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STUDY OF MULTIPLY-LAYERED CYLINDERS MADE OF FUNCTIONALLY
GRADED MATERIALS USING THE TRANSFER MATRIX METHOD

Y. Z. CHEN

This paper provides a general solution for a multiply-layered cylinder made of functionally graded ma-
terials. The Young’s modulus is assumed to be an arbitrary function of r, and the Poisson’s ratio takes
a constant value. The first step is to study the single-layer case (a < r < b). A transfer matrix is
defined, relating the values of radial stress and displacement at the initial point (r = @) to those at the end
point (r = b). The matrix is evaluated on the basis of two fundamental solutions, which are evaluated
numerically. The final solution is obtained by using many transfer matrices for layers, continuation
conditions between layers, and boundary conditions at inner and outer boundaries. Several numerical
examples are provided.

1. Introduction

Functionally graded materials (FGMs) are widely used in industries such as space structures and fusion
reactors. Therefore, elastic analysis of structures made of FGMs has attracted many researchers. FGMs
are nonhomogeneous elastic mediums. The elastic properties of FGMs are variable with the respect to
spatial location. The difficulties of solving elastic FGM problems can be easily seen. Taking the plane
elasticity problem of FGMs as an example, the complex variable method is no longer useful in this case.
Therefore, it is necessary to develop appropriate methods to solve some problems for FGMs.

Clearly, it is difficult to study the three-dimensional elasticity of FGMs. Researchers have paid atten-
tion to some particular problems for FGMs. For example, crack problems for an elastic medium made
of FGMs were investigated in [Erdogan and Wu 1997; Jain et al. 2004; Fotuhi and Fariborz 2006].

One topic to investigate regarding FGMs is the stress distribution in a thick cylinder of FGMs. The
elasticity problem of a homogeneous hollow circular cylinder has been solved by [Muskhelishvili 1963;
Timoshenko and Goodier 1970].

Earlier research for thick cylinder FGMs was proposed [Horgan and Chan 1999a; 1999b]. A solution
for the pressurized hollow cylinder or disk problem for functionally graded isotropic linearly elastic
materials was achieved. The material and the thermal properties were assumed to vary along the radius
r according to a power law function.

Recently, many research works have been devoted to the hollow circular cylinder problem for FGMs
[Zhang and Hasebe 1999; Shao 2005; Dryden and Jayaraman 2006; Shi et al. 2007; Tutuncu 2007;
Batra and Iaccarino 2008; Chen and Lin 2008; Theotokoglou and Stampouloglou 2008; Li and Peng
2009]. In most of the studies, the Young’s modulus is assumed in the form of exponential or power
law functions. Thus, the suggested techniques are no longer useful for an arbitrary Young’s modulus
distribution. In the case of a Young’s modulus expression E(r) = Eg(r/a)", a closed form solution
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for displacement was obtained [Horgan and Chan 1999a; 1999b]. In the case of a Young’s modulus
expression E(r) = Eyexp Br, an ordinary differential equation for displacement was suggested [Tutuncu
2007]. To obtain the final solution, one needs to complete a detailed derivation.

If the Young’s modulus is an arbitrary function, one needs to derive a numerical method to solve the
problem. For example, the associated elastic problem is reduced to a Fredholm integral equation. By
approximately solving the resulting equation, the distributions of the radial and circumferential stresses
can be determined [Li and Peng 2009].

Some papers were devoted to a multiply-layered cylinder [Zhang and Hasebe 1999; Shi et al. 2007].
However, the homogeneous condition was assumed for individual layers. This means that a cylinder
of FGMs is approximated by many homogeneous layers, and the nonhomogeneous condition is not
considered in individual layers.

In addition, some papers were devoted to the hollow sphere problem for FGMs [Eslami et al. 2005;
You et al. 2005; Chen and Lin 2008]. The solution technique is approximately same as in the case of a
hollow cylinder.

Axisymmetric displacements and stresses in functionally-graded hollow cylinders, disks, and spheres
subjected to uniform internal pressure were determined using plane elasticity theory and the complemen-
tary functions method [Tutuncu and Temel 2009].

This paper provides a general solution for a multiply-layered cylinder of FGMs. The Young’s modulus
is assumed to be an arbitrary function with respect to r, and the Poisson’s ratio takes a constant value.
The first step is to study the single-layer case. A transfer matrix M is defined for the single-layer case
(a <r < b). The matrix relates the values of radial stress and displacement at the initial point (» = a) to
those at the end point (r = b). The matrix is evaluated on the basis of two fundamental solutions, which
are evaluated numerically. By using many transfer matrices for layers, continuation conditions between
layers, and boundary conditions at inner and outer boundaries, the final solution is obtained.

The suggested formulation can be used in the case of an arbitrary Young’s modulus. In this paper,
the Young’s modulus is assumed in the form of an exponential function with respect to r, and Poisson’s
ratio takes a constant value. Numerical examples for a three-layered cylinder are carried out. It is found
that the factor § in the expression of the Young’s modulus has significant influence on the distribution
of stresses.

2. Boundary value problem for a single-layer cylinder

Since the solution for a multiply-layered cylinder has a close relation to the case of a single-layer cylinder,
a formulation for the boundary value problem for a single-layer cylinder is introduced below.

2.1. Elastic analysis for a thick cylinder made of FGM. A long cylinder with inner radius a and outer
radius b is investigated (Figure 1). The cylinder is assumed under some traction or displacement boundary
value conditions at the inner boundary (r = a) and outer boundary (r = b).

The problem can be studied in polar coordinates (r, 8). In the symmetrical deformation case, the
displacement in the r-direction is denoted by u. Two strain components can be expressed as follows (see
[Muskhelishvili 1963; Timoshenko and Goodier 1970]):

du u

& = ar’ &y = ; (u = 897‘). (1)
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y G = 0

or u, =0

Figure 1. Two typical boundary conditions: (a) 0, , = —qgo atr =a, o, =0atr =>
and (b) o, =—qgoatr =a,u, =0atr =»b.

From (1), the compatibility condition of displacement will be

d d
= (;fe)’ or e,:sg+r§. )

For the stress components o, and oy, the equilibrium equation takes the form

do, o, —0y

=0. 3
dr r )
Equation (3) can be satisfied automatically, if one introduces a function F(r) and lets
F(r) dF
Oy = , 0p = d_ 4)
r r

The following derivation is suitable not only for the continuous case of the Young’s modulus E(r) and
the Poisson’s ratio v(r) but also for the discontinuous case of E(r) and v(r). Therefore, the suggested
approach can be used in the general case.

In this paper, it is assumed that the Poisson’s ratio v (= 0.3) takes a constant value. In addition, one
type of the Young’s modulus takes the following form:

E(r)=Eoexp[B(r —a)/(b—a)], with E(r)l;—a =Eo, E(r)|,=p =Eoexpp (a=r=Db), (5)

where Ej is a constant, and 8 takes a negative or positive value and represents the property of the FGMs,
hereafter called the material parameter. It will be seen later that the suggested technique is valid for an
arbitrary function E(r).

In the formulation, the material properties of the FGM are continuous functions of position. Generally,
the material coefficients of FGM manufactured in a perfect process are changed in space without acuity.
From (5), we can define a ratio by y = E(r)|,=p/E(r)|r=a or ¥ =exp(B). The value y represents the
ratio of the Young’s modulus at the outer boundary and at the inner boundary. If 8 =0, 8 =0.1, 8 =0.2,
and § =1, wehave y =1, y =1.1052, y = 1.2214, and y = 2.7183, respectively. Therefore, (5) can
model the material properties of FGM when the properties are not changed significantly along the radial
direction.

In the plane strain case, the stress-strain relation will be

o= () = (o 1)
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where the Young’s modulus E(r) is an arbitrary function. From (1), (4), and (6), the displacement
component u can be expressed as

__(=v)hrydF v F
w=eor = (G ) @
Substituting (4) into (6) and then (6) into (2) yields
d*F 1dF F (dF v F 1 dE(r)
If the function E(r) is given by (5), we have
pr) =L ©)

b—a’
Alternatively, if E(r) is defined by

E(r) = Eo[l+(exp B—1)(r—a)/(r=b)], E(r)l;=a=Eo, E)lr=p=Eoexpp (a=r =0b), (10)

we have
) = expB—1
p Cb—a+(xpf—D(r—a)

The problem is studied within the range a < r < b. In the analysis, the following notations are used:

(11

Ur|r:a = Or,a, u|r:a = Ug, (12)
Orlr=p = 07,1, Ulr=b = utp. (13)

In (12), 0, , and o, denote the stress component o, at r = a and r = b, and u, and u; denote the
displacement u at r = a and r = b, respectively.

For a single-layer cylinder case, there are four possibilities for formulating the boundary problems.
They are as follows:

Ora = f1, Orb = f2, (14a)
Ora = f1, up = g2, (14b)
Ug = g1, orb = f2, (14¢)
Ua = 81, up = g2, (14d)

where f1, f», g1, and g are values given beforehand.

