT NO. 1
NCDAL SOLUTICI
STE]

SUB =1

ME=!
SY (AVG)
R3Y3=0
PowerGraphics
EFRACET=1
AVRES=Mat
DMK =.061333
SMT =2.16507
SME =57.8349
mm 216507

Ef
oY EVE

r
A\ Linear Orthotropic Properties for Material Number 1

Linear Orthotropic Matenal Properties for Material Number 1

‘ Choose Poisson's Ratio
™
Temperatures |0
EX 2 11E+05

EY 5300
EZ 1000
PRXY 0.25

PRYZ 0

PRXZ 0

GXY 2600
GYZ 1000
GXZ 1000

Add Temperature Delete Temperature |

0K | Cancel

Graph

| Help |

[90°,0°,90°,0°] - asymmetric

Layer# Materialff

1

NCDAL SCLOTIC

Stress SX[MPa]  sme1
SUB =1

TIME~1
5K
RSYS=0

Stress SY [MPa]

ANSYS Release ]
Build 19.2

NOV 11 2024
11:55:26

PLOT NO. 1
NCDAL SCLUTICN
STEP=1

SUB =1

RSYS=0
PowerGrarhics
EFACET=1
RVRES=Mat

OMX =1.19101

ANCCNEONN




Example 6. Detailed modeling of a single layer (homogenization).

Ax

ELEMENT SOLUTION AN ELEMENT SOLUTION AN

SUB =1 SUB =1

TIME=1 TIME=1

SEQV (HOAVG) SEQV (HOAVG)
DX =.313082 DI =.313106
SMN =15.235
SMX =93,919

— N I B
15.238 32.722 50.207 67,692 85.176 4.7 5.967 7.233 5.499 9.765
23.98 41.465 58.949 76.434 93.919 5.333 6.6 7.866 9.132 10.398

RVE- representative volume element Von Mises stress in fibers [MPa] Von Mises stress in matrix [MPa]

Homogenization replaces a complex heterogeneous model with a homogeneous material having
substitute material properties.
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Example 7. FEM analysis of the PW-5 glider wing

Reinforcement
distribution

Aerodynamic load

Normal stress [MPa]

Deflection [mm]

Shear stress [MPa]

I — | |
—6.328 314.65%9 635.647 556.634
F95.14 1117
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