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Chapter 1

Elastic anisotropy

1.1 Basics of tensors and index notation

A 3-dimensional vector a in the 3D space spanned by the base vectors ej, ez, e3 can be represented in
the following way:

a=aje; + azes + azes (11)

where a;, i = 1,2,3 are the vector components. This can of course also be written as a sum according
to:

3
a = Zaiei (1.2)
i=1

Now, in order to simplify things, we can drop the summation sign whenever two indices are the same (i
in the vector form above). Thus, we use the short notation according to:

3
a= Zaiei = a;€e; (13)
i=1

meaning that any index (e.g. 7) can take the numbers 1-3 and when two identical indices are present,
this implicitly means a summation over that index from 1 to 3.
We can also introduce the matrix representation of the vector a according to:

ay
[ale,.e..e = | a2 (1.4)
as

where the subscripts indicate that the representation is made with respect to the coordinate system with
base vectors e;.
In the same way, we can write a second order tensor T as

T =Tie; ®e; +Tioe; ®ex +Tize; ®es
+Tr1e9 ® €1 + Thoes ® ex + Thzes @ e3

+T51e3 ®e1 + Tyoe3 ® ez + T33e3 ® e3 (1.5)
3 3
= Z Z T;je; ® e; = { index notation } = Tje; ® e;
i=1 j=1

where ® is the so-called open product between two vectors (resulting in a second order tensor) defined as
A:a®b, :>Aij :aibj. (16)
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Please note that ® on matrix form can be visualised as the multiplication of a column vector and a row
vector into a matrix. Furthermore, in Eq. (1.5) there are two indices ¢ and j present precisely two times
meaning that a summation should be conducted both for i = 1,2,3 and j = 1,2,3. And consequently,
the matrix representation of the second order tensor T is given by:

Ty T2 Ti3
[Tle,eses = | Tor T Tis (1.7)
T31 T3y 133

1.2 Repetition of strains
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Figure 1.1: Deformation sketch (from Agarwal et al., figure A2-2).

A point P is subjected to the displacement field u with components in the z-direction u(x,y, z),
the y-direction v(x,y, z) and the z-direction w(x,y, z). To identify the normal (longitudinal) and shear
strains at this point, we study the change of length and angle of two infinitesimal and perpendicular line
segments PA and PB, cf. Figure 1.1.

The normal strain in the z-direction at point P is obtained as the ratio between the increase of
length of PA in the x-direction due to deformation and the original length of PA. Thus, we obtain the
longitudinal strain in the z-direction, €, as:

. |P'A'|, —|PA|, B Azr+u(z+ Az, y,2) —u(z,y,2) — Az Ju(x,y, 2)

R TR Av i (1.8)

In the same manner, we obtain the longitudinal strain in the y-direction, ¢, as the ratio between the
increase of length of PB in the y-direction due to deformation and the original length of PB:

e, = lim |P B |, —|PB|y — lim Ay +ov(z,y+ Ay, z) —v(z,y,2) — Ay _ ov(z,y, z)

1.
Ay—0 |PB], Ay—0 Ay Oy (19)

Finally, we obtain the shear strain (or shear angle) as the sum of change of angles of PA and PB due
to deformation as:

v+%Aw—v+U+%Ay—u_8v ou

oy = Vo = _ li Y = 4+ — 1.1
Yoy = Yyz = @+ Aw—0, Ay—0 Ax Ay dr Oy (1.10)
where it was used that tan o ~ «, tan 8 ~ 3 for small strains.
Now, generalising these results to three dimensions, the remaining strains are found as:
ouw(z,y,2)
., = —)= 1.11
€ % (1.11)
ow  Ou
Yoz = Yz = % + g (112)
ow = Ov
= y=—+ — 1.13
VYyz Yy By 2 ( )
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Figure 1.2: Three-dimensional stress components (from Agarwal et al. figure A2-5).

Generally speaking, the strain is represented by a symmetric second order tensor € = €;;€; ® e; where
e; is the ith base vector. However, in this course we will restrict mainly to cartesian x,y,z-coordinate
systems thereby limiting ourselves to the fact that the strain tensor can be represented (with respect to
this coordinate system) by its cartesian matrix representation [g],,, according to:

1 1
Ex Exzy Exz 151: 5Vzy ?,YIZ
[E]xyz = | Cay &y Eyz | = ?%y 15.74 2Vyz (1.14)
Exz Eyz €z 57:62 §7yz €z

Please note that we in the following will omit the subscript zyz for convenience.

1.3 Repetition of stress

Generally, the stress at a point in a body is described by the nine components in the stress tensor o;;
according to

g = Jijei@)ej (115)

where (again) e; is the ith base vector. The stress tensor may be represented by a matrix representation
considering a particular coordinate system. If we again limit ourselves to the cartesian z,y, z-system (as
in Figure 1.2), the matrix representation of the stress tensor may be expressed as

Ozx  Taxy Taz Ozx  Tay Taz
O] = | Tya oy Tyz | ={o =05} =| Tay Oy Ty (1.16)
Tzx Tzy Ozz Txz Tyz Ozz

Please note that it in the last equality was used that the (Cauchy) stress tensor is symmetric, which
can be realised by studying the moment equilibrium of an infinitesimal parallelepiped element (at point
P(z,y,z)) with sides Az, Ay and Az respectively, cf. any basic course in solid mechanics or Appendix
A-2 in the course book.

1.4 Coordinate transformation of stress and strain components

Later, we will consider the transformation of the stress and strain components between a fibre oriented
coordinate system and a global reference coordinate system. For that purpose, we will need the trans-
formation law for a 2D plane stress case for which the two coordinate systems differ by a rotation about
the z axis, cf. Figure 1.3. Here, we will show two ways to derive the expressions for the coordinate
transformations based on i) coordinate transformation of the stress components by consideration of force
equilibrium and i) coordinate transformation by change of basis for tensors.



1.4.1 Coordinate transformation of stress components by consideration of
force equilibrium

yy
i

Figure 1.3: Definition of coordinate systems xyz and x/y/z, where the latter has been rotated +6 degrees
around the common z axis (z axis) (from Agarwal et al., Figure A2-3).

Figure 1.4: (from Agarwal et al., Figure A2-8).

In order to express the stress components in the 2'y’z’ coordinate system (which is rotated +6 degrees
around the z axis relative to the xyz coordinate system, cf. Figure 1.3) in terms of the components with
respect to the xyz system, we consider the equilibrium of two infinitesimal triangular elements as in
Figure 1.4. Considering the left part of the figure, with the diagonal area A and A, = Acosf and
A, = Asin6 we can via force equilibrium in the 2’ direction conclude that:

o, A =0, cos0A, + oy sinfAy, + 7,y cos §A, + T4y sin A,

) ) (1.17)

=A (O’I cos” 0 + o, sin” 0 4 27,, cos @ sin 0)
0; = 0, cos? 0 + o, sin? 0 4 27,,, cos 0 sin O (1.18)

In the same way, if we consider the equilibrium in the 3’ direction we obtain:
T;,yA = —0,sinfA, + o, cos A, + T,y cos A, — T,y sinbA, (1.19)
=A (fam sin 0 cos 0 + o, cos 0sin 0 + 7, cos? 6 — Tay sin? 9) '
T_;y = (0 — 0)sin 6 cos f + 7,y (cos® § — sin® §) (1.20)
Finally, if we do the same for the right part of the figure we obtain after some derivations:

a; = o,sin%0+ 0, cos® 0 — 27, sinf cos 0 (1.21)
T.;y = (0, —o0y)sinfcosf + 7,y (cos® § — sin® 0) (1.22)
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We see that Eq. (1.20) and Eq. (1.22) give the same result. Combining Eqgs. (1.18),(1.21) and (1.22)
into Voigt matrix form we finally obtain:

/
x JZ
’

g
o, ¢=N]3 o, (1.23)
sz Ta;y

where the stress transformation matrix [7}] is defined as:

cos? sin? 6 2sin 6 cos 6
[Ty] = sin? @ cos? 0 —2sinfcos b (1.24)
—sinfcosf sinfcosf cos?f —sin?6
It should be remarked that the coordinate transformation could just as well have been determined by

using the transformation laws of a second order tensor under change of basis, cf. Appendix A-1, which
yields the same transformation matrix as in Egs. (1.24).

1.4.2 Coordinate transformation of stress components by by change of basis
for tensors

In order to derive the expression for a coordinate transformation of the stress tensor, we first note that
the new base vectors of the rotated coordinate system, given a rotation 6 about the z-axis as in Figure 1.3,
are obtained as:

el R-e, < e, =R' € (1.25)
e, = R-e,oe,=R' ¢, (1.26)
e, = R-e,=e, (1.27)

with the given inter-relationships (€} - e; = R;;):

e e, = cos() (1.28)
e, e, = sin(d) (1.29)
e e, = 0 (1.30)
e, e, = —sin(f) (1.31)
e, e, = cos(f) (1.32)
e,ce. = 0 (1.33)
e e, = 0 (1.34)
e e, = 0 (1.35)
e e, = 0 (1.36)
whereby the transformation tensor R becomes:

cos(f) sin(f) 0
R=| —sin(d) cos(d) 0 |. (1.37)

0 0 1

Now, if we consider a change of base for a tensor, say the stress tensor, we have that:
o =o;je;, ®ej =o0;;(Rie})® (R;lef) = Rkiainél e, ® e (1.38)
———

’
Tkt

By restricting to plane stress, i.e. only accounting for components in the z- and y-directions, Eq. (1.38)
can be written on matrix form as:

[ oy T, ] _ { cos(6)  sin(0) } [ Cow Ty } [cos(@) — sin(0) (1.39)

7. o) —sin(0) cos(#) sin(f)  cos(0)

yx yy Ty Oyy

which, if in turn rewritten on contracted Voigt form, becomes identical to Eqgs. (1.23)-(1.24) (show this!).
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1.4.3 Coordinate transformation of strain components

Since the strain tensor € is an ordinary second order tensor exactly as the stress tensor, they both follow
the same transformation laws. Hence, we can start by concluding that:

5; = g, co8? 0+ ¢, sin? 0 + 2¢,, cos O sin § (1.40)
e; = ¢e,sin?6 4 ¢, cos® O — 2¢,, sin 6 cos § (1.41)
5;3} = (gy —¢&,)sinfcosd + gy (cos® O — sin®0) (1.42)
Now, since we have that £,y = 17,,, 5. = 37,. and &, = 37,. we also have that 5;@ = %*y;y, €, = %7;2
and g, = %’yyz which finally yields:
e, = epcosf—+ gy 8in? 0 + 7., cos O sin 6 (1.43)
5; = ¢&,sin?0 + ¢, cos® 6 — 7, sin 6 cos O (1.44)
Yoy = 2(gy — €x)sindcosd + 7,y (cos? § — sin? ) (1.45)
or
£, €x
e’:‘y = [TQ] Ey (146)
Yy Ty
with
cos? 6 sin ¢ sin 6 cos 6
T3] = sin? 0 cos? 0 —sinfcosf | . (1.47)

—2sinfcos® 2sinfcosh cos? —sin?0

Please note that it is often more convenient to use numbers rather than characters when indicating
the components of a vector or tensor. Hence, we will in the following use that the z-direction cor-
responds to the 1-direction (or the direction of base vector x;), the y-directions corresponds
to the 2-direction and the z-direction corresponds to the 3-direction. Consequently, we get
Ozz —> 011, Oyy —> 022, Tzy —> T12 €tcC.

1.5 Hooke’s law and stiffness and compliance matrices

The most general linear relationship that relates the (Cauchy) stress o with the linear strain € under the
assumption of ’small’ strains can on component form be expressed as the generalised Hooke’s law as

Oij = LvjjkI€KI (1.48)

which for e.g 011 yields (i=1; j=1; summation over k=1,2, 3 and /= 1,2,3):

o11 = Erii€11 + Eii2€12 + Eriizers + Eri21€21 + Er122822 + Eri23€23 + Er131€31 + E1132832 + El133€33

(1.49)
This can for all components of stress be written on Voigt matrix form as:
011 Ei111 Eriz2 Erszs Eries Eusi Eiie Eirze Eris B €11
0922 Ea211  FEa222 FEaozz K223 Fao31 Easiz FEaza FEaoiz Koo €22
033 Es311 FE3zszo2  FEssss  Eszos Fzzz1 FEssiz Eszse Fsziz Easag €33
To3 Ea311 Fazaa  FEazzz  Eozos FEaszz1 FEaziz Eozze  FEasziz Fazan €23
731 p = | E3111 Esi22 FE3133 FEz123 Esz131 Esi12 FEz1z2 Ezniz Esio €31 (1.50)
T12 E1211 Fi222 FEi23sz3 FEi223 Fi231 Fi2i2 Eiesze Eio13 Fraan €12
T32 E3211  FE3200 FE3233 K223 FE3231 E3212 FE3232 E3o13 K321 €32
T13 E1311 FEizaa Fi3zs Eizes Fizsir Eizie Eizzz Eisi3 Eison €13
To1 | E2111 E2122 Eo9133 FEoies Eoiz1 Foiiz Eoizz Fonis Eoizn | (| e:
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Please distinguish between the matrix form of a tensor [o] resulting in a 3x3 matrix and the Voigt
matrix form of the same tensor {o} resulting in a 9x1 (or rather 6x1 due to symmetry) vector.

Please also note that the first row of Eq. (1.50) is the same as the expression for o1; in Eq. (1.49),
but with the terms in a different order. The index ordering of Eq. (1.50) is often used in the literature
and hence also adopted in the current course.

At a first glance it appears as if there in the most general elastic case are 81 elastic constants describing
the relation between stress and strain. Fortunately, due to symmetry arguments it can, cf. below, be
shown that in the most general elastically anisotropic case, 21 independent components are necessary to
describe the relation between o and €.

1.5.1 Reduction of 27 constants due to symmetry of the strain tensor

Since € is symmetric (eg; = £;x) we also have that
Eijii = Eijik- (1.51)

In order to see how this reduces the amount of independent constants of E, we first conclude that the two
first indices ¢ and j can be combined in 9 different ways. Secondly, for each combination of i and j, we
can find three pairs of identical Components of E (Eij12 = Eij?la Eij13 = Eij317 Eijgg = Eij32> Whereby
three components (for each combination of ¢ and j) can be replaced by their counterpart, leading to a
reduction of 9 x 3 = 27 constants (54 left).

1.5.2 Reduction of additionally 18 constants due to symmetry of the stress
tensor

Since o is symmetric (0;; = 0;;) we also have that
Eijki = Ejiki- (1.52)

With the respect to the first reduction we note that to two last indices (k and ) can be combined in six
independent ways. And for each of these combinations, there are as in the previous case three pairs of
equal components (Eiog = FEo1x1, F13ki = Es1k1, Faski = Esarr). This leads to a reduction with another
18 constants (36 left).

1.5.3 Further reduction of 15 constants based on thermodynamical argu-
ments

Assume the existence of a strain energy density function U = U(g;;) with the property:

oUu

? = 045 = LvjkI€kI = (1.53)
ij
0 ou

Interchanging order of taking the derivative results in:

0 ou
= Eyii 1.55
aEij <85k1> klig ( )
which finally yields:
Ejiki = Eyij (1.56)

This results in a reduction with additionally 15 components. Thus, finally we end up with 21
independent components in the most general anisotropic case for linear elasticity.
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1.6 Specially orthotropic material

Orthotropic materials have properties that exhibit symmetry with respect to certain planes. Or, as
an alternative interpretation, the elastic constants do not change when the direction perpendicular (or
normal) to the plane of symmetry is reversed.

An example is a composite laminate reinforced with fibres. Thus, we let x7 and x5 be two base vectors
in the lamina plane and z3 to be the base vector pointing out of plane. Then, it can be realised that
the lamina experience the same properties in the +x;-direction meaning that one plane of symmetry
is the xoxs-plane. In the same way it can be realised that the properties are also the same in +xo-
direction (z7z3-plane is plane of symmetry) and in the +xz3-direction (z;z9-plane is plane of symmetry)
respectively. Based on these symmetry arguments, it can be shown that a total number of 9 elastic
constants are enough to describe the constitutive relation between stresses and strains, cf. the course
book. Hence, E can be expressed (with due consideration to the symmetry arguments) on Voigt form as:

Eii11 Eiio2 Eriss 0 0 0
Ei122  FEax  Eszoo 0 0 0
Ei133  FEa33  FEssss 0 0 0
E| = 1.57
[ ] 0 0 0 FEo303 0 0 ( )
0 0 0 0 Eq313 0
0 0 0 0 0 Ei212
or equivalently with a more contracted notation as o; = Cj;e;, 4,5 =1,2,3,4,5,6
o1 Cii Ci2 Ciz O 0 0 €1
P Ciz2 Ca Ca3 O 0 0 €2
o3 | | Ciz Co C33 O 0 0 €3
T23 o 0 0 0 044 0 0 Y23 (158)
T13 0 0 0 0 055 0 Y13
T12 0 0 0 0 0 066 Y12

Please note that the forms of Egs. (1.57) and (1.58) are obtained when the coordinate axes are placed
along the normals to the symmetry planes. In general, if this is not the case, the [E] and [C] matrices
are full. But in this case, the components are not independent and there is still only necessary to have
nine independent material constants to describe the constitutive response.

1.7 Transversely isotropic material

A transversely isotropic material has one plane of isotropy. As an example consider a unidirectional fibre
reinforced composite. For this material, the mechanical properties in all directions perpendicular to the
longitudinal (fibre) direction are considered the same. Since a transversely isotropic material has more
planes of symmetry, the number of independent elastic constants will be further reduced.

If we consider the fibre direction to coincide with the z;-direction, making the xox3-plane the plane
of isotropy, it can be shown that:

Cae — C
Ca2 = Cs3, C12 = C3, Cs5 = Ceg, Caa = % (1.59)
whereby the Voigt form of the relation between the stresses and strains can be written as:

o1 Cii Ciz Chg 0 0 0 €1
g9 012 022 023 0 0 0 S
g3 o 012 023 022 0 0 0 €3
T3 [ 0 0 0 70225023 0 0 Y23 (1.60)
T13 0 0 0 0 C66 0 Y13
T12 0 0 0 0 0 CGG Y12

Thus, only five independent elastic constants are necessary to describe the constitutive response of a
transversely isotropic material.
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1.8 Constitutive relations for a fibre reinforced lamina

In order to establish the constitutive relations for a unidirectional composite (or a single unidirectional
lamina/ply of a composite laminate), we make the basic assumption that it is in the state of plane
stress. Thus, if a coordinate system xjxox3 is placed such that the x;-axis points in the direction of
the fibres and the zs-axis points out of the lamina plane we have o3 = 793 = 715 = 0 and Eq. (1.60) is
reduced to

o1 Qu Q12 0 €1
o2 p=| Q2 Q@ 0 €2 (1.61)
Ti2 0 0 Qses Y12

Q

or equivalently in terms of longitudinal and transverse stresses and strains (01 — or,,09 — 07,012 — OLT
etc.

gy, €L
or »=[Q]¢ er (1.62)
TLT LT

The plane stress assumption is generally a valid assumption since in the majority of the structural
applications, composite laminates are loaded in the plane of the laminate. And even if there are normal
stresses present in the out-of-plane direction (e.g. caused by internal or external pressure) these stresses
are often much smaller than the in-plane stresses.

To arrive at the general relation between stresses and strains, i.e. to establish the expressions for the
components of [Q] we note that it can be considered as the superposition of load cases in which only
one of the in-plane stress components are non-zero. Thus, as a starting point, we consider each of these
states individually.

1.8.1 Longitudinal stress o; nonzero

=50
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i L ]
| | |
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o |-<~ETvaTE—t:

b

Figure 1.5: Deformation due to nonzero longitudinal stress (from Agarwal et al., Figure 5-3).

The resulting strains when only the longitudinal stress o;, acts on the lamina are:

oL
= = 1.63
€L B, (1.63)
ET = _VLTeL:_VLT% (164)
L
yer = 0 (1.65)

where Ep is the longitudinal stiffness and v is the so-called major Poisson’s ratio relating the longitu-
dinal stress to the transverse strain.
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1.8.2 Transverse stress or nonzero
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Figure 1.6: Deformation due to nonzero transverse stress (from Agarwal et al., Figure 5-3).

The resulting strains when only the transverse stress op acts on the lamina are:

or
_ 1.
er o (1.66)
g
€L = *VTL€T:*VTLfET (1.67)
T
yor = 0 (1.68)

where E is the transverse stiffness and vy, is the so-called minor Poisson’s ratio relating the transverse
stress to the longitudinal strain.

1.8.3 Shear stress 77 nonzero

or

_hr
Yo TGy

Figure 1.7: Deformation due to nonzero shear stress (from Agarwal et al., Figure 5-3).

The resulting strains when only the shear stress 7.7 acts on the lamina are:

e, = 0 (1.69)

er = 0 (1.70)
TLT

= = 1.71

YLT Goir ( 7)

where G 1 is the shear modulus of the lamina.
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1.8.4 Total constitutive relation

If we superimpose the strains from these three states one obtains:

gy, or
5 = — — R — 1.72
L B, vUTL Er ( )
or or oL
_ or _ _9r _, 9L 1.73
e By T VITEL = jo T VITE (1.73)
TLT
LT = A 1.74
gl Gir (1.74)
or on Voigt matrix form
EL %L _% 0 oL
ErT = —VEL% %T 0 ar (175)
YLT 0 0 %LT TLT
If we invert this relation, we obtain:
£y vrL By 0
oL 1l—vprvrr, 1—viprvrp €L
or = virEr Er 0 er (1.76)
TLT l-virvrrn  1—-virvrg YLT
0 0 Grr
Q

If we make use of the fact that the lamina/ply is transversely isotropic we can also conclude that the
matrix [Q] is symmetric whereby

vrEL virEr

= = virEr =vrrEp (177)
1—vervrr  1—vervrp

1.9 Constitutive relations in terms of global coordinates

In order to make use of the relation (1.76) in analyses of composite laminates, constitutive relations need
to be transformed from fibre oriented coordinate axes LT to global coordinate axes xy. To do so, consider
a lamina with fibres oriented by a rotation angle +6 around the out-of-plane coordinate axis according
to Figure 1.8. It can be shown that the stresses and strains can be transformed from the fibre oriented
coordinate system to the global coordinate system as:

oL Oz

or p=[T1]{ oy (1.78)
TLT Try

€L Ex

er =[To]{ &y (1.79)
YLT Yy

where [T}] and [T5] are the stress transformation matrix and the strain transformation matrix respectively
defined in Eq. (1.24) and Eq. (1.47).
Thus, the relation between stresses and strains in the global coordinates is obtained as

Oz Ex
oy ¢ =[N QRIS &y (1.80)
T Q) oy
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Figure 1.8: UD lamina with fibres oriented +6 degrees.
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Chapter 2

Lamina theory

2.1 Volume and weight fractions

A very important factor influencing the properties of a composite is the relative portions of the matrix
and the fibre materials. This can be characterised in (at least) two different ways: by weight fractions,
W; or volume fractions V; where i stands for either the matrix (m) or the fibre (f) material. The
weight fractions are easier to determine from the manufacturing or by subsequent experiments (due to
mass conservation), whereas the volume fractions is used exclusively in the theoretical analysis of the
properties of the composite material.