2.2. Formulation of the transfer matrix for the case of a single-layer cylinder. Physically, if the two
initial values for o, , and u, are assumed at r = a, we have definite values for o, ; and u;, at r = b. This
relation can be written in the form

Orp = Mllar,a +Mpu,, up= MZIGr,a + Mxu,, (15)

or in matrix form
{ors up} =M{ora ua}’. (16)

The matrix M is called the transfer matrix hereafter.
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The introduced matrix M is used not only in the single-layer case but also in the multiply-layered
case. In the following analysis, a technique for finding the matrix M will be introduced. In the first step,
two fundamental functions s (r) and s, (r) are introduced:

A1) =0,  Silrea =1, ‘fiir‘ =0 (first fundamental function), (17)
r=a

A(sr(r)) =0, 82]r=a = 0, % =1 (second fundamental function), (18)
r=a

where the operator A(F(r)) has been defined by (8).
From the two fundamental solutions and (4), (7), (17), and (18), we have

1
Oplr=a = 1 and ul,—, = —ﬂ for the first fundamental solution sy (r), (19)
a E(a)
(1—vHa .
Orlr=a =0 and ul,—, = T) for the first fundamental solution s, (7). (20)
a
It is assumed that the studied solution for F(r) is expressed as
F(r)=cis1(r) +cas2(r). (21)
Thus, from (19), (20) and (21), we have
1 (1 —v?)a v
== = — . 22
Ora acl, Ug E@) (1—v)ac1+cz (22)
Equation (22) may be rewritten as
v E(a)
Cl =Aa0yq, C2= mar,a mua, (23)
or in matrix form
fer @)’ = Qlora ual’, (24)
where
0 01=0, 0 0n = ©5)
=a, =0, = y =
11 12 2A=12, 22 1—=v)a

Now we consider the conditions at » = b. After numerical integration, from the two fundamental
solutions we obtain

arl* l,=p = orl‘ b u|,_p=u }j* for the first fundamental solution s (r). (26)
arz* lr=p = arzj;, U —p = ui* for the second fundamental solution s, (7). 27

The values of ar{z and u}?* can be obtained from (4) and (7) by numerically integrating the expression
for s;(r) and taking r = b, and similarly for orzj; and ui*.
From (21), (26) and (27), we have

1 2 1 2
Orb =0, ,C1 +0,,C2,  Up =1y cr+uy’ca, (28)

or in matrix form
{ors up} =Plcr 2}, (29)
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where
P = U,I,Z, P = GrZ,Z, Py =u*,  Pyp=ul. (30)
Combining (24) with (29), we have
{Ur.b ub}T = M{Ur,a “a}T’ (31)

where the matrix M is defined by
M=PQ. (32)

As claimed previously, once the two initial values for o, and u, are assumed at r = a, we have
definite values for o, and uj at r = b. The relation shown by (31) is useful for both the single-layered
case and the multiply-layered case.

The evaluation of matrix P depends on the numerical solution of the ordinary differential equation (8).
For example, the two components P;; = Gr{,”; and P, = u },* are results of the initial boundary value
problem for function s;(r) defined by (17). In the numerical integration, the Runge—Kutta method is
used [Hildebrand 1974]. The components for matrix Q have been defined by (25). Finally, the matrix
M can be evaluated from (32) immediately.

Below, we try to solve the boundary value problem

Ora = fl’ Orb = f2- (14a)
Substituting condition (14a) into (15) or (31) yields
=My fi+Mpu, or u,=(f— My fi1)/M. (33)

Substituting the given o, , = f value and the value u, from (33) into (24), two values c; and c; are
obtained. Finally, the function F(r) = c1s1(r) + cas2(r) shown by (21) is obtained. This means that the
whole stress field for the single-layer cylinder is obtainable.

2.3. Numerical solution in single-layer case.

Example 1. In this example, the Young’s modulus is E(r) = Eg exp{B(r —a)/(b—a)}, defined by (5). The
cylinder is subject to an inner pressure go and the boundary conditions take the following form (Figure 1):

Orq = Orlr=a = —qo, Orb = orlr=b=0. (34)

Substituting f; = —qo and f, = 0 into (33), we have u, = My1q0/Mi,. As claimed previously,
from two values o, , (= —qo) and u, (= M11q90/M;>), and two values c; and c;, the function F(r) =
c151(r) 4 c252(r) and the whole stress field for the single-layer cylinder are obtainable.

Note that the Young’s modulus is expressed by E(r) = Egexp{8(r —a)/(b —a)}, and changes from
Egpatr =ato Egexp f at r = b. In the solution of the differential equation, N = 200 divisions are used
in the integration [Hildebrand 1974]. The calculated results for the stresses can be expressed as

o, = f1(B,r)q0, 09 = f2(B.r)q0, 0.=09—0,= f3(B.r)q0 (f3=f2— f1). (35)

The calculated results for fi, f2, and f3 under the conditions a/b = 0.5 and 8 € {-0.5,0, 0.5, 1, 1.5}
are plotted in Figures 2, 3, and 4. Since E(a) = Eg and E(b) = Epexp 8, we have E(b)/E(a) =
0.6065, 1.0000, 1.6487,2.7183, and 4.4817 for § = —0.5, 0, 0.5, 1, and 1.5, respectively.
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We see from the general theory of strength of materials that the strength of the cylinder mainly depends
on the stress component o, = oy — o, (or f3(B, r)). From Figure 4 we see that the o, distribution along
the interval a < r < b varies rapidly in the homogeneous material case. For example, at 8 = 0, we have
f3 =2.6667, 1.1852, and 0.6667, for (r —a)/(b —a) =0, 0.5, and 1.0, respectively. In addition, a higher
B value can considerably improve the o, distribution along the interval (a < r < b). For example, at
B =1.5, we have f3 =1.7283, 1.3428, and 1.5045, for (r —a)/(b —a) =0, 0.5, and 1.0, respectively.
This means that if outer portion of the cylinder is more rigid, the safe condition is better. On the contrary,

Nondimensional stress f,(f.r) (c,/q,)

T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

(r-a)/(b-a)

Figure 2. Nondimensional radial stress f;(8, r), for the o, component in the cylinder,
with a/b = 0.5, inner pressure ¢g, and E(r) = EoePr—a)/(=a) (see (35) and Figure 1).

Nondimensional stress f,(B,r) (c,/d,)

0.2 T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

(r-a)/(b-a)

Figure 3. Nondimensional circumferential stress f,(8, r), for the oy component in the
cylinder, with a/b = 0.5, inner pressure go, and E(r) = Egef"=9/®=® (see (35) and
Figure 1).
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3.5

a/b=0.5

Nondimensional stress f,4(B.r) ((5,-c,)/q,)

0.0 ' 0.2 ' 0.4 ' 0.6 ' 0.8 ' 1.0
(r-a)/(b-a)

Figure 4. Nondimensional stress f3(8, r), for the o, = 0y — 0o, component in the cylinder,

with a/b = 0.5, inner pressure go, and E(r) = EgePr=®/(=a) (see (35) and Figure 1).

if the outer portion of the cylinder is less rigid, the safe condition becomes worse (see the curve for
B = —0.5 in Figure 4). It is found that the plotted results coincide with those obtained previously [Chen
and Lin 2008].

Example 2. In this example, the Young’s modulus is E(r) = Eg[1+ (exp 8 — 1)(r —a)/(r — b)], defined
by (10). The other computed conditions are the same as in Example 1. The computed stresses are
still expressed by (35). The calculated results for f;, f>, and f3, under the conditions a/b = 0.5 and
B €{0.5,0,0.5, 1, 1.5} are plotted in Figures 5, 6, and 7.

0.0
-0.2
-0.4
-0.6 4

-0.8

Nondimensional stress f,(B.r) (5,/9,)

T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

(r-a)/(b-a)
Figure 5. Nondimensional radial stress fi(8, r), for the o, component in the cylinder,
with a/b = 0.5, inner pressure qg, and E(r) = Eo[1 4 (e — 1)(r —a) /(b —a)] (see (35)
and Figure 1).
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In Example 1, for 8 = 1.5, we have f3 = 1.7283, 1.3428, and 1.5045, for (r —a)/(b —a) =0, 0.5,
and 1.0, respectively. However, in the present example, using Young’s modulus of linear distribution, we
have f3 =1.5398, 1.4289, and 1.2626, for (r —a)/(b—a) =0, 0.5, and 1.0, respectively (from Figure 7).
The stress distribution in the present case is slightly better than that in Example 1.

In both examples E(r)|,—, = Eo and E(r)|,—p = Egexp B, Figures 2—4 and Figures 5-7 have similar
shapes.

Nondimensionl stress f,(B,r) (c4/q,)

(r-a)/(b-a)

Figure 6. Nondimensional circumferential stress f,(8, r), for the oy component in the
cylinder, with a/b = 0.5, inner pressure g, and E(r) = Eg[1 + (e — 1)(r—a)/(b—a)]
(see (35) and Figure 1).

Nondimensional stress f5(B.r) ((5,-0,)/0,,)

0.0 ' 0.2 ' 0.4 ' 0.6 ' 0.8 ' 1.0
(r-a)/(b-a)

Figure 7. Nondimensional stress f3(8, r), for the o, = 0y —0o, component in the cylinder,
with a/b = 0.5, inner pressure qo, and E(r) = Eo[1 + (¢ — 1)(r—a)/(b—a)] (see (35)
and Figure 1).
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3. Solution for multiply-layered cylinder using the transfer matrix method

Based on the concept of the transfer matrix, a solution for multiply-layered cylinder is introduced below.

3.1. Procedure for the solution of multiply-layered cylinder using the transfer matrix method. The
formulation for a cylinder with three layers is introduced below. The cylinder is composed of three
layers along the intervals a; <r < b; (j =1, 2, 3) (see Figure 8). In each layer, the Young’s elastic
modulus is assumed as follows:

ED ()= EY explBj(r —aj)/cl, aj<r<b; (j=1,2,3, withc=b—a), (36)

where E(()j ) and B;j (j =1,2,3) are given beforehand.

In derivation, the boundary values at the initial point for j-th layer (j = 1,2, 3) are denoted by
crr(’ﬁ, u'”, and at the end point by or(ﬁld, ul?) (j =1,2,3) (see Figure 5). Clearly, the continuation
condition between layers can be expressed in the form

0 _ _(G+D o _  G+D .
Ur,end - O’r,in ’ Ugng = Uin (] — 1’ 2) (37)
A
2 _~MD 2)_ 3) ,_ ~(2) 3),_ (2
Gr,in (_Gr,end ) uin (_ uend cr,in (_Gr,end ) uin (_ uend
r
G(l) u(l) G(3) u(3)

Figure 8. A cylinder with three layers.
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In addition, the relevant matrices are denoted by 0V, PY and MY (j =1,2,3)—see (24) (29),
(31), and (32) —and the coefficients before the fundamental solutions by c(j ) and c(’ ) —(21).
From the analysis in the single-layer case, or from (31), we have

(0 na tena)” =MV oy wuiV" (G=1,2,3). (38)

It is preferable to write (38) in the form
== o =l = el M, )
S i B DR T T VL SV T
o= Mo M, G= MG M. an
From (39)—(41) we see that there are six equations with eight arguments: ar(h)l ui(;), crr(i)1 ui(?, r(i)l ”1(3)’

(3) (3)
ar,end’ and Uend-

When the three-layered cylinder subjected to an inner pressure with intensity go (at r = a; = a) and
the outer boundary is traction free (at r = b3 = b), the following boundary value problem is formulated:

1 3
Gr(ir)l = —qo, Or(e)rld =0 (oro.q=—qo,0,p=0). (42)
Substituting this condition into (39), we will obtain a solution for six unknowns ul(;) r(i)l ui(?, or(?zl
1(3), and ug)d from the six algebraic equations (39)—(41). In addition, from (24), we have
e/ "= 0o uT (j=1,2,3). (43)

Finally, the undetermined coefficients c(] ) and c(] ) (j =1, 2, 3) before the fundamental solutions are

obtained. This means that the final solutlon is obtalned.
Clearly, if the boundary condition is different from the one in (42), the problem can be solved in a
similar manner.

3.2. Numerical example for three-layered cylinder.

Example 3. In Example 1, the case of 8 = 1.5 can provide a better distribution for the stress component
o, = 0p — o0,. In the present example, a modification for this case is carried out. For the case of three
layers, the Young’s elastic modulus is assumed as follows (see Figure 8):

B —a)(r —ay)

EW(r) = Egexp (a; <r <b;, withc=b—a), (44a)
C
E?(r) = E? exp pr—az) (ay <r <by), (44b)
C
1 _
E® () = E exp PATIr—az) b, (44c)
C

where a; = a, ap =b; = (2a+b)/3, a3 = by = (a +2b)/3, and b3 = b. In (44), the factor o represents
a modification to the case shown by (5).
From the continuation condition for EY)(r) (j =1, 2, 3), at r = a» and r = a3, we find

1— 2—
E(()2) = Epexp M» Eé3) = Epexp w- (45)
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When the three-layered cylinder is subjected to an inner pressure with intensity gg (at ¥ = a; = a) and
the outer boundary is traction free (at r = b3 = b), the following boundary value problem is formulated:

@O _ 3

o q0, ar’end=0 (oroyg=—qoatr=a,o,p =0atr =>). (46)

rin —

The procedure for the solution has been suggested in the last section. In the computation, we choose
a/b=0.5,8=1.5,and @ € {—0.5, —0.25, 0, 0.25, 0.5}. The assumed Young’s modulus is denoted by

E(r)=h(B, a,r)E). (G

5.0

45  ab=05 p=15

h(B.o.r ) (E(r)/E,)

Nondimensional Young's elastic modulus

(r-a)/(b-a)
Figure 9. Young’s elastic modulus A (8, o, ) (E(r)/Ep) (see (44), (45), (47), and Figure 8).

0.0 a/b=05 B=1.5
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Figure 10. Nondimensional radial stress g (8, «, r), for the o, component in a three-
layer cylinder, with a/b = 0.5 and o, , = —qo, 0,5 = 0 (see (48) and Figure 8).
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In addition, the computed stresses are expressed by
or =818, 2, r)q0, 09 =g (B, a,r)qo, 0c=0p—0, =g3(B,,r)q0 (g3=8g2—81). (48)

The function 2(B, «, r) and the computed g1 (8, «, ), g2(B, a, r), and g3(B, a, r) are plotted in Figures
9-12. For the homogeneous case of the Young’s modulus or 8 = 0, the relevant results are also plotted
in those figures.

It is seen from Figure 12 that the condition of 8 = 1.5 and @ = —0.5 can provide a better distribution
for the o, component. In fact, in the homogeneous case (8 = 0), we have o, = 0.6667 at r = a, and

a/b=0.5 B=15

Homogeneous case

Nondimensional stress g,(B.a.r) (54/q,)

0.4 . ; . ; . ; . ; . .
0.0 0.2 0.4 0.6 08 1.0

(r-a)/(b-a)

Figure 11. Nondimensional circumferential stress g>(8, &, r), for the oy component in
a three-layer cylinder, with a/b = 0.5 and o, , = —qo, 0,5, = 0 (see (48) and Figure 8).

@
=}
1

a/b=0.5 B=15

Homogeneous case

Nondimensional stress g,(B..r) (o,/d,)

(r-a)/(b-a)‘

Figure 12. Nondimensional stress g3(8, «, r), for the o, = 0y — 0, component in a
cylinder of three layers, with a/b = 0.5 and o, , = —qo, 0+, = 0 (see (48) and Figure 8).
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;_Z N a=-05 a=-025 a=0 a =025 a=05

1/6 40 0.7050683358  0.7319400382  0.7577991468  0.7825211369  0.8059881607
1/6 120 0.7050683357  0.7319400381  0.7577991467  0.7825211368  0.8059881604
1/6 200 0.7050683357  0.7319400381  0.7577991467  0.7825211368  0.8059881604
1/2 40 1.0416074339  0.9931088747  0.9446411237  0.8963340949  0.8483207310
1/2 120  1.0416074337  0.9931088746  0.9446411236  0.8963340948  0.8483207308
1/2 200 1.0416074337 0.9931088746  0.9446411236  0.8963340948  0.8483207308
5/6 40 12327192411  1.2559360854  1.2771271334  1.2961108296  1.3127162028
5/6 120 12327192410  1.2559360853  1.2771271333  1.2961108295  1.3127162025
5/6 200 12327192410  1.2559360853  1.2771271333  1.2961108295  1.3127162025

Table 1. Comparison results for nondimensional radial stress g2(8, «, r), for the oy
component in a three-layer cylinder, with a/b =0.5, 8 = 1.5, and 0, , = —qo, 0+, =0,
and various numbers N of intervals used in the integration. See (48) and Figure 8.

o, =2.6667 at r = b. Thus, the ratio o, |- /0.|,=« = 0.25 is achieved. That is to say, the outer boundary
has too high a safety factor when o, at the inner boundary point reaches its limit value. However, under
condition g = 1.5 and ¢ = —0.5, we have o, = 1.5609 at r = a, and ¢, = 1.2785 at r = b. In this case,
the relative ratio is o,|,—p/0c|r=q = 0.8087.

To gauge the accuracy of the computations, some results for g>(8, «, r) (o, = qo) were calculated
using N = 40, 120, and 200 divisions in the integration. They are listed in Table 1, where we see that
even 40 divisions suffice to give an accuracy of nine decimals. The choice N = 200 was far beyond the
necessary divisions for providing accurate results.

Example 4. In this example, all parameters, Eo, 8, o, aj =a, ay =by = 2a+b)/3, a3 =by = (a+2b)/3,
and b3 = b, are the same as those used in Example 1. However, the following boundary condition is

-0.5

-3
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L
3 067 Homogeneous case
<
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2]
QL
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T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

(r-a)/(b-a)
Figure 13. Nondimensional radial stress g (g, «, r), for the o, component in a three-
layer cylinder, with a/b = 0.5 and o0, , = —qo, up = 0 (see (48) and Figure 8).
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assumed:
1 3
o*r(’h)1 = —qo, “én)d =0 (oro,g=—qgoatr=a, up=0atr=>»). 49)
In this case, substituting ar(%r)l = —qo, ”Sl)d =0, into (39), we have a solution for ui(;), o*r(?i, ui(?, O'r(?r)l,
“S ) and or(?nd. The further steps are the same as in Example 3.

In computation, we choose a/b = 0.5, 8 = 1.5, « = —0.50, —0.25, 0, 0.25 and 0.5. The assumed
Young’s modulus E(r) =h (B, a, r) Ey is same as shown by (47). The computed stresses o, = g1 (8, «, ¥)qo,
09 = g2(B, &, r)q0, 0 = 09 — 0 = g3(B, &, r)qo (g3 = g2 — &1), are still expressed by (48).

The function h(B8, o, r) is the same as plotted in Figure 9. The computed g (8, «, 1), g2(B, o, r), and
g3(B, a, r) are plotted in Figures 13-15.

©
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0.2
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Homogeneous case
0.0 4

-0.1

-0.2 4

Nondimensional stress g,(B,o.1) (54/q,)

Figure 14. Nondimensional circumferential stress g»(8, «, r), for the oy component in
a three-layer cylinder, with a/b = 0.5 and o, , = —qo, up = 0 (see (48) and Figure 5).
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Figure 15. Nondimensional stress g3(8, «, r), for the o, = 0y — 0, component in a
cylinder of three layers, with a/b = 0.5 and u;, =0, 0, = 0 (see (48) and Figure 5).
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It is seen from Figure 15 that the condition 8 = 1.5 and a = —0.5 can provide a better distribution
for the o, component. In fact, in the homogeneous case (or 8 = 0), we have o, = 1.2308 at r = a, and
0. =0.3077 at r = b. Thus, the ratio o,|,—p/0.|r—a = 0.25 is achieved. That is to say, the outer boundary
has too much safety factor when o, at the inner boundary point reaches its limit value. However, under
the condition 8 = 1.5 and « = —0.5, we have o, = 0.8934 at r = a, and 0, = 0.3343 at r = b. In this
case, the relative ratio is o, |,—p/0¢|r=q = 0.3742.