2.1.1 Weight fraction

If the total weight of the composite material is denoted w. and the total weights of the matrix and fibre
material are denoted wy,, and w; respectively, we have that

We = W, + W5 (2.1)

and the weight fractions of matrix material (W,,) and fibre material (W) can be defined as:

L (2.2)

We We

W =

2.1.2 Volume fractions

If the total volumes of the matrix and fibre material are denoted vy, and vy respectively, and if one in the
initial stage neglects the existence of pores in the composite material, the total volume of the composite
material may be expressed as

Ve = Um + Uf- (23)

Consequently, the volume fractions of matrix material (v,,,) and fibre material (v¢) can be defined as:

Vi = om V= L (2.4)

Ve Ve

Since the weight fractions are easier to determine from experiments, relations between these weight
fractions and the volume fractions are of importance. Introducing p., pm and py for the density of the
composite material, the matrix material and the fibre material, the relation between the volume and
weight fractions are obtained as

wr Prvys Pr
W, = —L=BCF_Ply 2.5
! We PcVc Pe ! ( )
Wm = pim‘/tm (26)

c
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Remains then to determine the density of the composite material (neglecting the existence of pores).
To do this, we first note that the total volume of the composite may be written as

v = We _ Wm | Wp _ WiPm T PfUm (2.7)

From this expression, we can obtain p. as

WePmPf 1 ! (2.8)
p‘ = = Wr " = . .
W ppwm o e (W pg) + (Wi /pm)

WepPf WePm

It should be remarked that in the presence of voids, the actual composite density is somewhat lower.
In general, this discrepancy might be rather small (less than 1% for a good composite) but a difference of
up to 5% can be expected for a poorly produced composite. However, the actual effect of a higher amount
of voids may have significant influence on some of the properties such as a lowered fatigue resistance and
strength.

2.2 Analytical and semi-empirical methods for predicting lam-
ina properties of unidirectional composites

The properties of a composite material depend on the properties of its constituents, their concentrations,
distributions and orientations as well as their physical and chemical interaction. The most direct method
to determine the properties of a composite material is by experimental methods. In many cases,
rather simple methods can be used to determine e.g. longitudinal stiffness and (tensile) strength of a
lamina. However, the experimental results obtained are only valid for that particular fibre matrix system
in terms of volume fractions, constituent properties and production method. If any one of these are
changed, new experiments need to be performed in order to establish the properties of the new system.
Such extensive testing may be very time consuming and costly, whereby analytical or semi-empirical
models can be a very valuable tool to predict some of the properties. Some of the available models, to
obtain homogenised properties of the composite, will be discussed below in this section.

2.2.1 Longitudinal properties

2.2.1.1 Longitudinal stiffness prediction based on the constant stress assumption - the
Voigt assumption

To predict the longitudinal stiffness of a unidirectional composite lamina, the fibres are assumed as
uniform in properties and size and parallel throughout the composite, cf. Figure 2.1. Furthermore,
prefect bonding between the matrix and the fibres is assumed. This implies that the longitudinal strains
experienced by the fibres €y, the matrix €,,;, and the composite €., are the same:

EfL = EmL = EcL (2.9)

This is in general homogenisation theory denoted the Voigt assumption which serves as an upper limit
of the possible stiffness of a composite in any direction, given a certain fibre volume fraction.

Based on the assumptions above, the longitudinal load P, carried by the composite will be shared
between the fibres Py and the matrix P, so that

Pc:JcAc:Pf+Pm:O'fAf+JmAm (210)

where 0., 05 and oy, are the stresses experienced by the composite, the fibres and the matrix respectively,
and where A., Ay and A,, are the corresponding total cross sectional areas. From Eq. (2.10), we can
get the expression for the composite stress o. which, by using the fact that the area fractions equals the
volume fractions of a unidirectional composite, takes the form

m =

A A
ac:UfA—eromA— ofVi+ 0m V. (2.11)

16



Figure 2.1: Model for predicting longitudinal behaviour of unidirectional composite (from Agarwal et al.,
Figure 3-3).

If we now assume that both the fibres and the matrix behaves linear elastic (¢ = Fe) we obtain the
expression of the longitudinal elastic stiffness (modulus) of the composite as

Er =EiVi+ EnVi, (2.12)

which generally is denoted the rule of miztures (ROM). For a composite of n constituents, the expression
for the longitudinal stiffness can be generalised as

EL = ZEV (2.13)
=1

From Egs. (2.12)-(2.13) and in Figure 2.2 it can be seen that, for the case of significantly stiffer fibres
(compared to the matrix), most of the (longitudinal) load is carried by the fibres already at rather low
fibre volume fractions.

It should be remarked that Egs. (2.12)-(2.13) are only valid as long as both the matrix and the
fibre material behaves linear elastic. This may however constitute only a small portion of the stress-
strain behaviour and generally, the longitudinal deformation of a unidirectional composite proceed in
four stages:

1. The matrix and the fibres both deform linear elastically

2. The fibres still deform linear elastically whereas the matrix deforms nonlinearly elastic or even
plastically

3. The fibres and the matrix both deform in a nonlinear fashion

4. The fibres break followed by composite failure

Whereas stage 3 can be observed only for ductile fibres, stage 2 may occupy the largest portion
of the composite stress-strain curve (which is no longer linear) and the longitudinal composite stiffness
(modulus) relating an incremental change in strain to the corresponding change in stress (Ao, = ELAAE L)
must be predicted at each composite strain level €. as

)
EA=EV; + (a?) Vin (2.14)

Jdo . . . . . .
where (m is the slope of the matrix stress-strain curve at strain .. However, in practice, the
Em
Ec

non-linearity of the stress-strain curve for the matrix material has low effect on the composite stiffness,
especially at significant fibre fraction. Thus, in many cases Eq. (2.12) is a good approximation.
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It should be remarked that the rule of mixtures is accurate for longitudinal tensile stiffness. But
when loaded in compression, the response of the composite observed in experiments may
deviate from the analytical predictions (ROM). This because the combined compressive properties
is strongly dependent on the matrix material properties, such as its shear stiffness (cf. buckling), whereas
the tensile response is much more governed by the fibre properties.

0 i Il —
0 0.2 04 0.6 0.8
Fiber volume fraction

Figure 2.2: Graph showing the percentage of the total force carried by the fibres in a unidirectional
composite as function of fibre volume fraction (from Agarwal et al., Figure 3-5).

2.2.1.2 Tensile strength

Failure initiates when the fibres are subjected to their fracture strain, assuming that the fibre failure strain
£} is less than the matrix failure strain, which is generally the case. In most practicable applications with
a sufficiently high volume fraction of fibres and where the matrix material behaves linearly elastic up to
fibre failure, the failure stress of the composite 0., (cu for composite ultimate) can be expressed by the
rule of mixtures as:

OeA = Uquf + (O'm)g} Ap =
Af Am Af _ Am _
Ten = TpuTy ¥ Ome TL {A =V = Vm} =
- . En,
Ocu = 0pVy+ (Um)s;fc Vi = {matrlx linear elastic up to 5;} =0 | Vi + E—Vm (2.15)
f

where oy, is the fibre fracture stress (or ultimate strength of the fibres) and (o,,) - is the stress in a
matrix subjected to the strain at which the fibres fail (¢}), cf Figure 2.3.

It can be seen that Eq. (2.15) predicts a lower composite strength for the composite compared to the
unreinforced matrix material for a certain level of fibre volume fraction (below Vp;t). Vit is defined as
when the failure strength of the composite equals the failure strength of the unreinforced matrix material,

ie.

Omu — (Jm)s;
* (1 - chrit) = Omu = ‘/crit = N - (216)
F — Ofu — (O—m)s}
W

O'fu‘/crit + (U’m)g

However, for most practical applications (V.;:) is 'really small’. Consider e.g. the common composite
material consisting of carbon fibres and epoxy matrix (or resin) material. From mean values of the
respective strength for carbon fibres (cf. Table 1-1 in Agarwal et al.) oy, ~ 2.3 GPa and epoxy (cf.
Table 2-11 in Agarwal et al.) o, ~ 92.5 MPa and assuming that the epoxy is linear elastic up to the
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Umu

(Um)g' g

Figure 2.3: Graph showing the composite longitudinal failure stress o., as function of fibre volume
fraction (from Agarwal et al., Figure 3-7).

failure strain of the fibres e} = 2.3 109/315 - 10° = 0.0073 — (0)_. = 3.425 - 10°-0.0073 = 25 MPa, we
FN——

Eepuz:y
can obtain V,.;; as:
92.5-10% — 25 . 106
Vierit = ~ 0.03 2.17
et 93,109 — 25 - 106 (2.17)

That is, the critical volume fraction of fibres V,,.;; is about 3% which is considerably lower than in any
practical applications (50-60%).

2.2.1.3 Compressive strength

It is unlikely that the fibres themselves would break due to compressive stresses. But when being subjected
to compressive loads the fibres acts as long columns and either so-called micro-buckling or fibre kinking
can occur. Of course, the buckling load of a fibre embedded into a matrix is significantly larger than
for a free fibre or fibre bundle. But still, fibre (bundle) buckling can occur even when the corresponding
matrix stresses are in the elastic range. However, for practical fibre volume fractions (Vy > 0.4), fibre
buckling of often preceded by other failure phenomena to be discussed further in the chapter covering
failure.

2.2.2 Factors influencing longitudinal stiffness and strength

There are a number of factors that may influence the longitudinal stiffness and strength of a composite
leading, in some cases, to significant deviations from the predictions discussed above.

e Misorientation of fibres

Fibre orientation directly influences the properties of the composite. Naturally, the contribution
from the fibres is maximised only when the fibres are aligned with the loading direction. As a
consequence, the stiffness and strength will be reduced when the fibres are not parallel to the
loading direction. However, the discrepancy is small and no corrections have to be made if the
misalignment is small, i.e. limited to a few degrees. It should be remarked that in the general
case, a composite material is often composed of a number of unidirectional lamina with different
orientations stacked on top of each other. For this type of composite structure — a laminate — there
are several appropriate theories (co-called laminate theories) available to described the structural
response, cf. Chapter 3 and Chapters 6-8 in the course book.

e Fibres of nonuniform strength

First of all, it should be remarked that any reduction of the fibre strength directly results in a
lowered strength of the composite material. Consequently, a composite of high strength is obtained
when the fibres are uniform in strength. Reasons for a non-uniform distribution may be due to at
least the following two reasons:
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1. A variation of cross section as function of length

2. As a result of initial damage due to handling of the fibres before manufacturing the composite

In addition, the fibre strength decreases as the fibre length increases. This is due to the fact that
statistically, the existence of any strength reducing factor (flaw) increases with length and the fibre
will always first break at its weakest link. In any case, it should be remarked that fibres start
to break at loads lower than the composite strength and that this accumulates up to final failure.
Thus, for detailed predictions of the composite strength, statistical methods need to be incorporated
which, however, is considered as out of scope in the current course.

Discontinuous fibres

When the length of the fibres are in the same order of size as the length over which the load is
transmitted through the matrix material, we speak of discontinuous fibre reinforcements. In these
materials, the end effects (variation of stress along the fibre and stress concentrations) cannot be
neglected and must be dealt with. This is however not included in the current course. Interested
students are referred to Chapter 4 in the course book for reference.

Interfacial conditions

— More pronounced importance for discontinuous-reinforced-fibre composites.

Influences the transversal strength.

Good adhesion between fibre and matrix enhances water resistance.

— A lower interface strength may lead to a higher composite ductility and, hence, a high fracture
toughness.

Residual stresses

Originates predominantly from the manufacturing process due to e.g.

— a variation between thermal expansion coefficients for the fibre and the matrix material,

— a significant difference in temperature at manufacturing and temperature at use, cf. also
Computer Assignment 1, and

— chemical shrinkage in the manufacturing process

It should be remarked that the existence of residual stresses significantly impact the response
and the properties (strength) of the composite material and should be included in an advanced
assessment analysis of a composite structure. How this is to be incorporated practically is not always
straightforward, but this should definitively be kept in mind! The residual stresses in composites
is much more importance for the component performance than say in the case of traditional metal
components in which the residual stress often decrease with time due to local (and often "harmless’)
plastic deformations leading to stress relaxation.

2.2.3 Transverse properties

2.2.3.1 Transverse stiffness prediction based on the constant stress assumption - the Reuss

assumption

In order to derive a simple expression for predicting the transverse stiffness of a lamina, let us consider a
lamina with unidirectional (UD) continuous fibre reinforcements loaded by a transversal tensile stress o..
Schematically, we study a Representative Volume Element (RVE) as a generic block consisting of fibre
material bonded to matrix material, as shown in Figure 2.4.

For this case, the elongation of the composite in the loading direction (d.) is obtained by the sum of

the elongation of the matrix material and of the fibre material in the loading direction according to

O0c = €er Lo = EfTLf + emrlm (2.18)
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Figure 2.4: Model for predicting transverse stiffness of unidirectional composite (from Gibson, Principles
of Composite Material Mechanics 2nd ed., 2007).

where e.1, efr and e, are the transversal strains in the composite RVE, the fibre materials and the
matrix material respectively. Furthermore, since the RVE do not change along the longitudinal direction,
the length fractions must equal the volume fractions such that

eer = €fTVs + EmTVin. (2.19)

By using Hooke’s law, (and neglecting any Poisson strains) this can be written as

9c _ 91
Er B

Tm
— V. 2.2
Vi + EmV (2.20)

If we now finally assume that the stress in each of the constituents (fibre and matrix) is the same (the
so-called Reuss assumption), i.e. we have that

Oc=0¢=0m, (2.21)
we end up with the 'inverse rule of mixtures’ for the transverse modulus as
1 Vi V,
= Ly Im (2.22)
Er Ey E,

It should be remarked that by assuming equal stress in both fibres and matrix, the resulting expression
for the (transverse) stiffness can be shown to be the lower bound given a certain fibre volume fraction,
cf. also Figure 2.5.

10f E
B E
(rule of mixtures)
E s
E
4
inverse rule of mixtures
2 -
E, (Eq.3.34)
1 I 1 i
0 0.2 0.4 0.6 0.8 1.0
vi—>

Figure 2.5: Longitudinal and transverse stiffness as function of fibre volume fraction (from Agarwal et
al., Figure 3-9a). Please note that the rule of mixtures (Voigt assumption) serves as an upper limit of the
composite stiffness whereas the inverse rule of mixtures (Reuss assumption) serves as the lower bound
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2.2.3.2 Halpin-Tsai semi-empirical model for transverse stiffness prediction

The inverse rule of mixtures may lead to poor predictions (and an underestimation of the transverse
stiffness) since, in reality, the stresses are not equal in the matrix and fibre material.
To improve the predictions, Halpin and Tsai developed simple and generalised equations to fit more

advanced micromechanical models for transverse stiffness. The Halpin-Tsai equation for the transverse
composite stiffness (modulus) can be written as

Br _1+&nVy  (By/Bm) 1

- = 2.23
L, 1- an (Ef/Em) + g ( )

in which £ is a measure of the reinforcements and relates to the fibre geometry. Please note the special
cases

1
£E=0: Ep = —— (inverse rule of mixtures) (2.24)
Vin 1 Vi
Em © Ey
E=o00: Ep =V,E,, + VyE; (Rule of mixtures) (2.25)

Thus, it is clear that £ can be viewed as a curve fitting parameter since the real transverse stiffness will
lie between the two limiting cases (closer to the inverse rule of mixture prediction). Halpin and Tsai have
proposed £ = 2 for circular or quadratic cross sections and § = 23 for rectangular cross sections
in which a and b are side lengths of the cross section and where a is to be taken as the side length in the
loading direction.

Predictions made by the Halpin-Tsai equations have proven to be adequate in many practical situa-
tions, cf. Figure 2.6 for a comparison made against experimental data for a boron-epoxy lamina reported
by Whitney and Riley (J. TAAA, 4:1537, 1966), and it generally gives a better prediction than the pre-

diction obtained based on the equivalence of stress in the fibre and the matrix material (the inverse rule
of mixtures).

40|||||||||||||11|Iflll
. 7
Halpin-Tsai o/
equation /
30 (3.36) \7’
Experimental 0,/

data points & 000,-'

20 G/

( 34)\\12’/ )
Equation (3. e
TN

o inverse rule of mixtures
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—
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Figure 2.6: Transverse stiffness predicted by the inverse rule of mixtures and the Halpin-Tsai equation

compared with experimental data reported by Whitney and Riley for boron-epoxy (from Agarwal et al.,
figure 3-9b).

2.2.3.3 Transverse strength

The transverse strength of a composite is reduced by the existence of fibres. The reason is that due to
their geometry, the fibres cannot carry a large portion of the load which instead is distributed between
the fibre and the matrix material. Instead, the existence of fibres place restrictions on the transverse
deformations, causing strain and stress concentrations in their vicinity, cf. Figure 2.7 which results in an
overall decreased strength in comparison to the unreinforced matrix material.

Thus, the composite transverse failure strength oy can be expressed as

Omu

oy = g (2.26)
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Figure 2.7: Stress distribution in matrix surrounding a single cylindrical inclusion Er/FE,, = 10,v,, =
0.35,v5 = 0.3 (from Agarwal et al., figure 3-12a).

in which S is a strength reduction factor. This reduction factor can be predicted by several methods.

The strength-of-materials method

Based on the strength-of-materials method, the factor S is assumed e.g. to be equal to the stress

concentration factor SCF which can be predicted by neglecting Poisson effects, cf. Greszczuk Society of
Plastics Industry, 21st Annual Conference, 1966 for details, as:

1= (4Vy/m)"" (1 = (Em/Ef))

Based on Finite Element Analysis

Another alternative is to analyse the stress distribution in a UD lamina by FEM, cf. the results in
shown in Figure 2.8 obtained by e.g. Chen and Lin (Mater. Res. Stand. MTRSA, 9:29-33, 1969).
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Figure 2.8: Principal stress in matrix surrounding multiple fibres obtained by FEM by Chen and Lin
U = 0.35, v = 0.2 (from Agarwal et al., figure 3-12b).

2.2.4 Shear modulus

The derivations of a simple rule for predicting the in-plane shear stiffness of a lamina is similar to those
for the transverse stiffness (EL). Study Section 3.4 in the course book on your own.
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2.2.4.1 Major results

Inverse rule of mixtures:

1
Grr = 2.28
Vi [Gy + Vi /G (2.28)
Improved predictions by means of Halpin-Tsai:
Grr  1+&nVy (Gy/Gm) —1
= , = ,E€=1 2.29
Gw  1—qv; T (GrjGm) T € ¢ (2.29)

2.2.5 Poisson’s ratio

Study subsection 3.5 in the course book on your own.

2.2.5.1 Major results

Major Poisson’s ratio vy
For this case, the underlying assumptions in the derivations are:

e The longitudinal strain is the same in both constituents (as for the stiffness prediction)
e The Poisson’s ratios for each constituent is (transversely) isotropic

e The total transverse contraction is the sum of the transverse contraction of the fibres and matrix
respectively

Major Poisson’s ratio vy relating the longitudinal stress to the transverse strain:
VT = Vfo + VWLVH'L (230)

Minor Poisson’s ratio vrp,
For this case it is used that the stiffness matrix of a linear elastic material is symmetric.

Minor Poisson’s ratio vy, relating the transverse stress to the longitudinal strain:

= = VrL =VLr (2.31)

2.3 Expansion coefficients

Study 3.7.1 and 3.7.2 in the course book on your own.
For the thermal case, the underlying assumptions (not explained in the text) in the derivations are:

e The fibres are assumed to be isotropic and linear elastic
e The matrix is assumed to be isotropic and linear elastic

e The strains in the longitudinal direction are the same in the matrix and in the fibres (Voigt as-
sumption)

e The stresses in the transverse direction are constant, i.e. the Reuss assumption is used

e The homogenised macroscopic stresses in the lamina are zero, i.e. the assumption o, = o7 = 0 is
used.
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Major results

Thermal expansion coefficients (cf. Scharpery, J. Compos Mater., 2:280-404, 1968 for details):

1
ar = — (afEfVy + o EnVin) (2.32)
Er
ar = (I4vp)arVi+ 14 vm) anVm —arver (2.33)

Moisture expansion coefficients:

Br =~ 0 (given that the fibres are much stiffer than the moisture absorbing matrix) (2.34)

Br = pp—c (I14+vpm) B (cf. e.g. Tsai and Hahn, Introduction to Composite Materials, 1980)2.35)

2.4 Hygrothermal degradation of polymer matrix properties in-

fluencing the composite parameters (included for your in-
formation and understanding)

Review of Subsection 5.1-5.2 in Gibson (Principles of Composite Material Mechanics 2nd ed., 2007):
Increased temperature of a polymer causes a gradual degradation of the stiffness up to a certain point,

the so-called ’glass transition’ temperature at which the matrix behaviour transforms from being glassy
to being rubbery, cf. also Figure 2.9

Glassy region ‘Transition region

Dry

Increasing
maoisture content

Stiffness

Rubbery region

1
|
[
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|
)
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i
]
]
'

S
Tow To
Temperature

Figure 2.9: Variation of stiffness for a typical polymer showing the glass transition temperature T, and
the effect of absorbed moisture on Tj;. Note: Ty = dry’, Tyo = ’wet’ (from Gibson, figure 5.1.).

In addition, increased moist absorption in the matrix leads to a lowered glass transition temperature
and a decrease in stiffness. Moist saturation 3-4 % leads to a lowered glass temperature of approx 20%, c.f
also Figure 2.10 how the stress-strain curve for 3501-5 epoxy resin is affected by temperature and moist
and Figure 2.11 how this in turn influence the stress-strain of a AS/3501-5 graphite/epoxy composite
(same matrix material!) with fibre volume fraction Vy = 0.63.