However, in Example 4, the improvement for the o, component is not as much as in Example 3. For
example, we have o, |,=p/0¢|r=c = 0.8087 and 0.3742 in Examples 3 and 4, respectively, which can be
seen from Figures 12 and 15.

4. Conclusion

The transfer matrix method provides an effective way to solve the problem of a multiply-layered cylinder
of functionally graded materials (FGMs). In fact, the transfer matrix for the j-th layer links the radial
stress and displacement at the initial point to those at the end point of the layer. Those matrices for
all layers can be computed and prepared beforehand, and are obtained from two fundamental solutions.
After linking all matrices and considering the continuation condition between layers and the boundary
conditions, the original problem is solved. In the formulation, the Young’s modulus can be arbitrary for
the individual layer. In addition, the solution of the mixed boundary value problem is easy to evaluate.

The merit of the suggested method can be expressed alternatively. In fact, the differential operator
defined in the left hand of (8) has the following property:

A(es(r)) =cA(s(r)) (cis a constant). (50)
Therefore, if s1(r) and s>(r) are two solutions of the ordinary differential equation
A(s(r)) =0, (51

the function s(r) = c151(r) + c252(r) must be a solution of (51). Clearly, the suggested solutions sy ()
and s, (r) are the solutions from two particular initial conditions. Once the two constants ¢; and c; are
appropriately assumed, the boundary condition at the end point ( = b) will be satisfied. That is to say,
the boundary value problem of the ordinary differential equation is changed into the initial boundary
value problem.

It is found from the computed results that the influence of the inhomogeneity from FGMs on the stress
distribution is significant. From the theory of strength of materials, the stress component o, = 0y — 0,
is an appropriate value to predict the component’s safety. From Figure 4, we see that a higher value of
B, for example B = 1.5 can provide a better distribution for o,. Alternatively speaking, if the outer layer
(r = b) is more rigid, the safe condition of cylinder is better.
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COMPUTATIONAL SHELL MECHANICS BY HELICOIDAL MODELING
I: THEORY

TEODORO MERLINI AND MARCO MORANDINI

Starting from recently formulated helicoidal modeling in three-dimensional continua, a low-order kine-
matical model of a solid shell is established. It relies on both the six degrees of freedom (DOFs) on the
reference surface, including the drilling DOF, and a dual director — six additional DOFs — that controls
the relative rototranslation of the material particles within the thickness. Since the formulation pertains to
the framework of the micropolar mechanics, the solid shell mechanical model includes a workless stress
variable — the axial vector of the Biot stress tensor, referred to as the Biot-axial — that allows us to
handle nonpolar materials. The local Biot-axial is approximated with a linear field across the thickness
and relies on two vector parameters. On the reference surface, the dual director is condensed locally
together with one Biot-axial parameter, leaving the surface strains and the other Biot-axial parameter as
the basic variables governing the two-dimensional internal work functional.

The continuum-based shell mechanics are cast in weak incremental form from the beginning. They
yield the two-dimensional nonlinear constitutive law of the shell in incremental form, built dynamically
along the solution process. Poisson thickness locking, related to the low-order kinematical model, is pre-
vented by a dynamical adaptation of the local constitutive law. No hypotheses are introduced that restrict
the amplitudes of displacements, rotations, and strains, so the formulation is suitable for computations
with strong geometrical and material nonlinearities, as shown in Part II.

1. Introduction

This study belongs to the research field, very prolific in the eighties and nineties, aimed at writing non-
linear shell mechanics with a full and consistent account of the rotation of the material surface particles.
In the present decade, however, the scientific community has seemed to desist from seeking a consistent
settlement of the drilling rotation and to focus again on more classical approaches to shell mechanics.
A recent work by the authors in three-dimensional finite elasticity has motivated a renewed interest in
formulations based on an explicit full three-parametric rotation field, which can be addressed now with
greater chance of success. Our present contribution to this research field is characterized by, and can
be said to be original in, two respects: on the one hand, a total adhesion to a consistent mechanical
formulation based on the micropolar description; on the other, the broad usage of an integral kinematic
field.

According to the micropolar description, the particle rotations are retained as primary unknowns,
even in the case of nonpolar materials. In three-dimensional solid mechanics, variational formulations
assuming independent rotation fields were pioneered in [Reissner 1965] and developed in [Fraeijs de

Keywords: nonlinear shell theory, micropolar shell variational mechanics, helicoidal modeling, geometric invariance, shell
constitutive equations, finite rotations and rototranslations, dual tensor algebra.
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Veubeke 1972; Atluri 1984; Reissner 1984; Bufler 1985; 1995; Atluri and Cazzani 1995]. Then, finite
elements were formulated starting, mostly, from the regularized principles proposed in [Hughes and
Brezzi 1989] and extended to finite elasticity in [Simo et al. 1992]; see also [Ibrahimbegovi¢ and Frey
1995; Sansour et al. 1996]. In such formulations, the rotation is introduced using the polar decomposition
theorem of the deformation gradient mostly like an appended constraint equation. Application of these
concepts to shell mechanics was pursued by several authors, mainly with the explicit motivation of
accommodating the drilling rotation; those principles were applied to either the two-dimensional domain
of the shell surface [Gruttmann et al. 1992; Wriggers and Gruttmann 1993; Ibrahimbegovi¢ 1994; Zhu
and Zacharia 1996], or the three-dimensional domain across the shell thickness [Li and Zhan 2000]. A
number of remarkable works were delivered, such as [ChréScielewski et al. 1992; Sansour and Bufler
1992; Sansour and Bednarczyk 1995; Wisniewski 1998]; these works also include important references
to the early approaches to finite rotations in shell mechanics. In [Wisniewski and Turska 2000; 2001;
2002] a formulation was proposed with a linear drilling rotation across the thickness to account for in-
plane twist. It should be noted that almost all the aforementioned works rely on strain measures of the
Biot type instead of the Green type and exploit a full three-parametric rotation tensor, different than the
two-parametric one used in the constrained rotation approach [Simo and Fox 1989]. Significant papers on
the parameterization of the rotation tensor are [Betsch et al. 1998; Ibrahimbegovic et al. 2001; Wang and
Thierauf 2001]. Interestingly, in an early paper Badur and Pietraszkiewicz [1986] developed a nonlinear
Kirchhoff-Love shell theory from micropolar continuum variational mechanics, which is in spirit similar
to our approach, as described next.

Meanwhile, Merlini [1997] proposed a variational formulation for three-dimensional solid mechanics
based on a different approach. Starting from micropolar mechanics and invoking a constitutive postulate,
three equations governing the mechanics of nonpolar materials, that is, linear balance, angular balance,
and internal kinematical constraint, are consistently deduced. Correspondingly, two more variables —
the particle rotation and the workless axial vector of the Biot stress tensor, hereafter called the Biot-
axial —become clearly identified and join the displacement as primary unknown fields. Displacement,
rotation, and the Biot-axial are the mixed — and balanced — unknowns of an irreducible variational prin-
ciple referred to as the internally constrained principle of virtual work of the nonpolar medium. In the
continuum-based shell theory proposed in this paper, we adhere to this approach both for the reduction
from three-dimensional mechanics and for the subsequent two-dimensional mechanics of the material
surface. The local Biot-axial within the shell thickness is retained as a primary unknown, to be solved
as a function of an unknown field on the shell surface; then, this Biot-axial parameter surface field is
retained as a primary unknown of the material surface mechanics. The drilling DOF, as well as a drilling
twist, are implicitly accounted for by this extension to the shell surface of a mechanical formulation
consistently based on the micropolar description.

The second important feature that characterizes this work is related to the helicoidal modeling of the
continuum. Customarily, the micropolar description relies on two independent and uncoupled fields: the
displacements and the rotations. Alternatively, displacements and rotations may be coupled together into
a unique comprehensive kinematic field, referred to as the integral field of the rototranslations. This alter-
native representation of motion is already used nowadays in computational multibody dynamics [Borri
et al. 2000], and descends seemingly from the modeling of sections along space-curved beams [Borri and
Bottasso 1994]; in either case, however, the rototranslation field is defined over a one-coordinate domain,
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the time or a curvilinear abscissa as the case may be. The difficulties inherent in the representation of
the rototranslation field over a multicoordinate domain, as in the case of three-dimensional solids, were
overcome in [Merlini and Morandini 2004a], who proposed the helicoidal modeling of the continuum as
an alternative to the classical Euclidean modeling and provided the relevant variational mechanics. Their
work was completed with an original objective interpolation scheme [Merlini and Morandini 2004b] and
the formulation of a successful finite element [Merlini and Morandini 2005].

The present shell theory and its numerical implementation resort extensively to helicoidal modeling.
First, the three-dimensional solid across the thickness is modeled helicoidally. Though we rely on the sim-
plest scheme, with a constant generalized curvature through the thickness, the resulting low-order solid
shell model proves to be quite flexible: the proposed integral kinematic field gives the material particles
twelve coupled DOFs, six more than the underlying particle belonging to the shell surface, and this free-
dom proves advantageous in modeling saddles and buckles. Secondly, the two-dimensional material sur-
face is modeled helicoidally as well — an approach that proves a natural asset with curved shells. Thirdly,
the surface elements are interpolated helicoidally, so helping curved and curving low-order elements.

An outline of the proposed formulation follows. In this outline, we sometimes use the words “vector”
and “tensor” loosely, to capture the essence of certain objects whose precise nature will become clear
when they are introduced rigorously in the body of the paper.

o Material surface kinematics. Each material particle of the shell reference surface is identified by
an orientation-position tensor A (a total of 6 independent parameters). Deformation of the material
surface is described by a kinematical strain field ® (12 parameters).

« Solid shell kinematics. Each material particle of the shell body is identified via a constant-curvature
rototranslation along the transverse coordinate from the orientation-position of the parent particle
on the material surface. The curvature is related to a 6-parameter vector @ (referred to as the shell
dual director) in such a way that the shell kinematics does not depend on the gradient of 6 on
the reference surface; so, the director can be assumed to belong to a piecewise constant field of
the material surface. Deformation of the solid shell yields a local kinematical strain depending
on the material surface strain field @ and on the field of the current dual director 8’ (a total of 18
parameters).

o Solid shell mechanics. From the internally constrained principle of virtual work [Merlini and Moran-
dini 2005], the term of the internal work is considered; this term, for a hyperelastic nonpolar material,
is a function of the local strain and of the local Biot-axial stress. The latter is assumed to be linear
across the shell thickness, with the vector T as the constant part and the vector fi controlling the
linear part. So, the internal work virtual functional is finally a function of w, #’, T, and f (a total of
24 parameters on the reference surface domain), and of the relevant virtual variation variables. Lin-
earization of the virtual functional yields the virtual tangent functional, a function of the incremental
variation variables, too.

» Reduction to shell surface mechanics. The integral, over the shell thickness, of the volume density
of the internal work functionals gives the relevant surface densities. In such expressions, some quan-
tities work-conjugate to w are found, as well as some quantities work-conjugate to #’, T, and fi; also,
the tangent operators mapping the incremental variation variables on the incremental work-conjugate
fields are found. All such integral quantities are nonlinear functions of the unknown surface fields,
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and are meant to be computed dynamically by numerical quadrature during the whole shell problem
solution.

o Shell constitutive equations. The shell director §” and the Biot-axial parameter ji are recognized
to be local surface variables. From the incremental form of the internal work virtual functional,
the equations to solve the local incremental variations for the remaining incremental variations can
be written. The main surface problem is statically condensed to a form where only the variation
variables relevant to @ and T appear (a total of 15 parameters). In this form, we may recognize the
true stress resultants work-conjugate to the component vectors of the material surface strain @ and
the integrated form of the polar decomposition theorem work-conjugate to the Biot-axial parameter
T, as well as the relevant tangent operators. It will be shown that the former integrals represent
the shell constitutive equations and the kinematical constraint of the material surface, and the latter
integrals the associated tangent map.

o Shell finite element. The internally constrained principle of virtual work is finally stated for the
material surface in its incremental form, using as internal work contributions the functionals dis-
cussed above. Then, this principle is approximated by the finite element method and a four-node
quadrilateral shell element is formulated in a similar way to the eight-node hexahedral solid element
in [Merlini and Morandini 2005]. The kinematic field is modeled by the helicoidal interpolation
between the six-DOF nodes and the Biot-axial parameter is assumed uniform over the element
domain.

The whole formulation is computation oriented. A sound variational formulation is applied to the solid
shell body and the weak form of the nonlinear governing equations is written in the incremental form from
the beginning. The approximation of the solid mechanics is of the finite element type, but is performed
in two separate steps: first, a helicoidal model is used through the thickness and a numerical integration
reduces the problem to a two-dimensional one; then, a helicoidal nonlinear interpolation is used on the
element surface to bring the problem to a discrete form. The numerical integration across the thickness
is performed at the quadrature points of the surface element. The surface problem is statically condensed
and the local variables @” and ji are allocated and updated at the quadrature points themselves. The
governing equations of the material surface mechanics are not explicitly written in strong form nor are
they necessary to the solution of the shell problem; the stress resultants as well as their derivatives with
respect to the material surface strains are computed dynamically during the nonlinear solution process.
A vectorial parameterization of the rototranslation and its consistent differentiation allows us to track
rotations unrestricted in size.

In the form presented above, however, the solid shell kinematics suffers a serious drawback doomed to
impair most shell analyses. The proposed constant-curvature rototranslation model allows for a transverse
normal strain that is uniform across the thickness, and is thus inconsistent with the alternate strain induced
by the Poisson effect in shell bending; in such circumstances, the so-called Poisson thickness locking
manifests, unless the local constitutive law is adjusted for plane-stress; see, for example, [Bischoff and
Ramm 2000] for an accurate discussion. In order to allow for unmodified three-dimensional constitutive
laws, the method of the enhanced assumed strains has been widely used to build effective solid shell ele-
ments based on kinematics of the Reissner—-Mindlin kind (see, for example, [Biichter et al. 1994; Sansour
and Kollmann 2000; Klinkel et al. 2006], among others). Instead, a different approach is followed here,
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which also allows for unmodified three-dimensional nonlinear constitutive laws: the transverse normal
strain, say €33, is regarded as a local, independent variable, disjoint from its kinematical counterpart;
from the incremental form of the constitutive equation the increment of ¢33 is solved for the other strain
increments and the constitutive equation is condensed locally; €33 is allocated at each quadrature point
across the thickness and updated at each iteration. A similar technique was suggested in [de Borst 1991],
whereas in [Klinkel and Govindjee 2002] it was proposed to start a separate iterative process to force
plane stress at each quadrature point; see also the implementation in [Campello et al. 2003].

The paper is organized as follows. The present article (Part I) begins with an introduction to helicoidal
modeling in three-dimensional solids (Section 2). Then, the material surface kinematics are formulated
in Section 3, and used in Section 4 to build the solid shell kinematical model. The solid shell mechanics
in the incremental form follow in Section 5, which includes the adaptation of the local constitutive law.
In Section 6, the integration across the thickness leads to the shell surface mechanics, and the shell
constitutive equations are formulated in incremental form. The companion article (Part II) contains the
shell element formulation and a broad selection of nonlinear test cases. Index-free notation is favored
throughout, but when necessary, Latin indexes are used for components spanning the range 1 to 3, and
Greek indexes for the surface components in the range 1 to 2. The Einsteinian rule of implicit summation
over repeated indexes is understood.

2. Overview of three-dimensional modeling

A quick introduction to helicoidal modeling is given in this section; for a more comprehensive discussion
refer to [Merlini and Morandini 2004a]. According to the polar description in continuum mechanics, a
solid body is regarded as a continuum set of infinitesimal yet three-dimensional material particles. We
limit ourselves to a special case of polar description, referred to as micropolar description, where the
directors embedded within each particle are not allowed to stretch and rotate relative to each other (see,
for example, [Kafadar and Eringen 1971; Eringen and Kafadar 1976] and references therein). In that
case, the material particles behave as infinitesimal rigid bodies.

2.1. Motion of a particle. The configuration of a material particle at point P in space is identified by
its position and by its orientation. Let’s embed a triad of vectors o; (j = 1,2, 3) within the particle.
With reference to an absolute frame made of an orthonormal triad of dimensionless unit vectors i; = i/
and to the associated Cartesian axes x/ departing from the origin O, the particle configuration can be
measured by the pair (x, &) of the position vector x = x/i; and the orientation tensor of the embedded
triad, x = o; ® i/. Throughout this work, vectors a ;j are assumed to be mutually orthogonal unit vectors,
so a is an orthogonal tensor itself, namely a rotation from the identity I =i; ® i/. This assumption is
not actually necessary, but it greatly simplifies things without losing generality.

Besides this commonly used way of describing the particle configuration, an alternative exists which
relies on the coupled pair (&, x X &), where x X a is the moment of the triad e with respect to the origin
O, chosen as the pole. That the pole is brought to coincide with the absolute origin is just a matter
of convenience. The dual algebra helps managing this kind of geometric pairs of vectors and tensors
(see, for example, [Angeles 1998] and references therein, or the recent survey [Pennestri and Stefanelli
2007]). In fact, the pair (o, x X &) is conveniently represented by the dual tensor A = o + €x X «,
where ¢ is the dual unity, a number such that € %= 0 and g2 =¢3=...=0. A dual tensor, like a dual
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H

Figure 1. Rototranslation of a particle between the orientopositions in two different configurations.

number, is composed of a primal part plus a dual part multiplied by €. Note that the dual part is always
dimensionally greater than the primal part by a length: within a kinematic context, such parts will be
often referred to as the angular part and the linear part, respectively. The opposite will occur in the
cokinematic vector space, where, for example, an applied force-and-couple (f, ¢) shall be represented
by a dual vector f +e(c+ x x f), whose primal part is the linear part (a force) and whose dual part is
the angular part (a moment).
The dual tensor
A=Xa=(I+exx)a (D)

will be called hereafter the orientoposition tensor of the material particle. (Here and throughout the paper,
the notation v x denotes a skew-symmetric tensor having v as axial vector. It transforms a vector w into
the vector v x w.) In the factorization (1) of A, the tensor X is called the dual position tensor and is
easily seen to be orthogonal: X~! =1 —exx = XT. Therefore, A is orthogonal too: A = A~T. (Of
course, the alternative form A = «X° = a(I + ex°x) also holds, with x° = aTx.)

When the body moves to a new configuration, the particle’s orientoposition changes to, say, A’ = X'a’;
see Figure 1. The particle rotates by @ = a’a’ and undergoes a rototranslation

H=AAT=XoX". ()

H is an orthogonal dual tensor too and can be factorized into two orthogonal tensors in sequence, specif-
ically the rotation @ followed by a translation dual tensor T,

H=T®=(+¢ctx)P. 3)

Here, t = x' — @x is called the translation vector. This vector is different from the displacement
u=x'—x=t+ (@ — Ix, when the particle rotates; the choice of the term translation for t is motivated
in [Borri et al. 2000; Merlini and Morandini 2004a].
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As orthogonal tensors, both the rotation and the rototranslation can be represented as exponential maps
of skew-symmetric tensors:

e k
P X
P =cxplex) =) — 4)
k=0
S k
nX
H=exp(nx)=) o)
k=0

where ¢ is the rotation vector, and 5 = @ +-¢ p is called the helix of the rototranslation. Also, T = exp(et x).