The hygrothermal degradation of a composite strength and/or stiffness is often estimated by empirical
models. Chamis and Sinclair (Composite Materials: Testing and Design (Sizth Conference), ASTM STP
787, pp. 498-512, 1982) and Chamis (Engineer’s Guide to Composite Materials, pp. 3-8-3-24, 1987)
have demonstrated such a procedure. In their approach, the degraded stiffness F,, (or strength) is
approximated by the nominal stiffness £, multiplied by a degradation factor F,, such that:

B, — FL,E°, (2.36)

and the degraded value E,, is then used in e.g. the Halpin-Tsai equation to approximate the temperature
and moisture dependent transverse stiffness of the composite. As for the degradation factor, the following
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Figure 2.10: Stress-strain curves for 3501-5 epoxy resin at different temperatures and moisture contents
(from Gibson, figure 5.2.)
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Figure 2.11: Stress-strain curves for AS/3501-5 graphite/epoxy composite with fibre volume fraction
Vy = 0.63 at different temperatures and moisture contents (from Gibson, figure 5.3.)

expression is proposed:
Tow—T 1/2
g } (2.37)

F,=|=——"——
[Tgo —To

where Ty is the ’dry’ glass transition temperature of the matrix material (i.e. without moisture), T,
is the 'wet’ glass transition temperature that depends on the moisture concentration, T} is the reference
temperature at which the nominal matrix stiffness is measured (Ey) and T is the current temperature.
Furthermore, Chamis used data for six different epoxy resins to fit the parameters of an empirical curve
in order to get an approximate expression for Tj,, for epoxy resin as:

32 (50M72 — 10M,)

r (2.38)

Tywl[C] = (50M? —10M, + 1.0) Tyo[C] +

where M, is moist contents in weight percent (4% — M, = 0.04), cf. also Figure 2.12 for tabulated
data for some matrix materials. Please note that the somewhat strange format of the expression for T},
stems from the fact that the parameters obtained by Chamis where found for temperatures measured in
Fahrenheit whereas the expression in Eq. (2.38) is valid for temperatures measured in Celsius. Thus, it
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has been used that
TIF|=T[C] 1.8+ 32

. Hygrothermal Properties for Various Polymer Matrix Materials

polyetherether— ple
Ketone

Saturation Maximum
Moisture Service
Content, M Ty, (Dry) T, (Wet) Temperature
Material Supplier (Weight %) [°F (°CQ)] [°F (°C}] (Dry) [°F (°Q)]
Hexply™ F655 Hexcel 4.1 550(288) 400(204) 400{204)
bismaleimide
Hexply 8551-7 Hexcel 3.1 315(157) 240(116) 200(93)
EpoXy
Jexply 8552 Hexcel — 392(200) 309(154) 250(121)
. epoxy
- Hexply 954-3A Hexcel - 400(204) — —
yanate
yCom® 2237 Cytec 4.4 640(338) 509(265) 550(208)
polyimide
CyCom 934 Cytec - 381(194) 320(160) 350(177)
epoxy
Avimid® R Cytec 2.8 581(305) 487(253) 550(288)
lyimide
Derakane® Ashland 1.5 250{120) — 220(105)
1-350
inylester
Ultem® 2300 General 0.9 419(215) — 340(171)
polyetherimide  Flectric
ictrex 150G Victrex 0.5 289(143) — 356(180)

(2.39)

Figure 2.12: ﬁ&gfothermal properties of various polymer matrix materials (from Gibson, Table 5.1.).

27



28



Chapter 3

Laminate theory

GERE>

3@&‘\\\\‘k\\\\\‘\\\\\\x\\'_\\\

3.1 Laminate

strains

Uy

A

_A/Midplane
X \%\

Undeformed
section

z

>
P

r4

t':ls,_m

Deformed
section

24

u
u=u-za

|

Figure 3.2: Deformation during bending of the laminate in the zz plane (adapted from Agarwal et al,

figure 6-2.)

Consider first the deformation of a laminate in the xz-plane, cf. Figure 3.2. In this case, the displace-

ment w in the z-direction of a point C' that is located on the undeformed normal ABCD, at a distance z
from the midplane, is given by

U =uy— zsina ~ uy — 2o

(3.1)

where wug is the midplane displacement in the z-direction and « is the slope of the deformed section
A’B'C'D’ or the (negative) rotation of the normal ABCD around the y-axis due to deformation. Sim-
ilarly, the displacement v of a corresponding point when the laminate is deformed in the yz-plane, cf.
Figure 3.3, can be obtained as

v=1vy— 20
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where vy is the midplane displacement in the y-direction and [ is the slope of the deformed section
A'B'C'D’ or the (positive) rotation of the normal ABCD around the z-axis due to deformation in the
yz-plane).

Uy

A

Deformed
Undeformed section %
section 4

A

v I
> v =19 — 203
Figure 3.3: Deformation during bending of the laminate in the yz plane (adapted from Agarwal et al,

figure 6-2.)

From these kinematical expressions for the displacements, we can derive the in-plane strains as

Ou  Oug da

ov  Oug ap
- £ _Y%e_ “F 3.4
v dy y Z@y (34)
ou Ov Oug Oug da 00
vy = — +—=—— 42 [ =42 3.5
Ty 8y+8x oy = Ox Z(8y+3x (3.5)
The preceding strain-displacement relation can be written as
Ex o k.
gy ¢ = 5(,)2 +28 Ky (3.6)

{e} = {e"} +2{k} 3.7)

where the midplane strains €° and plate curvatures k are defined as

9uo
o 8830
)| ow [ ow
oy or
and
Ja
ox
ky Y
S A R (3.9)
ey oo, 08
dy O

It should be remarked that the definition (and notation) of the curvatures differs in the literature. In these
notes, we follow the notations used in the course book. Please note that we assume that adjacent
lamina across the thickness of the laminate do not slip over each other. Hence, the strain
varies linearly through the thickness even though the properties vary, cf. Figure 3.4. Please
also note that both € and k are functions of x and y only.
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If we now assume that the normal ABCD remains planar and perpendicular to the midplane also after
deformation (the Kirchhoff assumption), it can be found that

8w0
= 3.10
a B (3.10)
8w0
8 = — 3.11
. (3.11)
whereby one obtains the plate curvature as
8211)0
i Ox?
z 8211}0
k, =— o (3.12)
kx-’/ Kirchhof f 8211)0
dxdy

where wq is the vertical displacement of the midplane (in the z-direction).
Please note that laminate theory based on the Kirchhoff assumption, which also implies that the
transverse shear strains 7., and +,. are negligible, is often denoted Classical Lamination Theory, CLT.

3.2 Laminate stresses

For a material with identical properties through the thickness, the stresses will, as the strains, vary
linearly. Thus, within each lamina, the stresses are a linear function of z. However, since the properties
in general are different for each lamina — the properties are considered constant within each lamina — the

stress distribution through the thickness will be discontinuous but piecewise linear in each lamina, cf.
Figure 3.4.

‘ 2
: /
aminate Variation Characteristic Variation
- of strain modulus of siress

Figure 3.4: Principal variation of stresses and strains in a composite laminate consisting of three unidi-
rectional laminae/plies with different orientation (from Agarwal et al, figure 6-3.)

Given the relation between stresses and strains from Chapter 1:

Oz Ql 1 §12 Qlﬁ €z
oy p=| Qo @ @ €y (3.13)
Txy Qs Qa6 Qos Yy

we can now obtain the stresses at any point in lamina k as

Oz Qll Qm QIG 5% Qll 912 Qle Ky
Oy =| Q2 @ Qo Eé; +2z| Qo Qo Qo ky (3.14)
Tay ) g, Qe Q26 Qo 1) U Yy Qs Qas Qoo 1y Ky
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3.3 Resultant forces and moments

For convenience, we define the stress resultants in terms of normal forces (per unit length) and moments
(per unit length), obtained by integration of stresses through the thickness of the laminate, as (cf. Fig-
ure 3.5 below for sign conventions):

Lo L
—

N " MK M -
/ ¥ / J

"y %y
2

My

Figure 3.5: Sign convention for resultant forces and moments.

Resulting force per unit length in x-direction:

h/2
N, = / o, dz (3.15)
—h/2

Resulting force per unit length in y-direction:

h/2
Ny = / oy dz (3.16)
—h/2
Resulting in-plane shear force per unit length:
h/2
Nyy = Ny, = / Toy A2 (3.17)
—h/2

Resulting moment per unit length, acting on the edge with normal in the x-axis direction causing a
(positive) rotation around the y-axis (integration of stress times moment arm):

h/2
M, = / opzdz (3.18)
—h)2

Resulting moment per unit length, acting on the edge with normal in the y-axis direction causing a
(negative) rotation around the z-axis (integration of stress times moment arm):

h/2
M, = / oyzdz (3.19)
—h/2

Resulting moment per unit length, acting on the edge with normal in the z-axis direction causing a
(negative) rotation around the z-axis (integration of stress times moment arm):

h/2
M, = / Tyy2 dz (3.20)
—h/2

Resulting moment per unit length, acting on the edge with normal in the y-axis direction causing a
(positive) rotation around the y-axis (integration of stress times moment arm):

M,, = M,, (3.21)
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Let us now consider an orthotropic laminate consisting of n laminae (plies), cf. Figure 3.6. Grouping
the normal forces (per unit length) in a vector one obtains:

N, n2 [ 0
{(N}=¢{ N, ;= / oy dz_z / dz (3.22)
wa —h/2 Try hr—1 .

where hy, is the z-coordinate of the upper (in positive z-direction) part of lamina k.

Lamina
number
N 1 L
S 3 )
\\\ A
\\\ hy hy
N Midplane hy
\\
> X
I ¥h, Fi
hn»1 h,
n 3

v
z

Figure 3.6: Description of a multilayered laminate geometry (from Agarwal et al, figure 6-5).

Now, combining Eq. (3.14) and Eq. (3.22), N can be written as:

N =Y / @), (" + 2k} d (3.23)
k=1 Pe-1

Realising that the midplane strains €°, the curvatures k and the material properties @ij are constant
within each lamina, we can further rewrite the expression for the normal forces as:

=3 (@,

[Zn: hk—hk 1]{60}+

= [A){"} + [B]{k}

hi
dz {e°} + @k/h zdz {k})

(3.24)

Z [Q], (i — hi 01 {k}

where

[z": p (hie = Ry 1)1 (3.25)

k=1

[B}zél

Please note that (hy — hg—1) is always positive (equal to the thickness of the lamina), but that the
term (h% — hifl) is positive for a lamina situated above the midplane and negative for a lamina situated
below the midplane. In this way, B = 0 for laminates where the laminae (plies) are placed symmetrically
around the midplane, thus in that case there is no coupling between curvatures and normal forces
which may occur in the general case.

Performing the same type of analysis for the moments, cf. e.g. Agarwal et al., one obtains:

3

[Q],, (h& — hi_ 1)] (3.26)

k=1
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M.
{M} = ]\1\441, = [B]{e"} + [D]{k} (3.27)

8

where

[D] =

Wl =

[i [Q],, (hi — hi_l)] (3.28)

k=1

To summarise, we can write the relation between N-M and €%-k as:
N A B ef
Lot B {5 (29
3.4 Laminate orientation code

Each lamina in a laminate is normally defined by its rotation around the positive out-of-plane axis
(positive z-axis) with respect to a global xyz coordinate system. Thus, referring to Figure 3.7 it is clear
that a proper definition of the global coordinate system is required to avoid ambiguity in the definition
of the lay-up sequence of the laminate.

0° 45° 90° -45° 0°
X
f = =% +0
= T II /
‘ I ° ?0’3/ z
0° +45° 90° -45 0

Figure 3.7: Sign convention for orientation of laminae in a laminate. Please note that in the figure, the
laminate is identical in both the left and the right part. The only difference is the orientation of the
coordinate axes (from Agarwal et al, figure A3-1).

With a given coordinate system at hand, the lay-up sequence of a laminate is easily defined according
to the following:

e Each lamina is represented by a number representing the angle (in degrees) of rotation around the
z-axis

e Individual laminae are separated by a slash sign (/)
e The laminae are listed in the sequence they are laid up.
e Adjacent laminae with the same orientation are denoted by a numerical subscript.

e Adjacent laminae with the same magnitude of orientation, but in the two different directions, are
denoted by a ’plus-minus’ (£) or 'minus-plus’ (F) sign.

e For symmetric laminates, only half of the lay-up sequence needs to be defined followed by a subscript
S denoting symmetry.

e For symmetric laminates, if the number of plies are uneven, the mid-lamina is denoted by an
overbar.

For a couple of examples of laminate definitions, cf. Figure 3.8.
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45° 45°

Y [+45/730/0] 0° [45/0/-60,/30]
300 ~60°
20 ~60°
0° . 30°
90°
0° [90/0,/45];
0°
45° u e
= 45° [0/45/90];
o 90°
0° 45°
50" 0°

Figure 3.8: Four examples of lay-up sequences and their corresponding laminate orientation code (from
Agarwal et al).

3.5 Read Subsection 6.6 on your own

3.6 Determining relevant stresses and strains in the laminae

It should be remembered that the interesting stresses (and strains) of a composite laminate (in terms of
strength) are (op,op,7r) (and (er,er,vrr)). Given the A, B and D matrices as well as the applied
loads at a certain point (g, yo), the procedure to determine these stresses (and strains) in each lamina
of the laminate is as follows:

3.6.1 Calculate the strain distribution through the thickness

Invert the relation between €%,k and N, M to get the strain distribution:

O(20, Yo) A(zo,90) Blzo,90) 17" [ N(zo,0)
{1@00,500) }:[Buﬁ,zﬁ) D@Z,ZM {M(zi,f/?)) };“':(%vyo’z)=s°<wo,yo>+zk<x0(,yo>)
3.30

3.6.2 Transform strains into fibre oriented coordinate system

Transform the strains of each lamina from the global coordinate system to the fibre oriented coordinate
system using the transformation matrix [T of each lamina as:

er (o, Yo, 2) €2(0, Yo, 2)
ET($07yO7Z) = [TQ]k Ey($0>y072) (331)
’YLT(J:OvyOwZ) k 7zy(x0ay07z) k

where we remember [T3]; from lecture 2 as:
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cos? 0y, sin? 0y, sin 6y, cos 0y,
(T3], = sin? 0y, cos? Oy, — sin 6, cos O, (3.32)
—2sin 6y cosl, 2sinf cosb; cos? ), — sin’ O

3.6.3 Calculate stresses in global coordinate system for each lamina/ply

To compute the stress distribution through the thickness of each lamina, use the constitutive matrix [Q]x
as

Ux(x07y0;z) o 52(%,1/0) +ka($0,y0)
{Uk(l’o,]JO,Z)}k = O—y(x()?y()az) = [Q}k Eg(xoﬂyo) +Zky(x07y0) (333)
sz(anyOaZ) k Wgy(l‘anO) +zkwy(x07y0)

Note that the stress varies linearly with z within the lamina!! Please also note that this is an
unnecessary step if you want to assess the strength of the lamina since you then would need the stresses
expressed in the fibre oriented coordinate system, obtained directly through

oL SL(UL‘O’Z/O,Z)
or =[Qlk§ er(zo,y0,2) (3.34)
LT ) ) v (2o, Yo, 2) &

3.6.4 Transform stresses into fibre oriented coordinate system

Transform the stresses of each lamina from the global coordinate system to the fibre oriented coordinate
system using the transformation matrix [T1] of each lamina as:

oL Ox
or =[T1],§ oy (3.35)

where we remember [T7] from lecture 2 as:

cos? 0, sin? 0, 2sin 0}, cos Oy,
1], = sin” 0, cos? 0, —25in 0, cos 0}, (3.36)
—sinf cosfy, sinfycosly cos? 0y — sin® 6y,

Note that the stress varies linearly with z within the lamina!!

3.7 Hygrothermal effects

There are two major sources of change of mechanical behaviour due to temperature (thermal effects) and
moist absorption (hygroscopic effects) of polymer composites:

e Hygrothermal stresses and strains

e Hygrothermal degradation of properties (matrix dominated properties such as (transverse) stiffness
and strength)

3.7.1 Hygrothermal stresses

Hygrothermal stresses are stresses induced by temperature change or moist absorption/desorption. Please
note that hygrothermal stresses can occur within the different laminae (plies) even though the laminate
itself is free to expand and can at the first glance appear to be stress-free (although the stress resultants
are in fact left unchanged), cf. also Figure 3.9 for an explanatory sketch of a laminate consisting of
isotropic laminae (the principle is the same also for transversely isotropic plies).

Temperature change and moist absorption/desortpion does not, as mentioned above, influence the
stress resultants, but it introduces stresses and strains in each laminae and may cause e.g. warping
for unsymmetric composites. The strains that produce stresses are the mechanical strains:

eM =T — el (3.37)
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(a) Initial state T
(temperature = To) Al

EL =(1AI(T-T;J)

o

(B) Unbonded layers—final Al |
final 7
(temperature = T) i.

Al . |
= ‘
i es =ps (7 _ITG )
TN el
(¢) Actual final state—strains A el el
(temperature = T) % i
Al
= e-gg
(d) Actual final state— Al O
stresses 7 o,
(temperature = T) o G,
On = E.En
g = Egl
Oy =20,

Figure 3.9: Concepts of thermal stresses and strains in a three-ply symmetric laminate (from Agarwal et
al, figure 6-19.)

To study the thermal and hygroscopic strains, the 'hygrothermal’ strains, we first consider the prop-
erties of an transversely isotropic material, such as an UD lamina. In this case, the coefficients of thermal
and moisture expansion change with direction, cf. e.g. Subsection 3.7.1 and 3.7.3 in Agarwal et al.. Thus,
changes in temperature and/or moist contents produce strains according to:

el = apAT (3.38)
el = apAT (3.39)
el = BLAC =0 (since B is taken as ~ 0, cf. Subsection 3.7.2) (3.40)
el = pracC (3.41)

(3.42)

Since the thermal and hygroscopic strains transform in the same way as the total strain (using the
transformation matrix T5) it is clear that the coefficients of thermal and hygroscopic expansion transform
in the same way, i.e. we obtain for each lamina:

a, = L)' ar (3.43)
Qzy ) ), 0 ),

Ba 0

By = [T, 4 Br (3.44)
Bry ) 0 Jy

Thus, the thermal and hygroscopic strains may be expressed in the global coordinate system as:
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Q)
|
Q
8

€ = ay o AT (3.45)
Yoy ) Qzy
ey Ba
el = B, ¢AC (3.46)
vzi A Bay

For clarity, due to the similarities between hygroscopic and thermal strains, we will only consider
the thermal strains in the following. The derivations below can easily be extended to include also the
hygroscopic effects, cf. the book, but it involves more terms.

Given the expressions for the thermal strains, and neglecting any moist absorption/desorption, one
obtains the mechanical strains €, of each lamina as:

eM ed + 2k, Qg
5%/[4 = 5(5)2 + zky — 1 AT (3.47)
,wa k ryxy + kay Qzy k

Inserting this in the expression for the stresses in each lamina k, one obtains

Oz €9 + zk, Qg
oy ¢ =1Q], %‘; +zky, 2 —[Q] 8 a p AT (3.48)
Tzy k ,ywy + Zk:vy Qay k

Now, in order to obtain the relation between the total’ midplane strains and curvatures and the forces
produced by mechanical and thermal loads, we insert Eq. (3.48) in the expression for the stress resultants
(normal forces and moments due to mechanical loading) one obtains:

{(NY} = [A]{e"} + [B]{k} - {N"} (3.49)
MY} = [B{e} + D]{k} - {M"} (3.50)
or equivalently

gl NM NT

gl NM NT

i i %

KD MM wf

kgy M% Mg,

where, as stated above, N2 Néw sy M% are normal forces and moments due to mechanical loads and
where the thermal loads are obtained as:

T n Oy
{(NT} = N; =AT> [Q],{ ay (hy — hy_1) (3.52)
Ngy k=1 Aoy )4
T
r 1 S (R Ay Bt (PR
M7} = M% = 5ATZ Q] 4 o (hi — hi_y) (3.53)
M, k=1 Aoy ) )

Remark. Please note that in Agarwal et al., the authors refer to something called thermal stresses
(denoted by a superscript T in e.g. Equation 6.62). This may be somewhat misleading since stresses are
always cased by mechanical straining (o0 = o(¢) and nothing else. Stresses can not be anything but
mechanical. A more proper description would be thermally induced stresses.
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Chapter 4

Kirchhofl-Love plate theory for
anisotropic laminated plates

4.1 Assumption in the Kirchhoff-Love plate theory

The Kirchhoff-Love plate theory is based the following assumptions (also discussed in Chapter 3 for the
classical laminate theory)

e A line originally in the z-direction before deformation remains straight also after deformation.

e The deformation of a line in the z-direction follow the rotation of the middle surface during defor-
mation, i.e. they remain perpendicular to the midsurface.

e There is no change of thickness of the plate.

4.2 Repetition of kinematics for the Kirchhoff-Love plate theory

We recall from Chapter 3 that the strains under the Kirchhoff assumptions become:

L o ow w
“ ox Oz 0x?2
L ov_ow By
Y oy Oy Oy?
Oou Ov Ouyg Ovg 0%wo
Y = oy Tar T oy T or  “owoy

It is worth pointing out the two contradiction that

1. the shear strains are assumed to be zero v, = v, = 0 although the corresponding shear stresses
are not (cf. Section 4.3 below), e.g.

_Ou  Qwy . dwy | Owy

Yer =, T e T or T ar 0

2. A simultaneous state of o, = 0 and a constant thickness (after deformation) of the laminate is
assumed.

4.3 Equilibrium equations for a plate section

Consider an infinitesimally small element Az-Ay of a rectangular plate shown in Figure 4.1. Stress
resultants (per unit length) acting on this small plate element are:
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e out-of-plane shear forces R,. and R,. (note that these are resultants from the shear stresses 7.
and 7,,, respectively that previously have been neglected but now have to be considered to balance
the applied surface load)

e in-plane normal and shear forces NV, Ny and Ngy = Ny, and
e moments M,, M, and My, = My,.

In addition, the outer vertical force acting on the element is the distributed load p(z,y) (force per unit
area and positive in the positive z-direction).

AX

Ryz

Ny Nyx + ANyx
/ —_—
/

Nyx Ny + ANy

Myx My + AMy
/
——

Myx + AMyx

—’ny + ANxy T Mx + AMx

/ Rxz+ ARxz
Nx + ANx

Mxy + AMxy

Figure 4.1: Definition of cross-sectional quantities in a rectangular plate.