It is worth noting that the rototranslation inherits all the properties of the rotation. As the latter
belongs to the special orthogonal Lie group SO(3), so the former can be shown to belong to a six-
dimensional extension of such Lie group [Borri et al. 2000]. In particular, an important issue concerning
rotations and rototranslations is their differentiation. It is well known that a differential rotation vector
@4 characterizes the differentiation of a rotation tensor, that is, d®®T = @4 x. Analogously, a differential
helix nq = @q + € pq characterizes the differentiation of the rototranslation tensor, dH HT = 5gx. These
differential vectors are connected to the differentiations d¢ and dn by means of the differential maps
associated to the relevant exponential maps (see [Borri et al. 2000]):

Fdp, T =dexp(px) oxt (6)
= y = deX X ) = ,
@d @ ple ar &+ 1D)!
na = Adp, A =dexp(px) = E TR @)

k=0

Incidentally, the differential mapping tensor I" provides a link between the linear part of the helix and
the translation vector, £ = I'p [Merlini and Morandini 2004b].

Now, let’s bring the rototranslation to the infinitesimal limit. The differential of the orientation is
described by means of a differential rotation vector, that is, da = ¢@q X «; analogously, the differential
of the orientoposition is described by means of a differential helix, dA = 54 x A. Recalling the factor-
ized form in (1) and resorting to the property Bcx = (Bc¢) x B, which holds true for any orthogonal
tensor B, it is easily seen that the angular part of nq is just ¢4 whereas the linear part is given by
pd =dx +x x @4 = ad(e"x). This is a remarkable issue, that clearly points out that the tangent space
of this rototranslatory motion is controlled by a vectorial pair (@q, pq) far different from the pair (dx, ¢q)
usually considered in classical mechanics. The differential helix p4 couples intimately the infinitesimal
rotations and displacements, with a significant effect in a helicoidally modeled variational context [Mer-
lini and Morandini 2004a], where forces and moments will work for ps and ¢s, respectively. Conversely,
this coupling feature can also be understood by observing that dx = pg —x X ¢4, so both the linear and the
angular parts of 54 contribute to the differential of the position. In Figure 2, a finite motion of a particle
is shown on two different paths, both with a constant tangent space: on path (a), where displacement
is uncoupled from rotation, dx and ¢4 are constant, whereas on the seemingly more natural helicoidal
path (b), ¢4 and p4 are constant. These aspects of the helicoidal parameterization of motion become
quite important in computational mechanics, where the choice of an effective discretization of motion
may be crucial.
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Figure 2. Motion of a particle on two different paths: (a) classical (displacement and
rotation are uncoupled); (b) helicoidal.

2.2. Helicoidal modeling. Helicoidal modeling is the attempt to translate the helicoidal parameteriza-
tion of motion into the parameterization of the geometry itself of a deformable body at any instant of
motion; as a matter of fact, the orientopositions of any two material particles within a body “differ” by
a rototranslation. To understand this rewriting, we ought to convert the concept of differentation into
the concept of gradient on a three-dimensional field. We shall see that at the limit of an infinitesimal
region, the position gradient itself is influenced by the mutual orientations of the neighbor particles. So,
the tangent space of the local micropolar geometry can be far different from the classical tangent space
proper of a Euclidean modeling.

With reference to a system of convective curvilinear coordinates £l ( j =1,2,3) traced within the
body, consider the partial derivative A,; = 0A/ d&/ of the orientoposition field along one coordinate.
According to the differentiation formula of orthogonal tensors, ATA, ji= (ATk j)x, the derivative A, ;
is characterized by a dual vector k; that can be referred to as the (generalized) curvature along that
coordinate. The dyadic composition with the metric contravariant base vectors g/ yields the tensorial
relation

ATA5 = (ATk)%, ®)

where ()9 =(),; ® gj denotes the gradient, ()* =(); x® gj denotes the tensor-cross operator, and

k=k;®g’ is the curvature dual tensor. Equation (8) states that the gradient of the orientoposition field, a

third-order dual tensor, is characterized by a second-order dual tensor field, the curvature k. The tensor-

cross operator produces a third-order tensor of skew-symmetric nature; see [Merlini and Morandini

2004a]. Note that, in (8), ATk; are the axial vectors of tensors ATA, ;, formally ATk; = ax (ATA, ),

and analogously ATk is called the axial tensor of third-order tensor ATA /g, formally ATk = ax (ATA ).
Using (1) in (8), the dual explicit form of the curvature is easily obtained:

k=k,+¢k =oaax (aTa/®)+8a(aTx)/®. ©)

The angular part, referred to as the angular curvature, characterizes the gradient of the orientation,
oo /® = (oTk,)*, analogously to (8). The linear part is the corotational gradient of the position vector,
also given by kj = x,g + x x k,. Equation (9) is very important and represents the core of the helicoidal
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modeling; it allows us to see that k, which controls the tangent space of the orientoposition field A,
couples intimately the spatial derivatives of the orientation with those of the position.

The curvature k is a pole-based dual vector. Changing the pole from O to the point P itself, by means
of the arm operator X = I 4 ex X, yields the self-based version of the curvature,

Xk=k,+e(k—x x k) =aax (@ a/g) +£x/g. (10)

Here, the spatial derivatives of orientation and position are disjoint from each other: k, controls the
tangent space of the orientation field whereas x g represents the tangent space of the classical Euclidean
position vector field. It can be seen from (10) that the position vector tangent space is controlled by
either part of k; in other words, following the concept of a rototranslation-based micropolar description,
the orientation field strongly affects the evaluation of neighboring positions.

3. Material surface kinematics

What we mean by material surface is a single layer of continuous material particles (infinitesimal yet
three-dimensional) lying on a generally curved smooth geometric surface: no particle is allowed to stay
out of the surface. Each particle is identified on a two-coordinates domain, spanned by two families
of material curvilinear coordinates £% (o« = 1, 2) traced on the surface. There is no way to define a
transversal material coordinate to the surface, nor a material director. The status of the material surface
is defined by the two-dimensional field of the positions and orientations of its particles. The particles
of a deformable material surface may change their relative distances and orientations, yet they keep on
lying on a deformed geometric surface, proper of the current configuration. Since the orientations can
change independently from the positions, the mechanism of transverse shear strains is implicitly allowed
for. Such an infinitely thin body, also referred to as a Cosserat surface (in [Sansour and Bednarczyk
1995], for example), is the image of a shell-like material solid devoid of thickness.

In this section, we establish the geometry and kinematics of the material surface, using a micropolar
description approach in the context of helicoidal modeling (details are found in [Merlini 2008]). In the
next section, we will start from the kinematics of the material surface to build the solid shell model, and
in Part IT we will address the mechanics of the material surface in view of a finite element approximation
of the shell.

3.1. Reference configuration. The reference configuration is identified by the orientoposition dual ten-
sor field A(£%), as defined in (1). Two curvature dual vectors k, characterize the derivatives of A with
respect to the surface coordinates,

ATA,, = (ATky) x . (11)

Their explicit dual forms are ky = kay + €kiy = koo + € (x,o +x X ky ), where vectors k,g characterize
the derivatives of the orientation, a'e, = (osza,g)x. The relevant self-based versions are Xk, =
kaot +5(kla —XX kaa) = kaot +€X,q.

Two covariant base vectors are obtained as the dual parts of the self-based curvature vectors,

8o = ¥,o = dual (X"ky). (12)

We like to think of the coordinates £* as dimensionless measures, so the g, take physical dimensions
of length here. Since we want a solid local triad of base vectors, we conveniently borrow the geometric
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unit normal n = g; X g»2/|g1 X g2| to arbitrarily build a third base vector
g3 =hn, (13)

where & is an arbitrary length, referred to as the characteristic length of the material surface. The dyadic
composition of vectors g; (j = 1, 2, 3) with the absolute unit vectors gives the invertible base frame
G=g;® i/. The reciprocal frame G~ = g/ ® i; is made of the contravariant base vectors g tangent
to the surface and of the normal vector g*> = 2~ 'n. Keep in mind, however, that g3 and g have nothing
to do with material base vectors; they are purely geometric supplementary vectors.

By dyadic composition of (11) with the contravariant base vectors, the definition of the surface cur-
vature dual tensor k = k, ® g“ is obtained:

ATA5 = (ATk)%, (14)

where now ( );g = (), ®g% and ()* = (), x ®g* are the surface gradient and tensor-cross operators.
In the explicit dual form of the surface curvature,

k = a ax (aTa/®) —|—soc(och)/® =k, +eki=k,+e(x)g+x xky),

it is seen that the angular part is the angular curvature as defined by a o /@ = (o"k,)*, whereas in the
linear part there appear the derivatives of both the position and the orientation. Note that, in the self-
based version XTk =k, +ex /@, the linear part is the surface position gradient x,g = g, ® g%, which
coincides with the projector on the tangent plane, —n x nx = I —n Qn.

3.2. Current configuration. During the deformation process, the current configuration shall be described
in exactly the same way as the reference configuration: the variables pertaining to the current configura-
tion will be denoted by the same symbols as above, followed by an appended prime, ()’

So, A’ =X'a/ = (I +ex’x)a’ denotes the current orientoposition; see Figure 3. The derivative relation

ATA g = (AT (15)

defines the current surface curvature dual tensor k' = k;, ® g% = k; + ekj = k; + £(x)g + x" x k).
Vectors g/, = x',, = dual (X'Tk,) are the first two current covariant base vectors and g5 = hn’ (with
h the material surface characteristic length) is assumed to be the third one. Vectors g;. (j=1,2,3)
form the current base frame G’ = g} ® i’. In the self-based version of the current curvature, that is,
X'k =k, + £X)q. the linear part is the current surface position gradient x, = g, ® g%. Tensor x/g,
differs from the three-dimensional deformation gradient F = g} ® g’ (the invertible tensor that transforms
G to G' = FG); in fact, F =x;®+n’®n.