As before, the in-plane forces and moments are resultants of the stresses o, o, and 74, as follows:

h/2 h/2 h/2
N, = / oxdz, Ny:/ oydz, Nzy:/ Toy dz = Ny,
—h/2 —h/2 —h/2
h/2 h/2 h/2
M, = / zo,dz, My:/ zoydz, Mwy:/ 2Ty dz = My,
—h/2 —h/2 —h/2
Correspondingly, the internal shear forces per unit length are the resultants of the out-of-plane shear
stresses
h/2 h/2
R, = / Tzzdz, Ry, = / Tyz dz (4.1)
—h/2 —h/2

We now study equilibrium of the small plate element

4.3.1 Force equilibrium in z-direction

(Nz + ANy )Ay — Ny Ay + (Nyg + ANy, ) Az — Nyg Az =0 =
{Nzy = Ny, + divide by AzAy and let Az — 0,Ay — 0} =

(4.2)
ON, | ONoy _
ox oy
4.3.2 Force equilibrium in y-direction
(Ny + ANy) Az — NyAz + (Ngy + ANyy)Ay — Ny Ay =0 =
{divide by AzAy and let Az — 0,Ay — 0} = (4.3)
ONoy  ONy _, '
or oy
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4.3.3 Force squilibrium in z-direction

(Rzz + ARy.)Ay — Ry Ay + (Ry, + ARy ) Az — Ry, Az + pAzAy =0 =
{divide by AzAy and let Az — 0,Ay — 0} =

4.4
ORy. , ORy: _ 4
ox oy
4.3.4 Moment equilibrium around the x-axis
—(My + AM,) Az + MyAx — (Myy + AM, ) Ay + MyyAy + (Ry. + AR,,) AzAy
A A A

+ (Ryz + ARy) AyTy - RwZAyTy +pA33Ay7y =0=
4.

{divide by AzAy and let Az — 0,Ay — 0} = (45)

OM,, OM,

ox * oy Ry
4.3.5 Moment equilibrium around the y-axis
(Mg + AM,)Ay — My Ay + (My, + AMy)Ax — My Az — (R, + AR,.) AzAy
A A A

— (Rys + ARy) 5Dy + Ryo - Ay + pAzdy—- = 0=
4.

{Myy = M,, + divide by AzAy and let Az — 0,Ay — 0} = (4.6)

OM,  OM,,

- = sz
Ox * dy

4.3.6 Governing equilibrium equations for the Kirchhoff-Love plate theory

Please note that the above five equations are valid for both plate theories to be considered in the course.
However, since we in the Kirchhoff-Love plate theory only have three unknown fields (displacements of
the midplane wug, vy and wy), only three equations are needed. This can be accomplished by utilising
Egs. (4.2) and (4.3) and inserting the results from Eqs. (4.5) and (4.6) into Eq. (4.4) leading to the three
governing equilibrium equations for a Kirchhoff-Love plate as:

ON, 0N,

ONgy ON,

o TR 0 (4.8)
0?M, O*My,  0*M,
Ox? 2 0xdy + oz P (4.9)

For future purposes, we note that we also can write the equations above in a contracted way as:

VIN=0 (4.10)
T
-V M=p (4.11)
~ T « T
with V' and V  defined as:
2
9 9
Ox Ox? 0
N ) * 02 - o
= 0 - = —_— = 1 p—
\v4 oy , V 7 VV with V g (4.12)
) 0 Z
dy Oz 0xdy
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Please note that it is the exact same equilibrium equations as for an isotropic plate. How-
ever, in that case there is no coupling between in-plane loading and bending due to the
material symmetry (or rather isotropy).

4.4 Equilibrium equations in terms of displacements for the
Kirchhoff-Love theory

The equilibrium equations can also be written in terms of displacements using the constitutive relations.
Inserting the following expressions for the normal forces and moments from Chapter 3:

(N} = [A}e"} + Bl{k} (4.13)
M} = [Bl{e"} + D]{k} (4.14)
with
Oug 8271)0
D Ox?
(%) = Fu %0 (K} =~V = — a;? (4.15)
ouy | vy Py
oy ox dxdy

into the equilibrium equations Egs. (4.7)-(4.9), one obtains the equilibrium equations in terms of the
displacements as:

0uyg 0%u 0%u 0%y 0%, 0%,
An—7— 522 —|—2A16a ao + Ase 6y20 + A6 522 (1412-i-1466)8 80 + 26@20 1)
4.16
63w0 (9311)0 8311]0 83100
— Bj1—=—— —3Bis=—~— — (B 2B — =0
153 16 5220y (B2 + 66)8I8y2 2675,3
0%u 0%ug 0%uyg 0%v 0%, 0%,
Ase 8x0 + (A2 +A66)8 -y + As RYE >+ Ago 8x20 +2A26ﬁ + Ago 3 20
4.17
_p, Pwo _ (Bis + 2B )83“]0—33 Py _p w0 _, o
64100 (9411) 84 0 84100 (9411)0
D 4D 2(D 2Dgg) === +4D D
15 + 16 5250y +2(D12 + 66)8 20,2 + 2 D20y + D22 oy
0°ug A3y BBy A3y 83y
_ Bll 8;33 3Bl6 aan (Blg =+ 2366)8$8y2 B26 ayg Blﬁ 81’3 (418)
83’00 83’00 83110
— (B 2Bgs) =——~— — 3B - B =
(Bi2 + 2Bgs) 9220y 26 0201 22 oy
which are the general equilibrium equations for a laminated plate with any lay-up sequence.
4.4.1 Symmetric and specially orthotropic laminates
In the case of a symmetric laminate, i.e. B;; = 0 the equilibrium equations are simplified to be:
0%u 0%uy 0%u 0%v 0%v 0%v
A —— + 24105 3 + Age 8y20 +A16W20 + (A, +A66)8x80 + Agg ay; —0 (4.19)
0ug 0%u 0%u 0%v 0%y 0%v
Alg——= or 2 (A12 + A66)8 80 + Aog ay; + Agg 8.%‘20 + 2A268 ay + Aog ayzo =0 (420)
(9411}0 84 8471}0 84100 84100
D 4D 2(D 2Dg6) === + 4D D = 4.21
RREwy + 167 8y +2(D12 + 66)a 20,2 + 2 500y° + D22 " P (4.21)
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Furthermore, specially orthotropic laminates (such as e.g. unidirectional laminates with all fibres
oriented with an angle of 0° or 90° or symmetric cross-ply laminates) — the laminate that behave like a
single layer of an orthotropic material — satisfy the following additional conditions:

Ag = A =0 (4.22)
Dig = D=0 (4.23)

whereby the equilibrium equations are further simplified to be:

0%uy 0%y d%vg
A 2 + AﬁﬁTyQ + (A12 + A66)axay = 0 (424)
82U0 82U0 82’00
(A12 + Agﬁ)M + AﬁﬁW + AQQTyz = 0 (425)
o* o* o*
D120 L 9(Dyy + 2Dg6) 20 4 D, 20— (4.26)

ozt 0x20y> 2 oyt

It should be remarked that since B;; = 0 the in plane and transverse motions can be treated separately
in this case. In the following, we will study a method for analytically solving the bending part for a simply
supported specially orthotropic plate.

4.4.2 Analytical solutions - Simply supported specially orthotropic plates

Analytical approaches to solve the plate equation (bending part, i.e. Eq (4.26)) for simple boundary
conditions exist. One example is the Navier’s solutions for simply supported rectangular plates

dy

w X

wo(z,y) = i iwmn sin (m;rx) sin (m;y) (4.27)

where w,,,, are unknown (Fourier) coeflicients. The boundary conditions for a fully simply supported
plate are

wO(an):wO(a’ay):O7 ’Ujo(l',O)ZWO(Z'7b):O (4 28)
Mz(oay):Mz(aay):Oﬂ My(x,O):My(:c,b):O .
The bending moments can, via (4.14) be expressed as
621110 82wo
M, = -D,ZY%0_ 4.29
55 1275 (4.29)
8211}0 82w0
M, = _DUT 5 P23 (4.30)

and with the assumed expression for wy:

== 3 S (00 () 0 () ) s () () caa




= S (<00 () = D (UF) ) s (M) s (M) )

m=1n=1

Clearly, the adopted expression for wy in (4.27) fulfills the boundary conditions since

sin(nm) =0,

forn=0,1,2,...

The loading p must also be expressed in a similar fashion as w

p(z,y) = i i Dmn SI (m $) sin (?)

m=1n=1

where the coefficients p,,,, can be found from the following expression

DPmn = % /Ob /Oa p(z,y) sin (?) sin (%) dx dy

To show this we insert p(x,y) into the integral

[ (S (5) o

=1 j=1

and use the orthogonality of sin functions, i.e.

(JZ?J) sin (m;rx) sin (%) dz dy

/“ Sin(m) sin(mwx) o — a/2 ifi=m
0 a a 0 else

which proves the expression for p,n.

The next step is now to insert the expressions for wg and p in the plate equation (4.26) and solve for

the unknown coefficients w,,,,,. The result is

Wmn =

Some examples of loading situations:

e Uniform loading p(z,y) = po

_ 4]30//
pm'”/ -

4p0 a

ab mmnmw

m,n=13,...

16 po
mnm?’

pmn (4.33)

7r4 [Du (%)4 +2(D12 +2Dgs) (%)2 (%)2 4 Doy (7;)4}

n (%) dedy =
[—wb (mZ N, [eos (5],

Please observe that, despite the fact that the sum in the Fourier series goes to infinity, it is often
for practical reasons sufficient to truncate these series (i.e. use a finite value for the upper limit of
the sum). It is generally the first modes (lowest values of m and n that have the most significant
contributions). As an example, please consider Figure 4.2 where the uniform pressure load is
approximated with truncated Fourier series with different maximum values.

e Hydrostatic loading p(z,y) = poy/b

dpo [* [* . /mrma _/nmy
Pmn = — sin (7) y sin (—) dedy =
G/b2 0 0 a b

8
= PO gyt =135, n=1,23,...

m™2mn
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Figure 4.2: Approximation of uniform pressure load p(z,y) = 0.2 using truncated Fourier series with
maximum values according toa) m=n=3,b)m=n=7and ¢c) m=n =11

e Point load Qg at xg, yo. The distributed force can be described by impulse function (Dirac-delta)
p=Qod(x — x0,y — yo). With the property

b a
/0 / 5z — 20,y — o) f(a,y) ddy = F(z0,0)

Thereby, p.n, become

Dmn = 4Q0// 0(x — xo,y — yo)sm( x)sm(m;y) drdy =

= in(m)sin(nbyo)7 m,n=1,2,3,.

ab a

4.5 Buckling of a Kirchhoff-Love plate

yl
~

W/j' W/WA =y wjfléx} 4y

Figure 4.3: Views of the small plate element AxAy showing the contributions from in-plane forces N,
Ny, N, and N, to the vertical equilibrium equation. a) Contribution from N, b) contribution from
Ny and c)-d) contribution from in Ny, (N, can be treated in the same way)

Moderate in-plane loads on a flat symmetric laminate cause in-plane displacements but no out-of-
plane displacements. However, it is known that in-plane compressive loads, when high enough, cause
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out-of-plane displacements (deflections) that may be excessive and lead to failure. This is called elastic
instability or buckling. In buckling, out-of-plane displacements are caused by in-plane loads and, hence,
the classical Kirchhoff-Love equilibrium equations cannot be used to predict this behaviour because
interaction between in-plane loads and out-of-plane displacements were suppressed in the derivation (it
was assumed that the out-of-plane displacements are so small that the in-plane force resultants IV;, N,
and N, act in their original direction in the xy-plane. Therefore, to study buckling, we need to modify
the governing equations to take into account the out-of-plane displacements and thereby the vertical
projection of the in-plane forces. To do so, we study the in-plane forces acting on the edges of the same
small plate element in Figure 4.1, now accounting for the effects of the out-of-plane deformations as
shown in Figure 4.3.

4.5.1 The vertical projection of N,
Relate to Figure 4.3a:

ow ON, ow 0w 82 ON, ow ON, 0w
—N,—Ay N. Ax Ax)Ay = —AzAy L2 _Az?A
gAYt (Nt 5 )(8x+82>y e dr 0r AV Ty gz ATAY
62 ON,, Ow
Neger dz 9z “TAY
(4.34)
where it was used that
Az?Ay < AzAy.
4.5.2 The vertical projection of N,
Relate to Figure 4.3b:
8 ON, ow 0w 0w ON, Ow ON, 0*w
—A YAy (— + —Ay)A AzAy + —2 ——AzAy ——AA2
Ny Ae+ Ny + 5 P8 (G0 + G s Ay)Ae = Ny s Aely + =5 =5 oy Oy
0w ON, Ow
YA Ay+ —2L_——AzAy
No gz B8+ 5. 5y
(4.35)
where it was used that
ArAy? < AzAy.
4.5.3 The vertical projection of N,
Relate to Figure 4.3¢)-d):
ow ON, ow 0w 8w ON,, Ow ON,, 0%w
Ny —A Nya YA Ay)Azx - AzAy Y2 7 AzA Y~ — AzAy?
vo gy AT+ (Nye + =5 ZAY) (G0 + 55 ANAT = Nye 5 T oy 020V T oy oy Y
8w ONyy Ow
Nyg,ca oy AzAy + By %AxAy
(4.36)
where it was used that
AzAy? < AzAy.
4.5.4 The vertical projection of N,
In the same way as for IV, we can obtain the contribution from IV, as:
ow ON. ow  O%w 8w ON, Ow ON,, 0%w
N, A Z Az (— + ——Az)Ay = N, —— AzA W AzA W~ Az?A
vy A Wey + =5 P A0 (G0 + gy BUIAY = Ny g Axly + =5 =5 AeAY + =5 = Gaay B0 AV
0%w ON,, Ow
~ N, AzAy W2 AzA
Y 5wy T oy oy oY
(4.37)
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where it was used that
Az?Ay < AzAy.

4.5.5 Total equation

The total vertical contribution of the in-plane stress resultants becomes (via summation of Eqs. (4.34)-
(4.37)):

82 ON, Ow w ONyy Ow w AzA
Ne 52 oz Ox YT D2y dy O W ozdy
ON, Ow 0w ON, Ow
oy oy ATy Ny 2 AzAy Uty ay A= Ny = Noy} =
82 0w O%w 4.38
3 2A1’Ay+2Nzya a9y AszJrNya ZAxAy ( )
ON;  ONy,\ Ow ON, ON,\ Ow
T ¥ AzA = V) AzA
+<8x+8y)8xxy+(8y+8y>8 Y
=0(in-plane equilib.) =0(in-plane equilib.)

Adding the vertical contributions from in-plane force resultants to Eq. (4.4) yields (when Az — 0,
Ay — 0):

OR,. ORy, 9w 0%w 0%w
N, 2N, + N,— = 4.
ox + Oy * ox? + Y dzdy Y 0y? Tp=0= (4.39)
0% M, 0% M, 0*M, 0*w 0%w 0%w
42 i Y 4 Ny— +2Nyy—— + Ny— = 4.4
Ox? + Oxdy + Oy? + Ox? + Y 0xoy + Y oy? p=0 (4.40)

4.5.6 Buckling equation for a symmetric laminate

Using that B;; = 0 for a symmetric laminate, the buckling equation in terms of displacements can be
obtained as:

8471)0 8411.)0 (94100 84w0 8411)0
—Dyj—— — —— —2(D 2Dgg) === — 4Dy ——= — —
15 16 0130y (D12 + 2Dgs) 022047 26 D20y 22 oy )
0*w 0%w 0%w )
N, 2Nyy=——— + Ny—= =0
tNegge TNevg g, TG TP

4.5.7 Buckling equation for a specially orthotropic laminate

As seen above, specially orthotropic laminates have apart from B;; = 0 also the property that D =
Dyg = 0 which further reduces the buckling equation to:

6411}0 84100 8411)0
—Dy1—— —2(D 2Dg6) === — Doo———
15 (D12 + 66)8x28y2 2754
0%w 0%w 0%w (4.42)
Ny— +2N,y——— + N, =0
T Ve ggr T gy T Mg TP
By assuming the applied compressive loading according to N; = —Ng, Ny = —Nyg, p = 0 and
Ngy = 0 one obtains:
*wo *wo 0*wg 9w 0%w
DHW =+ 2(D12 =+ 2D66)a 28 5 + Doo 8y4 = —Nxow - NyOTyQ (443)

For the special case of simply supported specially orthotropic laminates we can again use Navier’s
solution. Hence, the deflection wq is once again given by:
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o — . mmx . nmwy
wo(x,y) = Z Zwmn sm( . ) sin (T) =

m=1n=1

whereby the buckling equation can be rewritten as:

35wt [ () 200+ 2000 (55 0 (5) i (P2 s (52)

o o (4.44)
= mzzln;w%umn |:Nm0 (%)2 + Nyo (2)2] sin (m;rx) sin (m;y)
Finally, for non-trivial solutions wy,, # 0, we must have:
o ()" 2 2000 (50 2 ()] v () w0 (2] o

4.5.8 Example: Buckling under uniaxial compression

Let’s consider the special case of a rectangular plate with side lengths a and b under uniaxial compression
Nzo = Ny, Nyo = 0. We then obtain the following expression for the buckling load:

No(m,n) = 7* {Du (@)2 +2(D12 + 2Dgg) (2)2 + Dao (2)4 (G)Q} (4.46)
a b b m
The critical buckling load is then the lowest value of Ny for any combination of m and n which
generally depends on the ratio a/b and the bending stiffness D;;. Please note that m and n characterise
the shape of the buckling modes in terms of half wavelengths in the x and y directions respectively. Thus,
e.g. for a full sine-wave shape in z-direction we have m = 2.
In this particular case, the buckling load is obtained for n = 1. Furthermore, for a laminate with the
properties D11/Dag = 10 and (D12 4 2Dgg)/ D22 = 1 this is reduced to:

7T2D22 2 b 2 1 a\?2
No(m, 1) = T2 |10m (a> +2+— (%) (4.47)
or written on a non-dimensional form:
= ol DF g (BY gy Lay? (1.48)
RH a m?2 \b ’

cf. Figure 4.4. It can be seen that, depending on the geometry and lay-up sequence of the plate, the
most critical load can be obtained also for m > 1. In addition, the corresponding buckling modes for the
first three buckling modes are shown in Figure 4.5.

4.6 Free vibrations of a Kirchhoff-Love plate

4.6.1 Study Subsection 7.3.3 in the course book on your own
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Figure 4.4: Non-dimensional buckling load N = (Ny[m, 1]b?)/(72Daz) for a rectangular laminate with
properties Dy1/Das = 10 and (D12 + 2Dgg)/ D22 = 1 subjected to uniaxial compression.
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Figure 4.5: Buckling modes for a quadratic laminate (a = b) subjected to uniaxial compression. The first
three modes obtained for n =1 and a) m =1, b) m =2 and ¢) m = 3.
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Chapter 5

Mindlin - Reissner plate theory for
anisotropic laminated plates

5.1 Extensions of the plate theory to account for out-of-plane
shear: The Mindlin - Reissner theory

Experimental evidence exist in the literature that supports the Kirchhoff-Love plate theory, especially
for thin plates with a high length-to-thickness ratio. Also numerical results where the plate is modelled
as a 3D continuum (higher level of accuracy) agree well for thin plates. However, as the plate thickness
increase in relation to other dimensions, experimental and 3D simulations generally show larger out-
of-plane deflection than what is obtained by using Kirchhoff’s plate theory. The discrepancy is largely
dependent on the plate deformations induced by out-of-plane shear (which is neglected in Kirchhoff-
Love plate theory). Thus, for moderately thick plates, the theory needs to take these shear strains into
consideration.

5.2 First-order Mindlin-Reissner shear deformation theory

In order to account for the out-of-plane shear strains, the Kirchhoff-Love theory needs to be modified.
This is done by relieving some of the restrictions imposed by the Kirchhoff-Love assumptions. Thus, we
still assume that lines initially in the z-direction will remain straight after deformation but they do no
longer have to remain perpendicular to the midplane (due to the shear strains).

5.2.1 Kinematics of the Mindlin-Reissner plate theory

To see how the assumptions influence the kinematics of the Mindlin-Reissner theory, we consider first the
deformed plane in Figure 5.1. From this, we can conclude that the displacement in the direction of the
r-axis of a point on the planar cross section can be written as:

u(z,y, z) = uwo(z,y) + 20 (z,y) (5.1)

where ¢, is the (positive) rotation around the y-axis # dw/0z. In the same way (if we would consider
deformation in the yz-plane) one obtains the displacement in the y-direction as

’U(.’L‘,y,Z) = Uo(l‘,y) +Z¢U(‘r7y) (52)

with ¢, being the (negative!) rotation around the z-axis # Ow/0y. Finally, the vertical displacement (in
the z-direction) is as before given by

w(x,y,z) Zwo(l‘,y). (53)

By definition, we obtain the strains as:
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L—— ————'
Figure 5.1: Kinematics of Mmdhn Relssner plate deformed in the a) xz plane and b) yz plane (from J.N.
Reddy, Theory and Analysis of Elastic Plates and Shells (2nd ed.), CRC Press, 2007).

_ Qv _ 0w, 9%
T T or  Tox (5.4)
311_8UO+ %

ay oy oy

L ou v _dw O (96 0,
Yoy = 8y+8:c Oy o 8x te <8y + Ox (5:6)
8u
Yoz = 32 = ¢z + 7 (5.7)
ov 8w
Wwe = ot = = ¢y + By (5.8)
or
{E} = {e(]}+z{k}Mzndli7L (59)
ow
bz + 8—;
) = o (5.10)
0
by + Dy
with
duo 0
Ox Or
{e"} = ? s Ak} mindiin = % (5.11)
oy oo 96, 90,
Jy ox y ox

As can be observed, the definition of the curvature is extended from the Kirchoff theory to the
Mindlin-Reissner theory. However, it is clear that if we would neglect the shear strains, we would obtain
the relation between the rotation angle and the derivative of the out-of-plane displacement wq as in the
Kirchhoff-Love theory yielding the same curvature.

5.2.2 Transverse shear forces and stresses

Please note that the shear strains in the Mindlin-Reissner theory are assumed constant through the
thickness which implies that constant shear stresses are predicted within each lamina k through

Tyz | _ §44 Q45 Vyz
{)=l8n &) {2} (512
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or equivalently
(18 &)
Tyz Qus Qua |, | Mz . .
Please note that in the last step, the order of the of the shear stresses and strains were reversed for
reasons that will be more clear below (cf. the contracted notation of the equilibium equations, the weak
formulation and in later sections also the FE formulation). Please note that this also means that elements
of the stiffness matrix needs to change place, cf. Eq (5.13).
In order to obtain Q,,, Q,5 and Q55 we need to consider the coordinate transformation of the out-of-
plane shear stresses and strains due to a fibre orientation +60° around the positive z-axis. For this case,
the out-of-plane axis for the global coordinate system (the z-axis) and the out-of-plane axis for the fibre

oriented local coordinate system (the so-called T/—axis) coincide, whereby the relation between transverse
stresses may be derived from either a standard change of basis or from equilibrium of forces in the vertical

direction as:
Tppr | _ | cosf —sinf Tyz
{ TLT' }_ [ sinf  cosf } { T } (5.14)

[74]

As a consequece, we can obtain Q,4, @45 and Qss, knowing that the shear strains ~y, transform in the

same way
Yrr | _ | cos@ —sind Yyz
{ Yor' }_ [ sinf  cosf } { Vs }’ (5.15)
(T1]
as
Quy Qus } =91 [ Qus Qs } ~
Qs @y Tl 5.16
[ Qus @55 |y, Tl Q5 Qs (T3 ( )
where
T’ _ Qaa Qus } { Yo } 17
{ LT } [ Qs  Qss Yo (5.17)
with
Q Q G ! 0 G ’ 0 ’ . .
[ Qi: in - :ST Gy = ET Gy k, G = Gpr (the TT plane is a plane of isotropy)

(5.18)
and where we need either experimental data or a model to predict Gy .

Micromechanical models to predict G, generally are rather complicated and thereby out of scope
in this course!. However, interested readers are referred to e.g. the book by Christensen (Mechanics of
Composite Materials, Krieger Publishing company, 1979). It should be known that G, depends on
fibre volume fraction and the shear properties of the two constituents (fibre and matrix material) and is
generally somewhat lower than the in-plane shear modulus G, cf. also Figure 5.2 in which predictions
of G (denoted Gag in the figure) from a model developed at Swerea SICOMP denoted CCA (equivalent
to the Christensen model for a pure fibre-matrix material) is compared to the derived upper and lower
bounds by Hashin and the prediction of the in-plane shear modulus Gy using the Halpin-Tsai equations
with & = 1. Since the T plane is a plane of isotropy, we know for a fact that:

Er

51+ vpgr). (5.19)

GTT’ =

As a rule of thumb for carbon fibre/epoxy composites, vy normally lies in the interval 0.4-0.45.

1As an alternative, FEM can also be used to predict the transverse shear modulus based on an analysis of a representative
volume element
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-#-G23 CCA self-consistent

-#-G23 Hashin upper bound
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-4~ 523 Hashin lower bound
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Figure 5.2: Predicted values (obtained by Erik Marklund, Swerea SICOMP) for the transverse shear
modulus G, = Gag of a carbon fibre/epoxy composite based on the self-consistent model developed
at Swerea SICOMP (for this case equivalent to the model by Christensen, Mechanics of Composite
Materials, Krieger Publishing company, 1979) compared to the upper and lower bounds derived by
Hashin and predictions of the in-plane shear modulus G = G2 by the Halpin-Tsai equations with
& = 1. Parameters used in the predictions are: E,, = 3 GPa, v, = 0.38, Ey;, = 230 GPa, Efr = 23
GPa, Gy =20 GPa and vypr = Vepr = 0.2

5.2.2.1 The shear forces and the shear correction factor

Please note that the representation of shear stress through the thickness in unphysical in the sense that
traction continuity no longer is preserved. This is generally accounted for in the laminate analysis by
introducing a shear correction factor K such that the resulting out-of-plane shear forces are obtained as:

h/2 - -
xrz QE)S Q45 :| { Vaz }
{ } K/h/2 { Qus Qua @z Yz (5.20)
A55 A45
A45 A44

Please note the slight modification compared to the course book in which the shear correction factor is
included in the A;; components!

By considering a homogeneous specially orthotropic plate and enforcing the condition that the work
done by the external forces R,, and R,

1 2
- - dA = ... Ry dA 21
B /Ap,,,,f, RyoYer + Ryz’sz 2K / A44 (5 )

Aplate

equals the internal strain energy produced by the shear stresses and strains

h/2 3 R2 R2
/ / Taz Yoz T TyzYyz dAdz = = - / YZdA (522)
h/2 plate 5 Aplate A44

the shear correction factor gets the value K = 5/6. It should be noted that even thought the value of 5/6
for K is derived only for a homogeneous orthotropic plate it generally provides good approximations also
for other types of laminates (except for sandwich structures with a thick middle layer for which K — 1).
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5.3 Governing equations for the Mindlin-Reissner theory

The governing plate equations (forces and moments) for the Mindlin-Reissner theory are the same as for
Kirchhoff-Love plate theory. But, since there are now five unknowns (ug, v, wo, ¢ and ¢,) the vertical
equilibrium equation cannot be combined with the two moment equations. Thus, the governing equations
for the Mindlin-Reissner (or first-order shear deformation) theory are:

ON,  ONgy
=0 5.23
Ox oy ( )
ONgy  ON,
— =0 5.24
or dy ( )
OR,. OR,.
= 5.25
Ox + Jy ( )
OM,  OMy,
Jr + dy r ( )
OMg,  OM,
—_— = z .2
or on a contracted form:
VIN = 0 (5.28)
VIR, = —p (5.29)
v'M = R. (5.30)
with
9
2 Ox
N, R M, ox _ 0
N = N, , R, = L M= M, V = , V= 0 = (5.31)
v Ry. v 9 dy
Ney Mey %y o 0
dy O

5.4 Equilibrium equations in terms of displacements and rota-
tions for the Mindlin-Reissner theory

Given the definition of strains and stress resultants, we obtain their inter-relationship as:

N = [A]{e’} +[B]{k} = [A]Vu+ [B|V¢ (5.32)
R. = K[A]{7.} = K[A] (¢ + Vuy) (5.33)
M = [B]{e"} + [D]{k} = [B]Vu+[D|Vé¢ (5.34)
with N, M, A, B and D as before and
O A A4 N Rzz _ U _ ¢x
e S e T

By insertion of Eqs. (5.32)-(5.35) into the governing equations, Eqgs. (5.23)-(5.27), one obtains the equi-
librium equations in terms of the displacement and rotation fields. However, this yields rather lengthy
expressions that can be solved only for simple anisotropic conditions and boundary conditions (in analogy
with Navier’s solution for the Kirchhoff-Love plate). Instead, to allow for the solution of more general
problems by FEM, we derive the weak (or variational) formulation of Eqgs. (5.23)-(5.27).
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5.5 Weak form of equilibrium for the Mindlin-Reissner theory
It is first noted that in order to obtain the weak form of the governing equations, each equation is
multiplied by an arbitrary test functions (du = {du dv}T, dw and ¢ = {5¢p, dp,}7) (often also

denoted virtual displacements) and integrated over the domain Q. We treat the in-plane equations, the
vertical equation and the moment equations separately to obtain:

/ su” (6TN) a0
Q
/Q Sw (VTRZ> a0

~ ~ T
/Q 5¢T (VTM) Q= /F 5¢"M,, dT" — /Q (V5¢) M dQ = /Q 5o TR, dQ (5.38)

- T
/ JulPdl — / (Vau) NdQ =0 (5.36)
T Q

/ SwR,, dT" — / (Véw)" R, dQ = — / Swp (5.37)
T Q Q

where P = {P, Py}T is the external in-plane force (per unit length) acting on I', R, is the external
out-of-plane force (per unit length) and M,, = {M,,, Mny}T is the external moment (per unit length).
Please note that P can be expressed in terms of the in-plane normal n and tangent m vectors as

h/2 h/2
P=Pmn+ P,,m, P, = / ondz, Py, = / Tnm A2 (5.39)
—h/2 —h/2

where o, is the in-plane normal stress acting on the surface I' and 7,,, is the corresponding in-plane
shear stress (acting on I'). In the same way, we have

h/2
R, = / Ts dz (5.40)
—h/2
h/2 h/2
M, = M,,n+ M,,m, M,m:/ Onnzdz, an:/ Tomz dz (5.41)
—h)2 —h/2

where 7, is the out-of-plane shear stress acting on I' in the z-direction.

Please note that the weak formulation of the problem does not depend on if the plate is isotropic (also
derived in the course Finite Element Method - Structures) or anisotropic since only stress resultants and
displacements are involved. Please also note that there are a number of steps to be taken in order to
arrive at the weak form of the governing equations (i.e. to derive Egs. (5.36)-(5.38)) but that the steps
are very similar for the three equations whereby we focus only on the first equation below.

5.5.1 Derivation of Eq. (5.36)

To derive Eq. (5.36), we follow the steps for 2D elasticity derived e.g. in the Chalmers courses MHA021 -
Finit elementmetod (FEM) and VSM167 - Finite element method - basics, both given by the Department
of Applied Mechanics. The procedure is also very nicely described (for 3D elasticity) in the book by
Ottosen and Petersson (Introduction to the Finite Element Method, Prentice Hall, 1992.).

As a first step, Egs. (5.23) and (5.24) are multiplied by arbitrary test functions u and v respectively
which yields the following two equations:

ON, ON,, ) B dou dou
( O = — (6uN, — (JuN. QO — —N,+—N, Q=
/Q(SU(&E oy )d /Q(aw(éu w>+3y(6u wy))d /Q(ax = oy ”)d ’

ONzy | ONy _ / 9 o _/ 0dv i _
/{251;( T+ ay)dQ = Q(ﬁx(avmyway(avzvy)) A2 | (g Naw 5, Ny ) A2 =0

Please also note that this corresponds to the multiplication of Eq. (5.28) with du = {du 0}T and
du= {0 §v}7T respectively.
Utilising that
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/Q gii’cm: /F Yng dT (5.42)

oY /
—dQ) = o dl 5.43
o 0y r vy ( )

— where n = {n, n,}7 is the in-plane normal of the boundary I' of Q — the expressions may be rewritten
as

déu déu
dév dév
Taking the sum of Eqgs. (5.44) and (5.45) yields
adu déu a6v v
ou (Ngng + Ny 6v (Nyynz + N, dl' = —N,+ —N, —N, —N, | dQ
/F u (Ngng + Nayny) +6v (Noyng + Nyny) /Q<8x + dy y + o y T+ Ay y)
Py Py
or equivalently
. T
/ sulP dl = / (Vau) N dQ (5.46)
r Q

By taking the sum of Eqgs. (5.44) and (5.45), it appears as if we reduced the number of in-plane
equations from two to one. However, as indicated in the beginning of this subsection, du is arbitrary and
by using both du = {§u 0} and du = {0 v}T we retain the two governing equations we started with.
In fact, we can use any two arbitrary combinations of du as long as they satisfy the condition du? duy = 0
(vector multiplication).

In order to see

P, = Nyng + Nyyny, Py = Nyyng + Nyny,

we utilise that P is the projection of the stress in the normal direction of the surface integrated over the
thickness, i.e. in 2D we have

pP— P, _ /h/2 Or Ty Ty b — /h/2 OgNyg 4 TayNy ds — Nyng + Nyyny
P, —nj2 L Tzy Ty Ny —ny2 U TayNa + 0yl Neyng + Nyny,
5.5.2 Boundary conditions
By examining the surface integral (boundary terms) of Egs. (5.36)-(5.38), we conclude that there are
three pairs of boundary conditions:

5.5.2.1 Boundary conditions for the in-plane force equilibrium

The boundary term is
/ sulPdr (5.47)
r

whereby we can conclude that we can subdivide the boundary I' into two parts:

e I'p, on which the in-plane displacements are prescribed: (u = {ug v}’ = {uy v}’ = 1)
where uy and vy are the prescribed displacement components in z- and y-direction respectively.
Furthermore, for this part of the boundary, the corresponding test functions are set to zero.

e Iy, on which the external in-plane forces are prescribed: (P = {P, P,}* = {P, P,}* =P)
where P, and P, are the prescribed force components (per unit length) in the z- and y-direction
respectively, acting on I'y 4.
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Hence, the boundary term reduces to

/ sulPdl = / su’Pdr (5.48)
T I'nu

5.5.2.2 Boundary conditions for the out-of-plane force equilibrium

The boundary term is
/(5an dr (5.49)
r
whereby we can conclude that we can subdivide the boundary I' into two parts:

e I'p ,, on which the out-of-plane displacements are prescribed: (w = wy = Wy) where Wy is the
prescribed displacement component in z-direction. In analogy to the in-plane force balance equation,
for this part of the boundary, the corresponding test functions is set to zero.

e 'y, on which the external out-of-plane force is prescribed: (R, = R,) where R,, is the prescribed
vertical force (per unit length) in the z-direction acting on I'y .

Hence, the boundary term reduces to

/ SwR, dT' = / SwR,, dT (5.50)
r FN,w

5.5.2.3 Boundary conditions for the moment equilibrium

The boundary term is
/5¢TMn dr (5.51)
r
whereby we can conclude that we can subdivide the boundary I' into two parts:

e I'p 4 on which the rotations are prescribed: (¢ = {¢, ¢,}7 = {¢, ay}T = ¢) where ¢, and ay
are the prescribed rotation components. As before, for this part of the boundary, the test functions
are set to zero.

e I'y 4 on which the external moments are prescribed: (M,, = { M, My} ={M,, M,,}T =M,)
where M,,, and M, are the prescribed moment components (per unit length) acting on I'y 4.

Hence, the boundary term reduces to

/ 6" M, dl = / 5" M,, dT (5.52)
I I'n,g
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5.5.3 Final weak form

Rewriting the boundary terms and using the kinematical relations one obtains the weak form as:
Find u= {ug v}’ € Vy, w € Vy, and ¢ = {¢, ¢,}T € V4 where

V, = {sufficiently regular;u=donTIp,}

<
g
I

{sufficiently regular;w =w on I'p ,,}

V, = {sufficiently regular;¢p =¢ on I'p 4}

such that:

/ (wu)T ([AWH [BW¢) dQ = / sulPdl, You e Vi,
Q

I'nu

/ K (Vow)' [A] (¢ + Vw) dQ = / dwp d§2 Jr/ SwR,, dT", Yéw € Vs, (5.53)
Q Q T

N,w

/Q (th)T ([BWu n [DW¢) o+ /Q 5T K[A] (¢ + V) d = /rw 5¢"M,, dT, Vo¢ € Vg
u=uonlp,

w=won I'p,

d) = a on FD#’
where
Vs, = {sufficiently regular;du=0onTp,}
Vsw = {sufficiently regular;dw =0onI'p .}
Vse = {sufficiently regular;0¢p =0onI'p 4}

which is the starting point for the FE formulation of the problem.
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Chapter 6

FEM formulation of laminated
composite plates

6.1 Preliminaries

The point of departure is the weak (or variational formulation) of the governing equations for the Mindlin

plate as:

Find u= {ug v}’ € Vo, we Vy, and ¢ = {¢, ¢,}7 € V4 where

such that:

/Q <W“)T ([A]W + [B]W) Q= /

I'nu

/QK (Vow)" [A] (¢ + Vw) d2 = /Qéwp "t /p

/Q (wgb)T ([Bwu + [DW¢) a0+ /Q 5¢p" K[A] (¢ + Vw) d2 = /F

u=uonlp,

w=won'p,

¢ = a on FD7¢
where
V5u
Véw
Vsg

and where we recall that

= {sufficiently regular;u =won I'p ,}

= {sufficiently regular; ¢ = ¢ on I'p 4}

= {sufficiently regular;du=0onTIp,}
= {sufficiently regular;dw =0 on I'p ,,}
= {sufficiently regular;6¢p =0 on I'p 4}

sulPdl, Yéu e Vg,
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6.2 FE-approximations of fields

So far, we have considered only planar problems such that everything is just a function of x and y since
the zy-plane is placed in the plane of the plate. Proceeding in this way, are now in the position of
introducing the FE approximation of the different fields in terms of unknown node variables so-called
degrees-of-freedom (e.g. w; for the out-of-plane displacement) and shape functions N;(x,y) as:

u(z,y) = { uo(x, ) }%Ni(o:,y)ﬁi, where u{ Ui } (6.2)

UO($>y) Pt V;
nno
wz,y) = wolz,y) =Y Ni(x,y)i; (6.3)
i=1
P (2, y) } T 3 i { bui }
x, = = N;(z, i, where ¢, = ’ 6.4
or equivalently
u = Nu .5)
w = Nw (6.6)
¢ = N¢
with
[Ny 0 Ny 0 .. Nppo O _
N=1"0 N, 0 Ny . 0 Ny |'N=[M N2 Noo ]
—[ @ & Gy D2 e Tnmo Buno | =] B1 Wy o o | (6.8)

u
&) = [ ng@ (;Asy,l nga (lgy,Q ér,nno (lgy,nno ]T

nn

where we dropped (z,y) for brevity. Please note that the sum > 7 is defined over all nodes (nno) in
the domain and that the shape functions have the properties

nno

1 in node ¢ . . .
N; = { 0 in all other nodes j £ ; N; =1 in any point of the domain (6.9)

Furthermore, from the weak form, we know that we also need @u, Vw and 6¢ which we, via the
approximation above, obtain as:

Vu = V(Na)=Bi, B=VN (6.10)
Vw = V(Nw)=Bw, B=VN (6.11)
Ve = V (Ng%) —Bd, B= VN (6.12)

since all degrees-of-freedom are constant nodal values and not functions of = or y.

6.3 FE-formulation of laminated plates

On order to end up with the FE formulation of the laminated Mindlin plate, we start of by considering
each equation separately.

6.3.1 FE formulation of in-plane equilibrium

Before we insert the FE approximation of the unknown displacement field into the weak form of the

in-plane equilibrium

/ (wu)T ([AwuﬂB}w)) Q0 = / su”Pdl, VYou € Vi, (6.13)
Q

FN,u
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we first note this should hold for all arbitrary test functions du € Vy,. By using the so-called Galerkin’s
method, and choosing du; = {6u 0}7 and duy = {0 v} (where u and v can be arbitrary, given that
they satisfy the necessary restrictions in terms of e.g. boundary conditions) we will obtain two coupled
equations for the in-plane displacements. Furthermore, according to Galerkin’s method we use the shape
functions N; to represent also the arbitrary test functions

T

ouy :{ 55 } = Necy, ¢1 = [ c1i 0 ci2 0 .. Cinno O ] (6.14)
dug { 6(11 } = Ncy,co=[0 c21 0 c22 .. 0 C2m0 ]T (6.15)
whereby
Véu, = V(Nc¢;)=Bc, B=VN (6.16)
Véu, = V(Ncy)=Bcy, B=VN (6.17)

If we start by choosing du = du; (with arbitrary non-zero coefficients in ¢q) and inserting the FE
approximations of u, ¢ and du; we obtain:

cT </ B'[A|B dQﬁ+/ B”[B|B d¢p — NTPdF> =0. (6.18)
Q Q

1—‘N,u

In the same way, if we choose du = duy (with arbitrary non-zero coefficients in c) we obtain:

c? (/ BT [A]B dQu +/ B”[B|B d¢p — NTPdF> =0 (6.19)
Q Q I'nu
which if combined can be written as:
~ _ T
c’ B'[ABdQu+ [ BT[BIBdQ¢ — NTPdr | =0 with ¢” = | L. (6.20)
Q Q TN Ca

Now, since we know that this should hold for arbitrary test functions, i.e. for any choice of ¢ we must
have

/BT[A]BdQﬁ+/ BT [B|BdQ ¢ — NTPdl' =0 (6.21)
Q Q I'nu
N———
K““ Kud) fb,u
or
K+ Ky =1y, (6.22)

6.3.2 FE formulation of out-of-plane equilibrium

Following the procedure above, now simply by using éw = Ne¢, Véw = Bc and ¢ = N(Ab we obtain the
FE-formulation of the out-of-plane equation as:

T T A g RTIATR 10w — | NT _ NS _
c (/QKB [A]Nqub—i—/QKB [A]B dw /QN pdQ /F N RndF> 0 (6.23)

N,w

Again, since this should hold for arbitrary c¢”, we obtain the FE-formulation of the out-of-plane equilib-
rium as

KyuwW + Kwd)(}b = fb,w + fl,w (624)
with

Kyw = / KBT[AIBdQ, Ky = / KBT[AINdQ, fy., = / NTR, dT, f,., = / NTpdQ (6.25)
Q Q r Q

N,w
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6.3.3 FE formulation of moment equilibrium

Again, we choose the arbitrary test function in two ways (§¢, = {d¢, 0} and d¢py = {0 6¢y}T) which
results in

e’ ( / BT [B|B dQu + / KNT[A|BdQw + / (BT[D]B + KNT[A]N) dQp — N'M,, dl'| =0
Q Q Q In.g
(6.26)
again with
T cf
with ¢’ = [ 1T } . (6.27)
Ca

Now, since we know that this should hold for arbitrary test functions, i.e. for any choice of ¢, we
must have:

Koot + Ky W + Ko = £ 4 (6.28)
with:
Koy = Kup = / B'[B|BdQ, Ky, =K, = / KNT[A]B d
¢ ) ° (6.29)
Kyg = / (BT[D]B + KNT [A]N) dQ and £, = N"M,, dT
Q I'n,o

6.3.4 Total formulation

By collecting the unknowns in one vector a = {ﬁTWTéT}T we can write the total system of equations
as:

K.. 0 K¢ u fo.u
0 Kuw Kw¢ V:V = fb,w + fl,w (630)
Ko Koy Koo ¢ f0
K a f

Please note that K is symmetric since K4 = KZ¢ = Ky, Please also note that for symmetric laminates,
B;; = 0 which implies that K,4 = 0 leading to that & can be solved for independently of w and ¢.

6.4 Element-wise approximation

In the derivations so far, we have assumed that the support of the shape functions N; span over the
entire domain 2. However, in practice, these shape functions only have local support in the elements
surrounding the node j to which the shape function V; is associated. This means that the shape functions
are only defined locally in the domain. Often, we speak of element shape functions N/ which is the part
of N; with support in the element e. Thereby, we can write the approximation of our unknown variables
as a local approximation on each element as:

neno

u® = ) N =N = Vu® =B a’ (6.31)
=1
neno B B

w® = Y Njpf = NW = Vo = B'W (6.32)
i=1

¢ = > Nigf =N°¢° = V¢° =B¢* (6.33)
=1

¢ ¢ and @¢ are the associated
degrees-of-freedom in node ¢. Considering the special case of a four node quadrilateral element, G, W*°,

where neno is the number of nodes associated with the element and u§
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6{)67 N°¢ and N° take on the form shown in Figure 6.1 (one example):

U (bxl
U1 d)yl
Us w1 G2
ar=d 2 b g Jwe Lo ] o
uz |’ w3 $3 6.34)
U3 Wy by3 (6.
Uy Ga
() ¢y4
e | N1 0O Ny O N3 O Ng O e
N =10 m 0 N o0 N 0 N P NEIM N Ny N
and we have ~ - -
B° = VN°¢ B° = VN* (6.35)
1{4)*4 1{‘1’;@
4, .
ﬂyi Vo > 2@ D
el | VV\AJ u4' b | ‘N\3J us'
1t¢x‘ 1{‘1&2
A A
v, Vv,
EVL D ?ﬁ D

Figure 6.1: Ordering of the degrees of freedom for the prototype element according to Eq. (6.36)

This means that we can obtain the FE equations on one element as:

K, 0 K, (a <
0 Ki}w 7eu¢ ‘5’6 = i,w + fle,w (636)
Ki, K, Kj, ¢° fro
KE ae fe

where K¢, is obtained by replacing B by B¢ and so on in the equations above. Finally, the global
stiffness matrix and force vector are obtained by assembling the element contributions into the global
system, i.e. by adding the contributions of each element stiffness matrix and element force vector to the
corresponding positions in the global matrices, cf. any basic course in FEM.