The rototranslation field H (§%) from the reference configuration represents a meaningful alternative
choice of the unknowns that define the current configuration,

A =HA. (16)

Expressions for the tensor H are found in (2) and (3).
It is known that when a body moves rigidly, all its particles undergo the same rototranslation H
[Borri et al. 2000]: this unique rototranslation characterizes the rigid body motion. So, let’s examine
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Figure 3. Material surface in the reference configuration and in the current configuration.

the derivatives 0 H /0£% within a moving surface. As for the curvatures, two surface strain dual vec-
tors w, characterize such derivatives, H'H,, = (H wy) x. A dyadic composition with the reference
contravariant base vectors gives the tensorial relation

H'Hg=(H"0)", (17)

which actually defines the surface strain dual tensor ® = @, ® g*. The explicit dual form of the surface
strain is
w = P ax (<PT<P/®) + £¢(¢Tt)/® =0, +ew =W, +e(t/g +1 X®,),

where t = x’ — @x is the translation vector, see (3). The angular part characterizes the surface gradient of

the rotation, ¢T¢/® =(®Tw,)*. The self-based version of the surface strainis X' To=w,+¢ (x//® —Px/z).

By taking the gradient of (16) and recalling (15), (17), and (14), a relation between the curvatures

in the reference and in the current configuration, involving the surface strain tensor, is easily obtained:

k' = w + Hk. When solved for w, this equation leads to a meaningful expression for the surface strain
tensor,

o=k — Hk, (18)

as the difference between the current curvature and the reference curvature rototranslated forward by H.
In fact, when the motion is rigid, the curvature field k also undergoes the same unique rototranslation
and becomes k' = Hk. Therefore, the difference in (18) is a good strain measure and w will be referred
to as the kinematical strain measure of the material surface. Equation (18) also provides a profitable
means to compute @ in a numerical context, once A, k and A’, K’ become available, for instance after an
interpolation process.

The angular and linear parts of the self-based version of @ represent the surface angular strain tensor
Wy = Wy @ g% =k, — Pk, and the surface linear strain tensor x = x, ® g% = x;® — @Px /g, respectively.
It is interesting to note that the latter is different from the three-dimensional linear strain tensor F — @1
of the Biot kind; in fact, it can be seen that y = F — @I — (n’ — ®n) ® n. Moreover, the expression
X = x}® — @x,g can be used to prove that the present description of the material surface allows for
transverse shear strains. For example, consider a change of configuration where a flat surface keeps flat,
but the material particles rotate around an in-plane direction; in such a case, x;® =X/g =8, Qg% buta
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53

Figure 4. The helicoidal shell model.

nonnull linear strain tensor x = (g, — Pgq) ® g arises, endowed with out-of-plane component vectors
Xo=—(®—1I)g,.

4. Shell kinematical model

A solid shell is a three-dimensional body, lying on a smooth curved surface and thin in the direction
locally normal to the surface. For numerical purposes, a solid shell is approximated by a shell model,
here by shell model we mean a substitute body made of the layers generated by the particles of a material
surface that sweep along a transverse curvilinear coordinate & 3, from &3~ to £3%. For further details on
the shell kinematical model discussed below, refer to [Merlini and Morandini 2008].

4.1. The helicoidal shell model. The proposed solid shell model is based on the most simple and natural
rototranslation of the particles of a reference layer located at £ = 0. This reference layer is understood
to coincide with the parent material surface. The above rototranslation is characterized by a curvature
dual vector k3 constant along £° — actually, this is a helicoidal motion, whence the name helicoidal shell
model. Moreover, a particular dual vector field k3(£%) is assumed, so that also the curvature dual vectors
k,, of each layer hold constant along £3.

The orientoposition A*(£%, £3) of a material particle of the solid shell model can always be described
by a rototranslation H (&%, £3) from the orientoposition A(£%) of the parent particle on the reference
material surface (Figure 4),

A*=HA. (19)

Equation (19) establishes a multiplicative decomposition of the local orientoposition A* = X*a* =
(I + ex*x)a*. The relative rototranslation can also be expressed as H = X*®X", see (2), where
@ (9, £3) is the rotation tensor from the orientation « to the orientation a* = @ ea. Note that we must
have fl(%"‘, 0) =1 and 5(5“, 0) = I, in order to have A*(£%,0) = A(£%) and a*(£%, 0) = a(£%).

The helicoidal shell model is characterized as follows. First, H = exp(ij x) is specified as a constant-
curvature rototranslation across the shell; to this end, the function §(£%, £3) is assumed to have the

factorized form
=%k, (20)
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with k3(£%) a dual vector independent of £°. This assumption provides a constant curvature along &3,
as shown below. Next, the dual vector field k3(£%) is specified by connecting it to the material surface
orientoposition field A(£%). Formally, it is assumed that

kz = A0, 21

with € a unique dual vector independent of £%. We refer to 8 as the dual director of the helicoidal shell
model. The helicoidal shell model, as described by (19)—(21), is based on the orthogonal dual tensor
field A(£%) and on the unique dual parameter 6. The transverse curvature k3 is restricted to rototranslate
on the material surface as the orientoposition A, hence it is anchored to each material surface particle. It
can be claimed that the last assumption, (21), is too strong; indeed, this assumption can be safely relaxed,
as it will be shown later on.

Let’s examine the curvatures within the helicoidal shell model, both along the layer’s coordinates £¢
and along the transverse coordinate £3. Altogether, the three curvature dual vectors k* (j=1,2,3)are
defined by A*TA*; (A*Tk*) x. Within this formula, (19)—(21) are exploited in order to derive explicit
expressions for k* First it is recognlzed that HTH, = (H An, j )%, recall (7); then the derivatives of
the transverse curvature are expanded as k3, o = A,o 0 =k, x A0 = k, x k3, whence 1,, = —1) X kg;
ﬁnally the identity H = I + Aidjx is recalled, see (5) and (7). Using the property Ajj = 7 (whence
Ak3 = k3), it is found that k3 = k3 and k}; = k, or

ki =k;. (22)

Since k, and k3 are independent of £3, it follows that all three curvature dual vectors k;‘f are constant
across the shell model thickness.

The explicit dual forms k* = k* + sk* = k* +e(x*;+x* x k:j), and their self-based version
X *Tk;f = k:j +ex¥;, allow us to denve the metrlc of the shell model. The covariant base vectors are
obtained from (22) as

g* =x"j =dual (X*Tk -

They form the base frame G* = g ®i/. Inversion of tensor G* yields the reciprocal frame G*~T =

g ®i ; of the contravariant base vectors such that g - g = 8! , the Kronecker symbol. It is worth
comparing the values assumed by g *(E*, £3) at the reference layer with the material surface g;(§%),
(12) and (13): the base vectors tangent to the layers do reduce to the material surface base vectors,
gﬁ (§%,0) = gp(&%), whereas the transverse one becomes g3 (§%, 0) = dual (A#) and may differ from
g3(§%) = hn, which was introduced by a purely geometric construction. Note that, in the proposed solid
shell model, g3 is relieved from being normal to the layers and, as a consequence, the contravariant base
vectors g*¢ are no more tangent to the layers. Instead, g*> keeps normal to the layers.

The model base frame G*(£%, £3) can be related to the material surface base frame G (£%) by means
of a sort of modeling gradient F(£¢, £3),
G*=FG.

An interesting interpretation of the so-called shifter tensor F = gjf ® g/ as a deformation gradient and
its implication in classical shell theories can be found in [Schlebusch and Zastrau 2005]. Note that in the
proposed model, it may be G*(£%, 0) # G(£%), whence F (§%,0) # I. The base vectors allow writing
tensors in dyadic form with reference to the model base frame. Moreover, they provide useful expressions
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for the model gradient operator, ();g« = (),; ® g*j , and for its trace, the model divergence operator,
Djex=0(),j - g*/. Then, the modeling gradient F allows us to relate dyads in the model base with dyads
in the material surface base.

The dyadic composition of the curvature dual vectors with the contravariant base vectors leads to the
definition of the model curvature dual tensor k* = k;f ® g,

A*TA;k@* — (A*Tk*)x, (23)

where in this context ()* =(); x ® g*/. Note that the curvature tensor may be not constant across the
shell thickness, yet it is made of three constant curvature vectors, k* = k; ® g%/, see (22). We may find
it convenient to include the transverse curvature k3 in the dyadic definition of the surface curvature dual
tensor k = k, ® g”, and bring the latter to the three-dimensional form k = k; ® g/. So, it can be easily
seen that

k*=kF', (24)

and, again, it may be k*(£%, 0) # k(£%).

It is worth pointing out that the rototranslation that generates the solid shell model from a material
surface is by no means a rigid motion. In fact, H is a function of the coordinates £ and is not unique
for the whole surface; also, each layer has its own curvature dual tensor, which is different from the
curvature dual tensor of the parent material surface rototranslated by H. Rather, this is like an inflating
motion that brings the reference curved layer into a new, and in a sense parallel, curved layer. It is also
worth noting that, whereas the tangent coordinate lines £€* generated by the shell model reflect those
chosen on the parent material surface, the transverse coordinate lines &3 are by construction helices with
constant curvature.