6.4.1 Prototype example: The four node isoparametric quadrilateral element
6.4.1.1 Preliminaries

The isoparametric quadrilateral (bilinear) element fulfil both requirements for convergence:

e Compatibility: The approximation of all fields is continuous across the common boundary of two
neighbouring elements

e Completeness: The approximation over the element is able to represent both an arbitrary constant
gradient as well as an arbitrary constant value of any of the fields.
6.4.1.2 Parent and global domain

If we consider a four-noded finite element in the xy-plane as part of the discretisation (or mesh) of a
plate, cf. Figure 6.2 (right), the basics of the isoparametric mapping is that this element in the so-called
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global domain (xy-plane) corresponds to an element in the so-called parent domain ({n-plane) with edges
parallel with the coordinate axes £ = +1 and n = %1, cf. Figure 6.2 (right). Furthermore, there exist
a one-to-one mapping from the parent domain to the global domain such that any point (z,y) can be
found as:

r=x(&n), y=y(n) (6.37)

Furthermore, if we differentiate x and y we obtain:

_ Oz Oz dy 8y
do = Gede+ 5odn, dy = 5odg+ 50 (6.38)
or
0z 0a
dz | | 9¢ on {df}
{dy } oy oy a (6.39)
0§ In
—_———
J

In order for the mapping to be one-to-one, we need to be able to invert the Jacobian J in Eq. (6.39).
Thus we have the requirement that

detJ >0
Al (%g,¥q)
3
{x 4,)’4)
y A
—_“ 1
(xq.¥y) 2

[xy,yq}

=1,-1) (1,~-1) - x

Parent domain Global domain

Figure 6.2: Mapping of four-node isoparametric quadrilateral element from the parent domain to the
global (FE) domain. (from Ottosen and Petersson, Introduction to the Finite Element Method, Prentice
Hall, 1992)

6.4.1.3 Element shape functions and their derivatives

The basics of the isoparametric mapping is that the mapping of a point (z,y) is represented via the
element shape functions N such that:

z(&mn) = Ni(&n)zr+ N3 n)w2 + N5(§ nas + Ni(€ n)za (6.40)
y(&n) = Ni(&myr+ N3 (€ my2 + N3(§nys + Ni(€n)ya (6.41)
or
z(&,m) = N(&n)x®, y(&,n) = N°(&n)y* (6.42)
with
Ty Y1
Ne=[Mi&n) Na(6n) Nsn) Na€m) ]ox=| 32|y =2 (6.43)
Ty Y4
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where x;,y; are the coordinates of node i numbered counter-clockwise and where the shape functions are
(considering the numbering according to Figure 6.2):

1

Nf = -1 (6.44)
N§ = 1€+ @) (6.45)
N = €+ (6.46)
N = €=+ (6.47)

In the FE-formulation above, it is clear that we need the derivatives of the shape functions with
respect to « and y. By noting that

ONe® ONe¢ Oz n ONe® Jy dz 9y ONe®
193 _ Ox 0¢ dy o0& _ 0¢  0¢ Oz (6.48)
ONe ON¢ Oz n ONe® dy ] ON* )
an dxr On dy In on  On dy
—_———
JT
the derivatives with respect to x and y may be obtained as
ON® ON{ ON§ ON§ ONg ON¢
Ox B Ox Ox Ox Ox e\t 0¢
oNe | = | Nt ans on: ong | T (77) INe (6.49)
dy gy Oy Oy Oy on
Finally, J7 can be found as
ON¢ ONf ONS ON§ ONg 2
JT — 8§ [ x¢€ ye ] _ 86 8€ 66 a€ T2 Y2 (6 50)
ONe ONg ONS ON§ ONg T3 Y3 ’
on on On  On  On Ta  Ya

6.4.1.4 Numerical integration

We start by considering that the integral over an element €2¢ can be written as:

/Qeon//o(x,y) dzdy (6.51)

It can be shown that by using the isoparametric mapping (z = z(£,n) and y = y(£,n)) the integral can

be rewritten as:
-1 1
//o(m,y) dxdy:/ / o(&,m) det Jd&dn (6.52)
-1 J-1

Furthermore, in any textbook containing numerical integration, it is shown that the integral in one
dimension

[ﬁ@@ (6.53)

may be approximated, with close accuracy as:
1 n
| fea=d reon (6.54)
-1 i=1
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where a finite number (n) of so-called integration points & (in which the function to be integrated is
evaluated) is used, and where H; is the integration weight associated with that point. This can be
expanded to two dimensions as:

//fﬁndfdn~22f§um (6.55)

1=1 j=1

where each integration point ij now has the coordinates (&;,7;).

There exists several ways of choosing the positions of the integration points and the corresponding
weights. A common (and the most accurate) scheme is the so-called Gauss integration scheme for which it
can be proven that in one dimension, the Gauss integration using n integration points exactly integrates
a polynomial of order 2n — 1.

In our case, if we want to integrate the stiffness matrix contributions K., Kyg¢, ... and the force vector
contribution f; ,, as accurately as possible, we start by noting that the highest order of accuracy necessary
is for a polynomial of order 3 (since that is approximately what get by multiplying N (bilinear) with B
(linear)). Thus, if the integration should be performed in one dimension we would need two integration
points, Now, since it is an area integral performed in two dimensions, we need 2x2 integration points, cf.
Figure 6.3.

n m : "
!
X x
x x
g £ | L ¢
x X x x  x

Figure 6.3: Location of integration points of the Gauss scheme for 1 x 1, 2 x 2 and 3 x 3 point integration
in the parent domain (§,7). (from Ottosen and Petersson, Introduction to the Finite Element Method,
Prentice Hall, 1992)

For the Gauss integration scheme, it can be shown that for a 2D integration with nxn integration
points, we have the positioning of the integration points and the corresponding weights as:

Forn=1

Point 1 (n=1,m=1): &§=0,m=0, H =2 H =2

For n = 2

Point 1 (n=1,m=1):

Point 3 (n=2,m=1): & n) =

0= (7
Point 2 (n = 1,m = 2) : :(
(57

Point 4 (n=2,m=2): (&,n) =

(ws) ™

6.4.1.5 Reordering the degrees-of-freedom before assembly

In order to derive the expression for the stiffness matrix and force vector for the laminate element, it was
convenient to arrange the degrees-of-freedom in the element degree-of-freedom vector (cf. also Figure 6.1)

68



a‘ as
U el

U1 ¢y1

ae Uz w1 o

ac={ we bowithar={ 2 b we=d w2 bge ] On

e u3 w3 $3

U3 Wy by3

Uy Daa

V4 ¢y4

which yields the format of the element stiffness matrix K® and element force vector f° as in Eq. (6.36).
However, for computational reasons, it is more convenient to number the degrees of freedom as for the
element in Figure 6.4. Please note that we keep the ¢, degrees-of-freedom defined as positive
around the negative x-axis.

A
1‘320 1‘315
A A
ay7 ap
ajg Ay
“«“—H > B>
NSZED ASZET
A h
1&35 1Lawo
A A
as a,
a, ag
dd N » dd N »
<< > </
a; ag %

Figure 6.4: Ordering of the degrees of freedom for the prototype element according to the global num-
bering.

Therefore, first determine the element contributions according to Eq. (6.36) and then reorder the rows
of the force vector and rows and columns of the stiffness matrix to meet the numbering in Figure 6.4.
This final step can in MATLAB be accomplished e.g. by:

Ke = Ke([1 2 9 14 13 3 4 10 16 156 5 6 11 18 17 7 8 12 20 19],...
[1 2914 1334 10 16 155 6 11 18 17 7 8 12 20 19])
fe = fe([1 2 9 14 13 3 4 10 16 156 5 6 11 18 17 7 8 12 20 19]’)

6.4.2 Reduced integration of out-of-plane shear parts

It can be shown that the current formulation with linear (bi-linear) approximations of u, w and ¢
experience locking (i.e. the element become too stiff) when fully integrated. This can be seen by
considering a plate in pure bending, cf. Figure 6.5 for a view in the xz-plane, for which the out-of-
plane shear stresses and strains should be zero. However, if we use a linear (or bi-linear) approximation
of the out-of-plane displacement, as indicated by red piecewise linear curves (one for each element) in
Figure 6.5a, and the same approximation for the rotation angles, zero shear strains v,, = ¢, + dw/0x
can only be accomplished over the whole element in the case of both ¢, and dw/dz being constant over
the element. This means that the plate can not have any curvature. Hence, locking occurs for this case,
cf. the sketch in Figure 6.5b.

The locking effect can be avoided by so-called selective integration where parts of the stiffness matrix
are integrated by reduced integration (1 x 1 integration point in the plane of a plate). This means that
if the terms involving e.g. ~,, are integrated using just one integration point in each element, cf. the
cross in Figure 6.5b, it is possible to achieve v,, = 0 (in this point) for these elements. The rest of the
terms (not involving out-of-plane shear strains) can still be fully integrated (2 x 2 integration points in
the plane).
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-Ow/dx = -(wy - w )/Ax

a) b)

Figure 6.5: Sketch explaining the cause of locking for bilinear quadrilateral Mindlin plate elements with
full integration. In a), the red curves indicate the linear approximation of the out-of-plane displacement
w for the plate which is sketched in black. Also the resulting rotations in the nodes are indicated by ¢4 1
and ¢, 2. In b), the resulting ¢, variation (black), —Ow/dz variation (red) and the resulting shear strain
vz» are indicated together with the point in which 7,, = 0 can be obtained (black cross).

To generalise this discussion, it can be shown that in order to avoid locking, all parts of K involving

the out-of-plane shear stiffness ([A]) need to be integrated with a reduced order. Thus, if we subdivide
K¢¢ as:

Ky = /QBT[D}B s+ /Q KNT[AINAQ = Kgp1 + Kggo (6.56)

the order of integration should be like:

1 x 1 integration of:
Kyo.2, Kugp: Kow, Kuw

2 x 2 integration of:
K¢¢717 Kuua Ku¢7 K¢u

Please note that selective (under) integration of the stiffness matrix may lead to spurious zero energy
modes under certain conditions. Therefore, one should always carefully investigate the results obtained.
The treatment (or stabilisation) of such behaviour is however considered as outside the scope of this
course.
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Chapter 7

Failure in composites

The definition of failure depend on the application. This means that a component can be considered as
failing long before it breaks. As an example, if a laminated composite component’s main purpose is to
ensure a certain stiffness, it has failed already when the first ply breaks since this will have a direct impact
on the stiffness, cf. the first kink in the load-displacement curve in Figure 7.1. However, the component
may still be able to carry an increase in load, meaning that the function is lost whereas collapse or
catastrophic failure still can be avoided. On the other hand, some components, such as crash boxes or
other components intended for energy absorption during a car crash, are designed to fail in a reliable
way. In this case, 'failure’ is considered first when the component looses all load carrying capacity.

L Piy failures

N

loss of load carrying capacity

Load

N

loss of stiffness

Deformation

Figure 7.1: Load-displacement behaviour of a hypothetical laminate (from Agarwal et al., Figure 6-13).

In addition, in the case of composite materials, internal material failure occurs much before any change
in macroscopic behaviour can be observed. Examples of types of internal failure are:

Breakage of fibres (but not causing total ply-failure)

Microcracking of the matrix

Separation of fibres from the matrix (debonding)

Local separation of plies (local delamination)

The effects of such internal material failure is however only observable if it occurs to a large extent.

7.1 Intralaminar failure - failure within a lamina

7.1.1 Lamina failure modes

Most unidirectional materials (including UD fibre reinforced plies) exhibit a linear elastic behaviour up
to failure. Thus, for a single lamina the decrease (loss) of stiffness and loss of all load carrying capacity
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\ Loading type Possible failure modes ‘

ory | Longitudinal tension Brittle (concentrated fibre breakage)
Brittle + fibre pullout (stress concentration at fibre ends)
Brittle + interface shear failure or debonding

oy | Longitudinal compression | Micro-buckling

Shear failure

Fibre crushing

Splitting

oTU Transverse tension Matrix tensile failure

Constituent debonding and/or fibre splitting

opy | Transverse compression Shear failure of the matrix

-In combination with constituent debonding
-In combination with fibre crushing

Trru | In-plane shear Matrix shear failure

Matrix shear failure 4+ constituent debonding
Pure constituent debonding

Table 7.1: Possible lamina failure modes

occurs simultaneously. In the presentation material for this lecture, a number of different failure modes
(depending on loading type) is presented, cf. also a summary of these failure modes in Table 7.1.

7.1.2 Multi-axial lamina failure criteria

There exist a number of failure criteria to predict failure of a composite ply subjected to multi-axial
loading, some of them being presented below. All these criteria require a number of material parameters
to characterise failure under certain one-dimensional loading conditions, cf. the failure modes of a ply.
These material strength parameters, summarised in Table 7.1, can either be predicted by micromechanical
models (such as the rule of mixtures for predicting the longitudinal tensile failure stress, cf. the lecture
notes for lecture 3) or determined experimentally (interested readers are referred to Chapter 10 in the
course book).

7.1.2.1 The maximum-stress criterion

This criterion states that fracture will occur if the in-plane shear stress or any of the normal stresses
in the direction of the principal material axes (the L, T and T axes of a ply) exceed the corresponding
allowable stress. Thus, in order to avoid failure, the following inequalities need to be satisfied:

oy < o <o (7.1)
—ory < or <O0TU

abS(TLT) < TLTU 7.3)

Please note that, of course, the sign of the shear stress does not have an influence. According to this
theory, failure occurs when any of the inequalities are violated. Thereby, it is not really one fracture
criterion but five subcriteria not taking into consideration the effects of coinciding loads. Thereby, it
becomes non-conservative under certain conditions, e.g. combined tensile and shear loading.

7.1.2.2 The maximum-strain criterion

This criterion states that fracture will occur if the in-plane shear strain or any of the normal strains in
the direction of the principal material axes (the L,T and T axes of a ply) exceed the corresponding
allowable strains. Thus, in order to avoid failure, the following inequalities need to be satisfied:

—EILU < €L <E€LUu (74)
_E/TU < ET < é&ru 7.5)
abs(yrr) < yrrU (7.6)
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According to this theory, failure occurs when any of the inequalities are violated. Thereby, it is neither
in this case really one fracture criterion but five subcriteria without consideration of interaction. This
criterion is indeed very similar to the maximum stress criterion, especially if we assume linear elastic
behaviour of the composite up to failure. Thereby, only minor differences can be noted that are attribute
to Poisson effects, cf Figure 7.2.

2.00

0.50

0.20

o,/ Oy
0.10
Compression

Tension

Maximum-stress theory

---------- Maximum-strain theory
0.01 | |

0 30 60 920
0

Figure 7.2: Off-axis strength predicted my maximum stress and maximum-strain theories of failure (from
Agarwal et al., Figure 5-13).

7.1.2.3 The maximum-work criterion (Tsai-Hill)

The maximum-work criterion, also denoted the Tsai-Hill criterion, states that a lamina in the state of
plain stress (0w = T = Tpp = 0 where T' is the coordinate axis pointing out of the lamina plane)
fails when the following criterion is violated:

2 2 2
() Goe) ) - G) G) = @
oLU oTuU TLTU oLU oLU

The criterion is derived on the basis of the theory for anisotropic plasticity according to Hill:

H(op — o)’ + F (or — o’T/)2 +G(op — or)? + Ltip + MT%T/ + NTET, =1 (7.8)
where F' — N are material constants. By adding the restrictions that

e Failure in pure shear occurs when the shear stress reaches the maximum strength value (for all
three directions) = L = (rprp) >, M = (TTT/U)_2 ,N = (TLT/U)_2

e Failure under uniaxial loading occurs when the normal stress reaches the maximum strength value
(for all three directions) = H + G = (O'LU>_2 JH+F = (UTU)_2

e The ply is transversely isotropic = H = G
e The out of plane normal stress o, is zero
the parameters F' — N can be expressed in the material strength parameters as
ar, 2 aor 2 TLT 2 Trpp? 2 Tyt 2 ar, ar
oLU oru TLTU Trr'U TrLr'Uu oLU oLU

which is further reduced to Eq. (7.7) if we assume that also the transverse shear stresses are zero. For a
visualisation of the Tsai-Hill criterion, refer to Figure 7.3 where the failure envelope is plotted under the
condition 77 = 0.
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Figure 7.3: Visualisation of the Tsai-Hill criterion for zero shear stresses (from Zenkert and Battley,
Foundations of Fibre composites, Figure 4-10). 61, = 0}y, 61t = 0Ly, 02c = 0y, G2t = 01U

It should be realised that this criterion in its original form does not distinguish between the tensile
and compressive strength in longitudinal and transverse direction. Therefore, it cannot in this form
adequately model materials with different strength in tension and compression (as is the case for many
polymer composite materials). However, to improve the performance of the criterion, one should carefully
take into consideration the sign of o and o7 meaning that if any of these are negative, the
corresponding compressive strength should be used.

As an example, if the stress state is such that o > 0 and op < 0, the Tsai-Hill criterion should take

the form:
o 2 o 2 T 2 o o
(o) () () - (30) () < 10
OLU ory TLTU OLU OLU

It should be remarked that the Tsai-Hill criterion indeed takes the interaction between different stress
components into account, but really without any micromechanical motivation to support the actual
interaction. Thereby, this criterion can be considered more in the form of a ’curve-fitting’ criterion which
matches the single-mode conditions. Generally, this criterion is more conservative than the maximum-
stress criterion (important in industrial applications) except in small regions in the third and fourth
quadrant (when or is negative (depending on the strength values).

7.1.2.4 The Tsai-Wu failure criterion

Another common criterion used for evaluating possible failure of composite plies is the Tsai-Wu criterion.
It states that a lamina in the state of plain stress (ov = 7, = 7 = 0) fails when the following
criterion is violated:

2 2 2
g g T oy, oy, orT or
p L+ 5 +2F0p07 + - =+ -——<1 (7.11)
OLu0ry  O9TU9ry  TLTU oLv Oy  OTU  OrUy

where Fi5 is another material parameter that needs to be determined experimentally in addition to the
separate strength parameters. In order for the criterion to represent a closed ellipse (and not parallel
lines or a hyperbola) we need the restriction

—-1< Flg\/O'LUO'/LUO'TUO'%U <1

It is very difficult to perform specific experiments to determine Fo and it is thereby often necessary
to combine several experiments to calibrate the most suitable value. It should however be remarked that
the parameter F}5 influence both the slenderness ratio and the inclination of the major axis of the failure
ellipse described by the Tsai-Wu criterion, cf. Figure 7.4 for a visualisation of the Tsai-Wu criterion when
TLT — 0.
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Figure 7.4: Visualisation of the Tsai-Wu criterion for zero shear stresses (from Zenkert and Battely,
Foundations of Fibre composites, Figure 4-11). 61, = 0}y, 61t = 0Ly, G2c = Oy, Oot = OrU

As for the Tsai-Hill criterion, the Tsai-Wu criterion also takes multi-axial loading effects into account,
but also in this case without any real motivation for the interaction. Instead, it is a mathematically
easy-to-use criterion adapted for a limited number of measure points. This criterion is widely used, it has
however some significant limitations. Most important, if the transverse compressive strength is decreased,
the predicted strength in compressive-compressive loading is actually increased (unphysical!).

7.1.2.5 The Hashin criterion

In an attempt to account for load interaction and at the same time having a physical basis (failure mode
basis) for the criterion, Hashin (Journal of Applied Mechanics, 47:329-334, 1980) developed a set of
equations to predict failure based on four failure modes (details are omitted here but can be found in the
reference):

Fibre direction tensile failure (combined effect from shear and tensile loading):

2 2
(OL> +a ( TLT ) < 1 when o7, >0 (7.12)

oLu TLTU

Fibre direction compressive failure (not considering the failure mode of matrix shear failure):

2
<(7> <1 when o <0 (7.13)
OLu

Transverse direction matrix tensile failure:

2 2
(UT) + ( LT ) <1 (7.14)
oTU TLTU

Transverse direction matrix compressive failure

2 , 2 2
( o ) + (UTU) ~1 U,T+(TLT) <1 (7.15)
2T U 2T U Oy TLTU

where 77y in the last criterion is the out-of-plane shear strength and where « is an additional material
parameter (representing the effect of shear on the longitudinal tensile failure) that needs to be calibrated
against experimental data. Often, however, « is chosen as 1. I should also be pointed out that the two
matrix failure modes also comprise the loading case of pure shear, for which we set o = 0 such that
failure in pure shear occurs when the in-plane shear stress reaches the critical shear stress value 7.7y .

7.1.2.6 The LaRC set of criteria

To further consider the physical mechanisms behind failure initiation in a laminate, a set of failure criteria
denoted the LaRC criteria have been proposed in the literature, cf. Pinho et al. (Pinho et al., Failure
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Models and Criteria for FRP Under In-Plane or Three-Dimensional Stress States Including Shear Non-
Linearity. NASA/TM-2005-213530. NASA Langley Research Center. Hampton, VA 23681, 2005). The
criteria are based on physical models for each failure mode and also take into consideration non-linear
matrix shear behaviour. Furthermore, the model for matrix compressive failure is based on the so-called
Mohr-Coulomb criterion and it predicts the fracture angle. Fiber kinking is triggered by an initial fiber
misalignment angle and by the rotation of the fibers during compressive loading. The plane of fiber
kinking is also predicted by the model. LaRC consists of 6 expressions that can be used directly for
design purposes. This set of criteria are however quite advanced and considered out-of-scope in the
current course. Interested readers are referred to the reference mentioned above (also available on the
course homepage).

7.2 Progressive failure of a laminate - The analysis of laminates
after initial intralaminar failure

7.2.1 Preliminaries

Given the failure criteria presented in Section 7.1.2, it is rather straightforward to predict whether any
of the plies will fail under certain loading conditions. This means that the load when the first ply will
fail can be computed. However, since the strength of a ply is directly related to its orientation, not all
plies will fail at the same time. Instead, one will see progressive ply failure as indicated in Figure 7.1.

Failure will most likely first occur in plies oriented perpendicular to the loading (due to the lower
strength). This may in fact occur at rather low loads meaning that the laminate at this point is in no
real danger of complete failure. Sometimes even, the effect of the failure of the first couple of plies may
be difficult to observe from the macroscopic viewpoint. However, as the number of failed plies increase,
the macroscopic behaviour will change (e.g. manifested as a decrease in stiffness). Finally, when enough
plies have failed, a critical point will be reached after which no further increase in the load can be made
without total failure and fracture of the component. To analyse the ultimate strength of a laminate and
to be able to follow the entire load-displacement history, a procedure where progressive failure is taken
into account is thereby necessary.

7.2.2 Simplified approach to handle progressive failure

One approach to invoke the progressive failure in the modelling of laminates is to update the lamina
properties whenever failure is detected. For instance, if longitudinal tensile failure occurs, it is very
likely that the stiffness in this direction is reduced (or vanishes completely). This can be modelled by
modification of the [Q]-matrix of the current ply in such a way that Ep is set to zero (or rather a
'very low’ number to avoid numerical difficulties) whereas the other properties, such as the transverse
modulus F7 and the in-plane shear modulus G can be considered as unaffected by the failure mode.
In a general sense, the modification of particular material parameters should be made considering the
associated failure mode. Ome such procedure, could be as described in Table 7.2 (from Zenkert and
Battley (Zenkert and Battley, Foundations of Fibre Composites, Paper 96-10, KTH, 2003)).

It should be remarked that in order for such a failure assessment procedure to work well, it is
essential to involve a physically based intralaminar failure criterion (or set of criteria) such that the
associated failure mode in each ply is indicated. If instead a more pragmatic curve-fitting failure criterion
(such as Tsai-Hill and Tsai-Wu) is used, the only option is to reduce all stiffness properties (since the
mode of failure is NOT indicated) following the so-called ply discount method. This ply discount method
however, provides a more conservative estimation of the total load carrying capacity of the laminate.

Please note that whenever any of the material parameters for a ply is updated, new [A], [B], and
[D] matrices need to be generated, cf. the work flow described in Figure 7.5. Please also note that, due
to failure, an initially symmetric ply will most probably become un-symmetric whereby a coupling is
introduced between membrane and bending action (i.e. [B] # 0)

It should also be remarked that by applying such a stiffness modification approach in a finite
element analysis, based on a stress (or strain) based failure criterion, the results may be mesh dependent.
Therefore, the mesh convergence of the results should always be carefully considered.
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Material state Material constants to be reduced (or set to zero) ‘

No failure -
Transverse matrix failure Er
Fibre failure (tension) E;
Fibre/matrix shear failure vir, Grr
Shear failure Grr
Matrix failure 4 fibre/matrix shear failure Er,ver, Grr
Fibre/matrix shear + shear failure Er, vir, Gor
Total failure Er, Er,vir, Grr

Table 7.2: Stiffness reduction scheme for progressive failure analysis (Reproduced from Zenkert and
Battley (Foundations of Fibre Composites, Paper 96-10, KTH, 2003).

Input:

Laminate details
Material properties
Load case

|
Calculate Laminate Stiffness Matrix
A,B,D

|
Apply increment of load, calculate
laminate strains and curvatures

[
|Calculate lamina strains and stresses l
A [
| Evaluate failure criterion

|

rReduce stiffness of failed lamina |

[Have all lamina failed?|
No Yes
Figure 7.5: Work flow for progressive failure analysis for laminated fibre composites (From Zenkert and
Battley (Foundations of Fibre Composites, Paper 96-10, KTH, 2003).

7.2.3 Application to in-plane loading of cross-ply laminates

Consider a cross-ply laminate made up of n equal plies of which [ have the fibres oriented in the direction
of the load, here equal to the z-direction, and m have the fibres oriented perpendicular to the load
(I4+m =mn). If we set the longitudinal and transverse stiffnesses (moduli) to Ey, and Er respectively, we
have by the rule of mixtures that the composite modulus F (in the loading direction z) is

l

n

m

E Er+ —FEr (716)
n

which sometimes is denoted the primary modulus. Adopting the maximum-strain criterion, failure in the

plies will occur when the composite strain is equal to ey at which stage the composite stress o¢, defined

as the stress resultant force IV, divided by the laminate thickness h as

N

= (7.17)

oc =
becomes
oc =04 = FEepy. (7.18)

Let us now first assume that there is no stress relaxation in the failing plies. Then, when the load
increase further, the transverse plies will fail and the remaining secondary modulus Es becomes (by
setting Er = 0)

Bs=Lp,. (7.19)
n
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Final fracture will then occur when the load is such that the composite fracture strain is reached (¢ = epy)
resulting in the composite failure stress op as:

op =04+ Eg (ELU — ETU) (720)

The total response can be illustrated by studying Figure 7.6. Based on the stress-strain curve in Figure 7.6,
we can also write the composite strain as:

e oc <04
E
€= (7.21)
70,4_’_700—0,4 opa<og <o
B Eg A C F

or in the latter stage using an effective stiffness F. as

— 0c <04
e={ E (7.22)
F opa <o <O

where

(7.23)

Strain
Figure 7.6: Stress-strain diagram for a cross-ply laminate up to failure (from Agarwal et al, Figure 6-14).

It should be remarked that, due to the assumption made above that there is no stress relaxation
in the failing plies, the resulting composite stress-strain (or load-displacement) curve is continuous, cf.
Figure 7.6. However, in many relevant cases, (partial) stress relaxation will occur in the failing plies which
will yield a sudden change in the magnitude of the stress in the case of displacement (or strain) controlled
loading (path C) or the magnitude of the strain for load controlled loading (path B), cf. Figure 7.7. Please
also note that the intermediate path (path D) is possible.

The level of discontinuity in the laminate response will depend how pronounced the stress relaxation
in the failed plies is. If the plies were to be considered more or less independent of each other, full stress
relaxation would be expected. But in most real applications, when the interlaminar bond is strong the
adjoining 0° plies will restrain the failure in the 90° plies. As a result, the failure of a 90° ply is localised,
and only partial stress relaxation is to be expected.

Read the remaining part of Chapter 6.8 on your own! Pay special attention to the
experiments by Hahn and Tsai that better explains the true stress relaxation in failing
plies
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Figure 7.7: Stress-strain diagram for a cross-ply laminate with (partial) stress relaxation in the plies that
have failed. (from Agarwal et al, Figure 6-15).

7.3 Fracture mechanics of fibre composites

7.3.1 Preliminaries

Up until now we have treated the composites as more or less free of defects, flaws, microcracks etc.
whereby a continuum approach has been valid. However, in order to account for both defects and
stress concentrations, e.g. holes, we need to resort to the theory of fracture mechanics with emphasis
on anisotropic material. This theory can be used to determine the criticality of an existing crack and
thereby also maximum allowable crack size within a component (normally to be related to the size of
detectable cracks during inspection).

Generally, failure within composites (just as in metals) will emanate from existing flaws or microcracks
such as broken fibres, matrix cracks and debonded interfaces between fibres and matrix. From there,
cracks will propagate very much like in the schematic in Figure 7.8. Hence, at some distance in front of
the crack, the fibres remain intact. Closer to the vicinity of the crack tip, fibres will break due to the high
stresses, although not necessarily in the plane of the crack. As a consequence, fibre pullout will occur
behind the crack tip. In the case of strong bonding between the matrix and the fibres, it is more likely
that the fibres break in the crack plane in front to the crack tip, leaving a pure matrix dominated zone
which will break in a ductile (plastic deformation) manner.

Fracture process zone
A

-~ ~

Fiber pull-outs Debonding
"

Direction of
—

crack propagation

Figure 7.8: A model of the fracture-process zone (from Agarwal et al, Figure 8-11).

It should be remarked that for laminated composites, the direction of crack propagation will be
strongly affected by the fibre orientation (as opposed to metals where the crack propagation direction
is more or less entirely governed by the stress state in the vicinity of the crack tip). In fact, cracks
may very well propagate in different directions in different plies with alternating fibre
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orientation. Another conclusion that can be made is that practically all laminates are highly notch
sensitive and that several of the following parameters may affect this notch sensitivity:

e Fibre volume fraction

e Fibre properties

e Manufacturing conditions
e Environmental conditions

There exists several methods to assess the notch sensitivity and strength of a notched composite of
which the approach proposed by Whitney and Nuismer is one of the more commonly used, partly because
it is simple to operate.

7.3.2 Whitney-Nuismer criteria for holes

The basic motivation for the Whitney-Nuismer failure criteria for notched laminates (with holes) is the so-
called hole-size effect which means that larger holes causes a greater strength reduction of the laminate.
This can be explained by the fact that even though the stress concentration factor (and thereby the
maximum stress) is independent of the size of the hole, a larger hole will produce large stresses over a
larger area with higher chance for the existence of flaws that will initiate failure, cf. Figure 7.9 for a
sketch of the hole-size effect for isotropic plates.

T T TUN
A
3 | —— (isotropic material, w>>R)

\

\ Ry
.

~

| ) N

T T
P e
Figure 7.9: Sketch of the motivation behind the so-called hole-size effect, i.e. that larger holes causes a

greater strength reduction of the laminate (from Zenkert and Battley, Foundations of Fibre composites,
Figure 6-8).

3

As a starting point for the derivation of these criteria, let us consider an infinite orthotropic plate
with a hole with radius R subjected to a uniform load ¢ 'far away’ from the hole, as shown in Figure 7.10.
If the axes « and y are assumed to be normal to the planes of elastic symmetry (the laminate is specially
orthotropic with respect to in-plane loading, cf. Chapter 6.6.2 in the course book), the normal stress o,

acting along the line y = 0 can be approximated by
R\° R\®
5 () 7 () } (7.24)
x x

R\’ R\'
Uy(x,O):;{2+ (x) +3(x) = (kr —3)
P — Apy Agy — A2
kT =1+ \/ ( A11A22 — A12 + 112?26612> (725)

where k7 is the orthotropic stress concentration factor
Ay

where index 2 relates to the loading (y) direction opposed to the way it is written in the book
where, in that case, 1 denotes the direction of the applied load. Please note that for a uni-
directional ply loaded in the longitudinal direction (in this case L = 2), the expression for the stress
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concentration factor takes the form

|E E
kp=1+,]2 =L+ 22 (Note the error in the course book!) (7.26)
Er Grr

t 17

g

Figure 7.10: An orthotropic plate with a circular hole of radius R (from Agarwal et al, Figure 8-17).

Now, Whitney and Nuismer propose two ways to predict failure:

1. The point-stress criterion saying that failure will occur when the stress at a distance dy from the
notch (hole edge or crack tip) reach the unnotched strength oy of the material

2. The average stress criterion saying that failure will occur when the average value of the stress over
some fixed distance ag from the notch (hole edge or crack tip) reach the unnotched strength o of
the material

For both cases, the underlying assumption is that dy and/or ag are laminate strength parameters which
are constant and applicable to any type of notch for a given material system, volume fraction of fibres
and lay-up sequence. Please note that, thereby, the in-plane strength of the laminate oy will depend on
the material system as well as the orientation of the fibres.

7.3.2.1 Point-stress criterion for a hole

According to the statement above, the point-stress criterion for holes states that failure occurs when the
stress at a distance dp from the hole edge reach the unnotched strength o such that

oy(R+ dp,0) = oy, (7.27)

cf. also Figure 7.11 for an illustration.
Inserting Eq. (7.27) in Eq. (7.24) yields the relation between the notched (oy) and unnotched (og)
strength (corresponding to the critical stress applied far away from the hole) as

ON 2

_ 7.28
0o 2+ p? + 3pf — (kr — 3)(5p% — 7pf) ( )
where
R
= . 7.29
p1 R+ do ( )

Interesting to note is that, for very large holes py — 1 and consequently oy /o9 — (1/kr) whereas for
vanishingly small holes p; — 0 and consequently oy /o9 — 1.
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Figure 7.11: Hlustration of the Whitney-Nuismer point-stress criterion for laminates with a hole (from
Zenkert and Battley, Foundations of Fibre composites, Figure 6-28).

7.3.2.2 Average-stress criterion for a hole

The average-stress criterion for holes states that failure occurs when the averaged stress over a distance
ao from the hole edge reach the unnotched strength og such that

1 R+ag
w oy(x,0)dr = oy, (7.30)
R

cf. also Figure 7.12 for an illustration (where @, is the averaged o,-stress over the distance ag and
61t = O’Q).

Figure 7.12: Illustration of the Whitney-Nuismer average-stress criterion for laminates with a hole (from
Zenkert and Battley, Foundations of Fibre composites, Figure 6-28).

Inserting this condition in Eq. (7.24) yields the relation between the notched (oy) and unnotched
(00) strength as

ON 2(1 — pg)
— = 7.31
oo 2—p5—ps+ (kr —3)(p§ —pd) (7.31)
where
R
= . 7.32
b2 R+ ao ( )

Interesting to note is that also in this case, for very large holes po — 1 and consequently o /o9 — (1/kT)
whereas for vanishingly small holes po — 0 and consequently ox /o9 — 1.
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Figure 7.13: An orthotropic plate with a sharp crack of length 2¢ (from Agarwal et al, Figure 8-18).

7.3.3 Whitney-Nuismer criteria for cracks

In order to derive similar criteria for the case of a cracked laminate, let us now instead consider an infinite
orthotropic plate with a sharp crack of length 2c¢ subjected to a uniform load oy, far away’ from the crack,
as shown in Figure 7.13. If the axes « and y are assumed to be normal to the planes of elastic symmetry
(of the laminate), the normal stress o, acting along the line y = 0 can be approximated by

ox kiz
oy(x,0) = T ) T >c (7.33)

where, in the latter stage, the orthotropic stress intensity factor k1 was introduced as

k‘l = 0'\/%. (734)

By applying the two failure criteria to the case of a sharp crack, we get the following:

7.3.3.1 Point-stress criterion for a crack

The point-stress criterion for cracks in a laminate which is specially orthotropic with respect to in-plane
loading states that failure occurs when the stress at a distance dy from the crack tip reach the unnotched
strength o( such that

oy(c+dp,0) =09 (7.35)

which yields the relation between the notched (ox) and unnotched strength (o¢) as
Ulzﬂ/l—pg (7.36)
g0

C
= o (7.37)

where

Interesting to note is that, for very large cracks (on/0g) — \/2do/c whereas for vanishingly small cracks
ps — 0 and consequently oy /oo — 1.

7.3.3.2 Average-stress criterion for a crack

The average-stress criterion for cracks in a laminate which is specially orthotropic with respect to in-plane
loading states that failure occurs when the averaged stress over a distance ag from the hole edge reach
the unnotched strength o such that

1 c+ap

— oy(x,0)dx = oy (7.38)
ap Je
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which yields the relation between the notched and unnotched strength (ox) as

ON

1—pa

= 7.39
0o 1+ py ( )
where c
_ 7.40
P= e (7.40)

Interesting to note is that, for very large cracks (on/00) — 1/0.5a¢/c whereas for vanishingly small
cracks ps — 0 and consequently oy /o9 — 1.

7.3.4 Concluding remarks regarding the Whitney-Nuismer criteria

It should be remarked that the benefit and usefulness of the Whitney-Nuismer approach to both holes and
cracks is that the characteristic distances remains constant for all hole or crack sizes in at least a
particular laminate of a particular material system. In this case, only two test are necessary (one
for o¢ and one for ag/dy) to characterise the notch strength. This does not of course hold in the general
case but there are some experimental evidence that it holds for fibre dominated laminates in glass-epoxy,
boron-epoxy and graphite-epoxy, cf. e.g. Figure 7.14 and Figure 7.15. Consequently, these criteria
appears to a suitable rough estimate of the strength of notched laminates. For further reading on the
validity of the Whitney-Nusimer criteria, interested readers can consult e.g. the paper by Eriksson and
Aronsson (Eriksson and Aronsson, Journal of Composite Materials, Vol 24, pp 456-482, 1990). However,
in real applications the appearance of e.g. cracks that penetrate the entire laminate, as in the idealised
cases above, is in fact limited. Most often, crack initiate and propagate differently in the different plies
depending on the fibre orientation.
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Figure 7.14: Comparison of experimentally measured and theoretically predicted strengths of [0/ £
45/90]2s glass-epoxy laminates containing holes (from Agarwal et al, Figure 8-19).
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Figure 7.15: Comparison of experimentally measured and theoretically predicted strengths of [0/ &
45/90]25 glass-epoxy laminates containing holes (from Agarwal et al, Figure 8-20).
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Chapter 8

Viscoelasticity and damping

8.1 Introduction to viscoelasticity

In general, polymers behave viscoelastically. This will have a direct impact on fibre composites with the
matrix material being a polymer. Viscoelastic materials are capable of storing elastic energy, while at the
same time dissipating a certain amount of energy, especially when loaded at high rates or during a long
time interval. Being elastic means that, opposed to energy dissipating plastic materials, the viscoelastic
material will return to the original form (after some time) when all load is relieved. Furthermore,
viscoelastic materials have a ’fading memory’ which means that the current stress state depends on the
total strain history, but with a larger emphasis on the most recent part. Thus, what happened ’long time
ago’ fades away.
Generally, viscoelasticity has (at least) the following four characteristics:

e When applying a constant stress, the strain will vary over time. This is denoted creep and a
representative creep curve can be seen in Figure 8.1a. Of interest is that an initial elastic strain
is obtained at the time the stress is applied. Thereafter, the strain will gradually increase up to a
limiting value at ’infinite time’.

e When applying a constant strain, the stress will vary over time. This is denoted relaxation and
a representative relaxation curve can be seen in Figure 8.1b. Of interest is that an initial elastic
stress response is obtained at the time the constant strain is applied. Thereafter, the stress will
gradually decrease (relax) down to a limiting value at ’infinite time’.

e A viscoelastic material will dissipate energy when subjected to cyclic loading, characterised by the
hysteresis loop as shown in Figure 8.1c.

e A viscoelastic material is strain-rate dependent such that a stiffer (and sometimes more brittle)
response is obtained when the strain-rate is increased, cf Figure 8.1d.

8.1.1 Creep compliance

In the case of creep where the stress is constant o = o0g, the strain will vary over time ¢ = ().
Consequently, we can define the relation between the stress and strain by the time-dependent creep
compliance S(t):

£(t) = S(t)oy = S(t) = SV (8.1)

0o

The shape of the creep compliance as function of time will be the same as for the strain history shown
in Figure 8.1a (the scale factor og relates the two).
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Figure 8.1: Characteristic behaviour of a viscoelastic material (from Gibson, Principles of Composite
Material Mechanics (2nd ed.), CRC Press, 2007, Figure 8.1).

8.1.2 Relaxation stiffness
In a similar fashion, we define the relaxation stiffness (or modulus) as the relation between the constant

strain € = g and time-varying stress o = o(t) as

o(t) = Clt)ey = O(t) = 20 (8.2)

€0

Please note that the shape of the creep compliance as function of time normally takes the same form
as the stress history curve shown in Figure 8.1b (the scale factor ¢¢ relates the two).

8.1.3 Boltzman superposition principle

It can be shown that, by knowing the creep compliance S(t) (and the relaxation stiffness C(t)) and a
given stress (strain) history, the corresponding time-varying strain (stress) can be computed as

e(t) = / S(tfr)dilS_T)dT (8.3)

— 00

o(t) = / C’(th)dz(TT)dT (8.4)

— 00

The above equations are denoted as the Boltzman superposition principle and can easily be generalised

to

ei(t) = /_ sij(t—T)d";f)dT (8.5)
oi(t) = [ c,»j(t—r)dgéf)dr (8.6)

where 5;;(t) and C;;(t) are the creep compliance tensor and the relaxation stiffness tensor respectively.
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8.1.4 Basic models for viscoelasticity

A normal way to visualise the models for viscoelasticity is by a system of springs (to represent the elastic
response) and dashpots (for the rate-dependence causing energy dissipation). Below, three of the most
basic models for viscoelasticity will be presented and discussed.

8.1.4.1 The Maxwell model

The simple model by Maxwell can be visualised by one spring with stiffness k [N/m?] and one dashpot
with viscosity p [N s/m?] in series, as shown in Figure 8.2a. In order to find a way to describe the
relation between stresses, strains and their mutual rates, we start of by noting that the total strain over
the system e will be split into one part over the spring €; and one part over the dashpot €5 as:

E=¢€1+¢&9 (8'7)

Taking the rate of this equation:
de _dey  de

FY 8.8
dt — dt ' dt (8.8)
and realising that we, by equilibrium, have the same stress in both components such that:

d €1 ldo

Fr T 8.9
dt kdt (8.9)
de

de, _ o 5.10)
dt 1

we end up with the following differential equation to describe the stress-strain relation:

de 1do o

T T rar o 8.11
dt kdt + I ( )

S(t) C(#)
k P
H:I k
© ® L
k 4 |
t t
(a) Spring-dashpot (b) Creep compliance (c) Relaxation modulus
arrangement vs. time vs. time

Figure 8.2: The Maxwell model for viscoelasticity (from Gibson, Principles of Composite Material Me-
chanics (2nd ed.), CRC Press, 2007, Figure 8.8).

Creep compliance of the Maxwell model
To study the response of the Maxwell model in creep, we set ¢ = o (constant) and e = &(t). Thereby,
the differential equation reduces to:

de _ o (8.12)

dt W

which integrated gives the following form for the strain
e(t) = %t + O (8.13)

In order to determine the constant C; we make use of the initial condition £(0) = %2 (the stress is applied
so quickly that the dashpot has no chance to react’). Thus, we obtain the strain as

g0 ago
e = t4 = 14
o =01 = () A (8.14)
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and, consequently, the creep compliance as

et) t 1
St)= 2 =~ 4+ = 8.15
(="2=1+7 (3.15)
which has the shape as shown in Figure 8.2b. Note that this does not match what is generally observed
in experiments, cf. Figure 8.1a, which leads to the conclusion that the Maxwell model is not adequate to
describe creep in a realistic way.

Relaxation stiffness of the Maxwell model
To study the response of the Maxwell model in relaxation, we set ¢ = gy (constant) and o = o(t).
Thereby, the differential equation reduces to:

_lda o

_ldo o 1
0=z 3+ (8.16)

Integration and utilisation of the initial value o(0) = keg (cf. motivation above) we end up with the
relaxation stiffness C(t) as:
t
C(t) = o) _ e (8.17)
€0
where A = p/k is the so-called relaxation time. The resulting shape of C(t) can be seen in Figure 8.2¢
and it is clear that it corresponds to what is generally observed in experiments, cf Figure 8.1b. Thus, it
can be concluded that the Mazwell model can represent relaxation in a physically realistic way.

8.1.4.2 The Kelvin-Voight model

The simple model by Kelvin and Voight can be visualised by one spring with stiffness k& [N/m?] and one
dashpot with viscosity u [N s/m?] in parallel, as shown in Figure 8.3a. In order to find a way to describe
the relation between stresses, strains and their mutual rates, we start of by noting that the strain over
the individual components will be the same:

E=¢€1 =&y (8.18)

and that the total stress o will be the sum of the contributions from the spring and the dashpot. Thereby,
we directly obtain the differential equation to describe the Kelvin-Voight model as:

de
=ket+p— 8.19
o =ketug (5.19)
S5 c(®)
k
-~
‘_:E:\— {
g t t
(a) Spring-dashpot (b) Creep compliance (c) Relaxation modulus
vs. time vs. time

arrangement

Figure 8.3: The Kelvin-Voight model for viscoelasticity (from Gibson, Principles of Composite Material
Mechanics (2nd ed.), CRC Press, 2007, Figure 8.9).

Creep compliance of the Kelvin-Voight model
It is rather straightforward to prove the expression of the creep compliance to be:

S(t) = % (1 - e_t/p) (8.20)

88



where p = u/k is the retardation time. Show this on your own! (use the same argumentation for the
dashpot as in the description of the Maxwell model). It can from Figure 8.3b be concluded that the shape
of the creep compliance is reasonable, cf. Figure 8.1a, except for the lack of an initial elastic response.

Relaxation stiffness of the Kelvin-Voight model
It is straightforward to prove the expression of the relaxation stiffness to be:

C(t) = k. (8.21)

It can from Figure 8.3c be concluded that the shape of the relaxation stiffness is unphysical (should
decrease and reach an asymptotic value), cf. Figure 8.1b. Thus, it can be concluded that the Kelvin-
Voight cannot represent creep in a physically realistic way.

8.1.4.3 The Zener model (or three parameter model)

As can be realised from the analysis of the two most basic models for viscoelasticity above, there is a
need for a somewhat more advanced model in order to have a model that can represent both limiting
cases (creep and relaxation) in a physically acceptable way. One such model is the Zener single relaxation
model (sometimes denoted the three-parameter model) as shown in Figure 8.4a. Thus, this model can
be described by the parallel coupling between one spring with stiffness ko and one spring (k1) and one
dashpot (u1) in series. Furthermore, it can be shown that the differential equation for this model can be
written as:

mdo 1 de
P2 koe+ 5L (ko + k1) 5= 8.22
U+k1dt 0+k1(0+ 1)dt ( )
S(t) C()
ko
[‘_W“g D 1 Latt=o kot by ko at
ky ™ k0+k11k)—1 ! f=oo
t
(a) Spring-dashpot (b) Creep compliance (c) Relaxation modulus
arrangement vs. time vs. time

Figure 8.4: The Zener model for viscoelasticity (from Gibson, Principles of Composite Material Mechanics
(2nd ed.), CRC Press, 2007, Figure 8.10).

Creep compliance of the Zener model
It can be shown (cf. the tutorial session) that the creep compliance for the Zener model can be written
as

1 B
t)=—(1— —— P 2
S ko ( Ko+ k1 ) (8:23)

where the retardation time is given by p1 = 7£5= (ko + k1). From the shape of this curve, cf. Figure 8.4b,
it can be concluded that the Zener model can represent creep in a physically realistic way.

Relaxation stiffness of the Zener model
It can be shown (cf. the tutorial session) that the relaxation stiffness for the Zener model can be
written as

O(t) = (ko n kle*t/’\l) (8.24)

where the relaxation time is A\; = p1/k;. From the shape of this curve, cf. Figure 8.4c, it can be conclude
that the Zener model can represent also relaxation in a physically realistic way.
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8.1.5 Viscoelastic material subjected to sinusoidal loading

In many practical structural applications, the response under oscillatory loading is of major importance.
Therefore, we will in the following section investigate the response of a viscoelastic material under sinu-
soidal loading &(t) = ¢ sin (wt) (in the following we use &(t) and &(f) to denote sinusoidal variations in
time). We will use the Zener model as a representative of the viscoelastic response since it is the simplest
possible model with physically acceptable behaviour.

We start by noting that we can, by making use of complex numbers, write the time-varying stress as':

5(t) = Imag [ope™"] (8.25)

where Imag [e] represents the imaginary part of e and where i = y/—1. However, as will be shown below,
if we drop the Imag-part, more valuable information concerning the energy dissipation and damping can
be extracted, whereby we in fact consider the applied load as

G(t) = ope™t (8.26)

in the following. Furthermore, we realise that the resulting strain will oscillate with the same frequency,
but that it due to the rate-dependence may follow the stress with a certain delay, or phase-lag, 6 such
that

F(t) = oge™t — &(t) = goe’ @t (8.27)

If we insert the expression for 6(t) and £(t) into the differential equation of the Zener model, Eq. (8.22),
we obtain
- M1, M1 . ~
a(t) [1 + T (zw)] = {ko + T (ko + k1) (zw)] £(t) (8.28)
which, if we multiply by 1 — ﬁ—i (iw), can be reformulated to obtain the following relation between the
stress and strain:

~ k() + )\% (ko + kl) w2 . Alklw -

t) = t 2
o(t) [ 1+ M\w? T+ A2w? &) (8.29)
or

5(t) = E*(w)&(t) (8.30)

where E*(w) is the complez Young’s modulus

E*(w) = E'(w) + iE"(w) (8.31)
with
ko + A2 (k‘o + ]{?1) w?

/ _ 1
E (w) = i )\%w2 (8.32)

)\1]{71(4.]

1"

E"(w) et (8.33)

Here, E'(w) is the so-called storage modulus and E”(w) is the so-called loss modulus. By introducing
the frequency-dependent loss-factor n(w), which is a measure of the relative damping properties of the
material, Eq. (8.31) can be reformulated as

E*(w) = E'(w) (1 +in(w)) (8.34)

where, consequently, n(w) is defined as
W)= 2
T EwW)

(8.35)

In Figure 8.5, the generic dependence of E’'(w) and E”(w) on w is shown. It can be seen that for low
frequencies (w — 0) the storage modulus approach the long-term stiffness (E’'(w) — ko) whereas the loss
modulus approach zero (E”(w) — 0). Thus, as expected the rate-independent response is obtained for low
loading rates (=low frequencies). On the other hand, for large frequencies (w — 00) the storage modulus
approach the dynamic stiffness E'(w) — ko + k1 meaning that the response is physically acceptable also
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Figure 8.5: Variation of storage modulus, F’(w), and loss modulus, E”(w), with frequency for the Zener
model (from Gibson, Principles of Composite Material Mechanics (2nd ed.), CRC Press, 2007, Figure
8.33).

at high loading-rates. In addition, it can be seen that the loss modulus is maximised for an angular
frequency of 1/);.
It should also be noted that the complex Young’s modulus can be written as:

E*(w) = |E*(w)|e™ (8.36)
where
|[E*(w)] = VE?+E"7 (8.37)

a = arctan (EEJ/:((ZD (8.38)

which, inserted into () = E*(w)é(t), yields

G(t) = oge™t = |E*(w)|eeq eWt=0) - (8.39)
B B E//(w)
d = o =arctan (E’(w) ) (8.40)
o0
€0 = 8.41
° T B (540

8.1.5.1 Generalisation

It can be shown that Eq. (8.30) can be generalised to the following form
ai(t) = CF;(w)é; (1) (8.42)

where

Chi(w) = iwCij(w) (8.43)

in which Cj;(w) is the Fourier transform of the relaxation stiffness tensor C;;(¢) as
C,‘j (w) = / Ct] (T) efiw'r dr (844)

Thus, in the 1D case, E*(w) can be directly obtained e.g. for the Zener model by taking the Fourier
transform of Eq. (8.24) as

E*(w) = iw/ (k:g + kle*T/)“) e Tdr (8.45)

— 00

ISince opeiw? = o (cos(wt) + i sin(wt))
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8.2 Application to fibre composites - damping

Making use of the derivations above, we can now address the dynamic response and damping properties
of a fibre composite laminate in which the fibres can be seen as more or less purely elastic whereas the
matrix material (if being a polymer) behaves viscoelastically.

First, we note that in order to enable a simple procedure for the combination of the material properties
(homogenisation of properties), the following conditions must be satisfied (cf. also Figure 8.6):

e The fibre dimension (diameter) d must be 'much smaller’ than the characteristic length of the
laminate L, i.e. d << L. This is in fact a necessary condition also for the preceding discussion
regarding homogenisation of the elastic properties.

e The dimension (diameter) d must be 'much smaller’ than the wave length of the oscillations, i.e.
d << A, meaning that the applicability of the approach presented below is limited to sufficiently low
frequencies. What the actual limit is can only be determined by comparisons between the predicted
response and experimental measurements of the same.

1O O OO
O = [ —s O
— _.QL_O O Ol
 —
L l ;
°
g
Distance, x

Figure 8.6: Critical dimensions for the validity of the homogenisation (from Gibson, Principles of Com-
posite Material Mechanics (2nd ed.), CRC Press, 2007, Figure 8.6).

Assuming that the requirements specified above are met, we can continue to characterise the dynamic
response and damping properties of the laminate. First, we note that, when subjected to sinusoidal
loading, we have the following situation

51(t) = Cyyel(t) = [Qi]s&l(t)  for the fibres (8.46)
67" (t) = Cpp iy (W)ES (1) for the matrix (8.47)
i (t) = C 5 (W)E5 () for the composite (8.48)

in which [Q;;]7 is the normal tensor relating fibre strains to fibre stresses, i (w) is the complex

stiffness for the matrix and C7;;(w) is the homogenised complex stiffness for the composite, which can be

obtained by the ordinary homogenisation rules used for the elastic properties. What this means is that
E,, is replaced by E in the models to predict the different moduli etc. Thus, the general procedure is
as follows:

1. Determine E, (w) = E! (w) +iE!] (w)
2. utilise E},, v, Ef, vy, Vi to determine [Q*)(E}, B, G po Vig, Vi)

3. For each ply k, transform [Q*] to obtain [Q ], = (T, [QY][ T2k = [6/((,0) + ié//(w)]k
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4. Utilise [Q ]z to compute [A*] = [A/(w) +iA” (w)], [B*] = [B(w) 4+ iB"(w)] and

[D*] = [D'(w) + iD" (w)] matrices to obtain the relation

(a1 =1 o ] {5 )

5. Applied to a specific kinematical representation of e.g. a plate (e.g. Mindlin theory), also a complex

stiffness matrix can be computed on the structural level as

K* = K'(w) + iK"(w).

In this case, K”(w) is nothing but a frequency dependent structural damping matrix C™(w) due
to internal (material) damping., cf. structural dynamics. Is should however be remarked that this
material damping due to the viscoelastic material response is only one part of the total structural

damping.

It should be remarked that it is not straightforward to realise or prove that the approach above holds,
but several experimental comparisons prove a very good agreement between predicted and experimentally

measured behaviour, cf. e.g. Figure 8.7.
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Figure 8.7: Predicted and measured a) off-axis storage modulus ratio, E./E! and b) loss factor n
of graphite/epoxy for various fibre orientations (from Suarez, Gibson, Sun, Chaturvedi. Ezperimental

Mechanics, 26(2):175-184, 1986).

8.2.1 Example: In-plane sinusoidal loading of a symmetric laminate

Considering a symmetric laminate subjected to an in-plane load N(t) = {1,0,0}T e™! N/m and zero
moment (M(t) = 0), we note that the time-varying mid-plane strains can be obtained as

e'(t) = [A*]T'N(1)
Using the following notation
izt A
pr i
Ay~ Ags

we obtain the different strain components as:

D) = Afte = |Ajeittow
52(15) — AT;I eiwt _ ‘AT51| ei(wt—élz)
Toy(h) = Ajgtet = [Af el

(8.49)

(8.50)
(8.51)
(8.52)

As can be seen, the different strain component will oscillate with the same frequency but with different
amplitudes (e.g. |A}7 Y| for 9(¢)) and different phase-lags (e.g. 611 for £9(¢)) where the latter are defined
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as

*x—1

1 = arctan(lmag[Alilv (8.53)
Real [A]] ]
*—1

12 = arctan <Imag[Alil}> (8.54)
Real [ATS ]
*—1

dg = arctan(Imag[Alflv (8.55)
Real [ATg ]

In the present case, since the amplitude of the force is unity, the amplitudes of the strain components
correspond to the so-called amplification factors (|Af]71|), which in general relate the amplitude in force
to the amplitude in strain.

To investigate the frequency dependency of the amplification factors, we consider the special case of
a [90/0/45]s-laminate of thickness h = 12mm with volume fraction of fibres V; = 0.6 with the following
properties:

Fibres:
Ey =350 GPa, vy = 0.2

Matrix (represented by the Zener model):
ko = 3.5 GPa, k1 = 3.5 GPa, u; = 1 MPa s, v,,, = 0.35

It can be seen from Figure 8.8a that damping results in that the amplification factors decrease with
angular frequency giving the largest amplitudes for really slow loading. Furthermore, from Figure 8.8b,
the phase-lag of £%(¢) is evident (there is a time-shift between the oscillations in force and in strain) in
the plot showing the normalised force and normalised strain.

10 x 107 strain amplification factors i i .
. —— normalised strain
¥ —— normalised force
8 —H(0), .
s
—H g
(@), 5
£ H(w) &
< 5 Xy g
2 ?
B 5
4 E
2
2
0 200 400 600 800 1000 0 0.002 0004 0.006 0.008 0.01
 [rad/s] time [s]
a) b)

Figure 8.8: a) Predicted amplification factors (H(w), = |Aj7 ], H(w), = |Aj3"| and H(w)., = [A5"))
and b) predicted normalised x-component of strain £9(¢)/|e2| plotted together with the normalised force
No(8)/[ N |-

8.2.2 Example: Sinusoidal bending of a symmetric laminate

In order to study the effect of laminate lay-up on the damping properties, we consider two symmetric
laminates [90/0]s and [0/90]s subjected to a bending moment load M(t) = {1,0,0}" ¢®* Nm/m and
zero in-plane load (N(¢) = 0). For this case, we note that the time-varying curvatures can be obtained
as

k(t) = [D*]"'M(¢) (8.56)
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Using the following notation

we obtain the different curvature components as:

Rt) = Dip'e
k() = Digte
Falt) = Digte

= |Djy e (8.57)
= |Djy el (8.58)
= |Djg e (8.59)

As can be seen, the different curvature component will oscillate with the same frequency but with
different amplitudes (e.g. |Di!| for k,(t)) and different phase-lags (e.g. 11 for k,(t)) where the latter

are (in the bending case) defined as

011 = arctan (
012 = arctan (
01 = arctan (

Imag [D*7!
[“1]) (8.60)
Real [D]] 7]
Imag [D*; !
[131]) (8.61)
Real [D}5 ]
Imag D35 !
g[lfl]) (5.62)
Real [Di5 "]

To investigate the lay-up dependency on the amplification factors (and thereby the damping proper-
ties), we consider two laminates with different lay-up but with the same total thickness of 8 mm and the

constituent properties:

Fibres:
Ef = 350 GPa7 vy = 0.2

Matrix (represented by the Zener model):

ko = 3.5 GPa, k1 = 3.5 GPa, u; =10 MPa s, v,,, = 0.35

x 10

H(w)[m/N]
W A 0 o N ™

N

-4 curvature amplification factors

—— H(o), [90/0]
—— H(w), [0/90]

0 200 400

600 800 1000

o [rad/s]

Figure 8.9: Predicted amplification factor (Hf(w) =

|DY)) for the [0/90]s and [90/0]s laminates.

What is interesting to note in Figure 8.9 is the expected weaker response when the upper and lower
plies has fibres in the 90°-direction ([90/0]s), but also that a pronounced frequency dependency is obtained
whereas in the reversed case ([0/90]5), the amplification factor H(w), = |Dj;"| is more or less constant.
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This means that more damping is obtained whenever plies with fibres oriented 90° are placed at (or
close to) the top and bottom of the laminate. Thereby, it can be concluded that, not only the stiffness
properties but also the damping properties may be tailored by changing the order of the plies.
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Chapter 9

A brief introduction to cohesive zone
modelling of delamination
propagation

9.1 Preliminaries

We will study how a cohesive zone modelling approach works in practice under the following simplified
conditions:

e The problem studied is a double cantilever beam test modelled in 2D with uniform width and
uniform thickness of the laminate.

e A centrally placed delamination propagates from a centrally placed initial notch.
e Each ply is explicitly modelled through the thickness with separate elements.

e The notch is modelled such that elements above and below the notch have separate nodes along
the interface which corresponds to two overlapping traction free external surfaces of the domain.

e The propagating delamination is modelled by a so-called cohesive zone connecting the upper and
lower elements along the propagation path. This can also be viewed as having separate interface
elements sharing the nodes of the elements on either side of the propagation path.

9.2 A simple prototype cohesive zone model for mode I loading

A simple form of a cohesive zone model for pure mode I loading (see Figure 9.1a), i.e. a model that
describes the relation between the resulting normal traction and the given normal separation (the dis-
placement discontinuity) over a delamination surface, can be seen in Figure 9.1b . As can be seen, the
model has an initial elastic response (with a given stiffness K) followed by a linear softening response
where the latter represents the degrading load carrying capacity of the interface as the plies separate.

As explained earlier, the area under the traction-separation law represents the critical energy release
rate of the material (or the fracture toughness) Gj.. Furthermore, the traction is maximum for an
opening separation dy with the maximum value o,,; and the material is considered as fully degraded (or
fully ”damaged”) at a separation distance of d,,y. In between dy and d,, s, the degradation of the interface
is described by a damage variable o ranging from 0 to 1 where a = 0 represents the pristine interface
with full load carrying capacity and o = 1 represents a fully damaged interface with no load carrying
capacity (traction is zero). Thus, for any opening (or normal displacement discontinuity) d,, in a point
along the delaminating interface, we can find the resulting normal traction as

tn = (1 - a)Kd, (9.1)

To find dy and d,,y we simply consider the following equalities:
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Figure 9.1: a) sketch of double cantilever beam loaded in pure mode I. b) Mode I cohesive zone model
with linear softening.

g
O'anKdoédoz% (9.2)
1 2G
Gre = ianfdnf = dnf = fe (9.3)
Onf

9.2.1 How to calculate the damage variable

We know that in every point, we can calculate the resulting traction according to Eq. (9.1). But, we can
also find the traction as

D Y _
tn = Oy < T do)(dn do) (9.4)

Equating Eq. (9.1) and Eq. (9.4) gives after some elaboration
do (dny — dy)

a=1—-—

d (dns — o) (9.5)

The typical traction and damage evolution as function of crack opening displacement is shown in
Figure 9.2 Please note the rapid initial evolution in this model.

9.3 The cohesive zone contribution to the finite element load
vector

The weak form of a 2D elasticity problem for a body € with external boundary I'cgt = I'egt,p U legt, v
(one Dirichlet and one Neumann part) and internal traction loaded delamination surfaces I'; , and T, ,
(upper and lower surfaces of the interface I';,+), see Figure 9.3 , can be written on matrix form as:

T
/ (wu) odQ = / sultdl + / suTt* dr + / sult=dl, Youe Vs,  (9.6)
Q Text,N Fj—nt e
We note that the term in the left hand side and the first term in the right hand side are standard terms
for problems without any cracks forming in the body, whereby we pay attention only to the additional
terms including the effect of the cohesive zone model in terms of the cohesive tractions t* and t~ on the
upper and lower delamination crack surface respectively.
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traction separation law and damage evolution
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Figure 9.2: Typical normal traction (d,,) and damage («) evolution as function of normal crack opening
displacement (d,,) for a cohesive zone model with the folowing material parameters: K = 3 x 10'3 N/m?,

o =30 MPa and Gy, = 400 J/m?.

I—éxt, N

(part of Iy \) T b

Figure 9.3: Sketch of domain 2 with external boundary I'c;; and an internal traction interface I';p;.

In the finite element formulation (using Galerkin’s method), the external load contribution from these

new ”cohesive” terms can be written as:

(9.7)

I

int

feoh = / N7t dl + Nt~ dr
rt,

where N and N_ denotes the standard shape function matrices evaluated above (4) and below (-) the
delamination interface respectively. Please note that these will be different since elements above and

below the delamination interface do not share nodes.

Thus, for each matching pair of elements above and below the delamination interface, the procedure to
calculate the load contribution will be the same. For this purpose, we here further simplify the discussion
and consider only the contribution from the cohesive tractions along the interface segment shared by the

elements 1 and 2, see Figure 9.4 for definitions.

With the node numbering of these two elements as indicated in Figure 9.4, we can now write the
explicit expressions for the contribution to the external load vector as
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Figure 9.4: Two continuum 2D element sharing a cohesive segment. Element (I) has nodes 1-4 and is
here defined to be on the minus (-) side of the interface and Element (2) has nodes 5-8 and is here defined
to be on the plus (+) side of the interface.
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0 0 0 0 0 0
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0 0 0 0 0 0
0 0 0 0 0 0
| 0 0 | L 0 0 | | 0 | L 0 |
(9.8)
since N3 — Ng will be the only shape functions that are non-zero along the interface considered.
What remains is then:
1. to calculate the cohesive tractions t(d) = t~ = —tT from the displacement discontinuity d =

ut —u~ (or separation distance) using a cohesive zone model, cf. e.g. Section 9.2 above.

2. to integrate the cohesive traction contribution accurately according to Eq. (9.8) and to assemble
the force contributions to the global load vector.

9.3.1 The interface element approach

The steps above can be handled directly from Eq. (9.8), but more convenient can be to consider the
cohesive contributions in terms of separate interface elements connecting the 2D elasticity elements above
and below the delamination interface.

To see this, we first note that:

N4y = N5 = Ny, N3 = Ng = N3 along the interface segment (9.9)
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where NY and NS are one-dimensional shape functions along the delamination interface as indicated in

Figure 9.5 . Due to traction continuity t~ = —t* this also leads to that

Nt dl' = — Negtt dl' = N§t.(d)dl (9.10)
Pine Dine Dine

Nst, dl' = — Net,; dl' = N5t,(d)dl (9.11)
F"iint, ant ant

Nyt dI' = —/ Nt} dl = / Nit,(d)dl (9.12)
Dine Dine ine

Nyt dI' = — N5t dl' = Nst,(d)dl (9.13)
Ie Te Te

int

int

N 233
int,e __ ety
£l _/e 1 85 dr (9.14)

Figure 9.5: Sketch of the cohesive interface element with local nodes 1 and 2 and how these relate to the
continuum element nodes for element () and @) shown in grey.

ff)"t’e is calculated for each cohesive segment using numerical integration in 1D. This can be done
according to the following procedure:

e . int
e initialise f}""¢ =

o o oo

e Loop over the number of integration points of the segment and add contributions to f Zm’e. For each
integration point:

— Calculate the displacement discontinuity d = u* — u™ in the integration point
— Calculate t(d) from the cohesive zone model

— Evaluate Ny and N§ in the integration point
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— Add the contribution to the load vector
intie  eint,
fzn e _ fzn e +

where gw is the corresponding Gauss weight of the integration point. As an example, if two

Gauss points are used gw = % where L. is the length of the segment

e Assemble the components of fé"t’e (with the correct sign) into the proper positions of ngh’e
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