4.2. Relaxation of a kinematical hypothesis. The shell dual director is a kinematical variable of the
solid shell model and is extraneous to the material surface kinematics, so it should be advantageous to
leave it out of the problem of the material surface mechanics. This observation indicates the opportunity
to solve @ locally. Therefore, we now propose to relax the hypothesis of a unique director for the material
surface and adopt instead a piecewise constant director field; in other words, we assume that @ is a locally
constant function of £%.

This new assumption does not affect the characteristics of the proposed kinematical model: from
(21), we still have k3,, = k, x k3, so the curvature dual vectors are still constant across the thickness.
However, 6 is now allowed to vary from point to point on the material surface and, as a consequence, the
transverse curvature k3 becomes unfastened from the orientation of the surface particle. Thus, # becomes
a true variable field, but its gradient is left out of the variational formulation; the assumption is that a
spatial variation of the dual director does not affect the shell mechanical behavior. In the finite element
approximation of the material surface mechanics, the dual director shall be understood as an “internal”,
local variable; typically it shall be confined within the neighborhood of each quadrature point.

4.3. Shell model in the current configuration. Let the helicoidal shell model so far described refer to
the undeformed, or reference, configuration. The current configuration will be described the same way,
with an appended prime to distinguish the variables pertaining to the deformed model. The current
orientoposition A™ = X™*a™ = (I +ex"*x)a™ of a material particle is decomposed multiplicatively into
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the orientoposition A of the parent material particle followed by a rototranslation,
A*=HA, (25)

with
H' = exp(ij’ x) = exp(& k) = exp(£°(A'0') x) (26)
and 0’ a piecewise constant dual vector field on the material surface.
With a total-Lagrangian description in mind, the current tensors are based on the reference config-
uration, that is, their dyadic forms are written with the reference base vectors. So, the current model
curvature dual tensor k™ = k" ® g*/ is defined by

A/*TA//*@)* — (A/*Tk/*)x. (27)

Across the shell thickness, k" will not be constant, though its dual component vectors k™ - g}‘f will. In
fact, as in (22), k;.* = k;.. Thus, we can also write k'* = k} ® g*/, and relate k’* to the current surface
curvature three-dimensional dual tensor k' = k} ® g’ by

K*=KF'. (28)

The current covariant base vectors are given by g7* = x™, ; = dual (X’ *Tk;.), and form the current
base frame G'™* = g;* ®i/. The model deformation gradient F* = x}% = g;* ® g*{: G*G*~! can
be obtained as F* = dual (X”*Tk’*) = dual (X”*Tk’ F~!). The modeling gradient F and the model
deformation gradient F* allow us to recover the current model base frame from the reference material
surface base frame, G* = F*FG.

4.4. Model deformation. Let’s address now the model rototranslation that brings the reference oriento-
position to the current orientoposition,
A" =H"A" (29)
Useful expressions for H* are obtained from (2) and (3):
H* = A*AT = X*@¢*X*T = (I +e(x"* — &*x*)x)®*, (30)

where @* is the rotation from the reference to the current orientation, o’* = @* ™.
The gradient of the rototranslation H™* allows us to define the model strain dual tensor @* = a)’jk ® g*j ,

H"Hj,, = (H"")*. (31)

Taking the gradient of (29) and using (27), (31), and (23), a relation between the reference and current
model curvatures, involving the model strain, is obtained: k™* = w* + H*k*. Solving this equation for @*,

w* = kK* — H*k*, (32)

gives a meaningful expression for the model strain, as the difference between the current curvature and
the reference curvature rototranslated forward by H*. We shall refer to * as the kinematical strain
measure of the helicoidal shell model. It can be seen that the angular and linear parts of the self-based
version of @* represent the model angular-strain tensor @} = k. — ®*k; and the model linear-strain
tensor x* = F* — @*1I, respectively.
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Last, let’s investigate the relationship between the model rototranslation and strain tensors, H* and
®* respectively, and the corresponding surface rototranslation and strain tensors, H and w. Using (19)
and (25), the model rototranslation H*(£%, £3) from (30) can be related to the surface rototranslation
H (%) of (16), by

H*=HHH". (33)
Note that, as expected, H*(¢%,0) = H (%), whereas, in general, H* differs from H when £3 # 0.
However, a special case occurs when kj = Hkj (that is, when the dual director stays unchanged, 6" =
0). In this case H = HHH" and from (33) it follows that H* = H independently from £3: the
rototranslation is unique for the whole material line lying along £2, that is, that material line rototranslates
rigidly.

Therefore, the difference k; — Hk3 = A’(#’ — ), which is independent of & 3, represents a unique
strain measure across the thickness. We refer to such strain measure as the through-the-thickness strain,

w3 = ké — Hk3. (34)

We may also find it convenient to include @3(£%) in the dyadic definition of the surface strain dual tensor

® = @, ® g%, and bring the latter to the three-dimensional form @ = @; ® g/. Thus, (18) is expanded to

the form w = k'’ — Hk, where k', k and w are now full three-dimensional dual tensors on the surface.
Using (28) and (24), the model strain tensor in (32) can be related to the surface strain tensor,

w' =k -—HKF'=wF'—(H*—H)F',

where @ is now the full three-dimensional dual tensor. This expression highlights the separate contribu-
tions to the local strain, coming from the material surface strains @, and from the through-the-thickness
strain w3 (in fact, when w3 is null, H* — H is also null).

4.5. Geometric invariance. The shell model so far described is endowed with a distinctive property that
is becoming very important in modern computational mechanics: it is geometrically invariant, in the
sense pointed out in [Bottasso et al. 2002]. A shell kinematical model can be seen as a mathematical
scheme to reduce three-dimensional kinematics to those pertaining to a two-coordinate material surface;
being independent of the choice of the reference material surface is a characteristic of the proposed
kinematical model. To be more precise, the physical value of the kinematical variables (orientopositions,
curvatures, and strains) is not affected by the placement of the reference material surface with respect
to the shell thickness. It is only required that the reference surface be identifiable as a layer of the shell
model, but which layer is chosen is arbitrary.

The geometric invariance of the proposed shell model is inherent in helicoidal modeling itself across
the thickness. To prove the geometric invariance, consider a given solid shell and set up a first kinematical
model (A) as follows. Choose the mid surface as the reference surface and trace the coordinate lines
&% on it; the orientopositions A and the curvatures ka are known; assume a dual director 65 and build
the transverse coordinate lines £ with a linear scale from &3~ = —1 to £3* = +1. Next, set up a
second kinematical model (B) of the same solid shell as follows. Choose the lower surface of model
(A) as the reference surface for model (B); hold the coordinate lines £* traced on it, and keep the same
coordinate lines 53 across the thickness as model (A), with a linear scale, however, ranging from 53_ =0
to & 3+ = 41; the orientopositions Ag, the curvatures kg, and the dual director fg are determined from
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Ap, ka, and 05. Note that @5 and fg = 204 are parallel, however they are scaled due to the different
measures of £3 from £3~ to £3*. So far you have built two different helicoidal models for the same shell
body. As an exercise, compute the model orientoposition A* and curvature k* at a generic placement:
you will find values coincident for either model. Now consider a deformed configuration of both models:
again, A™* and k™* will coincide for either model. So both the rototranslation H* and the strain w*
coincide for either model. This proves the geometric invariance of the helicoidal shell model.

5. Shell model mechanics

The starting point for the present formulation in shell mechanics is the principle of virtual work; this
can be stated in the form I7ins + Iexis + Ipes = 0, where the contributions to the virtual functional [T
from the stresses, the external loads and the boundary constraints are kept separate. The terms [1exs and
ITys will be discussed in Part II, when dealing with the material surface mechanics. The internal work
contribution, written as

Hint8 :/nintédsy (35)
N

is the integral, over the shell surface S in the reference configuration, of a surface density of the internal
work virtual functional of the shell model. The present section concerns the evaluation of mjygs; refer to
[Merlini and Morandini 2008] for deeper discussion.

5.1. Internal work virtual functional. The expression of s is taken from the internally constrained
form of the principle of virtual work [Merlini and Morandini 2005],

E3+

mmng §(w* + (¥, dual 2 ax (@*T X' *Tw"))) fhd&?, (36)
3

3—

by considering that dV* = g*dg'd&2dg? and dS = h~'gds'de?, with g = det G, f =det F and g* =
det G* = fg. Equation (36) is formulated in a micropolar description context and refers to a hyperelastic
nonpolar medium: w*(&*%) is the shell model strain-energy density per unit initial volume, a function
of the symmetric strain parameter &*5, and £* is the axial vector of the Biot stress tensor. The angle
brackets ( , ) denote the scalar product between two vectors (or tensors), one of which belongs to the
kinematic vector space and the other to the cokinematic vector space.

The constitutive characterization of the nonpolar medium, see [Merlini and Morandini 2005], passes
through the identification of the back rotated kinematical linear-strain tensor

¢*T dual (X/*Tw*) — ¢*TX* — ¢*TF* _ I

as a strain measure; tensor @*T F* is usually referred to as the Cosserat deformation tensor in micropolar
elasticity [Ramezani and Naghdabadi 2007]. For a nonpolar medium, the strain energy is restricted to be
a function of a symmetric strain parameter *5, which is connected to the symmetric part of the above
strain measure by the strain-displacement relation

e*S = dual (@*TX"Tw*)S. (37)



676 TEODORO MERLINI AND MARCO MORANDINI

The superscript ( )5 denotes the symmetric part of a tensor. Correspondingly, the skew-symmetric part
of the above strain measure must vanish, whence the kinematical constraint equation

ax dual (@*TX"*Tw*) =0, (38)

which represents a statement of the polar decomposition theorem of the deformation gradient.
The stress parameter work-conjugate to the strain parameter is defined by the constitutive equation

T = w* (39)

/e*s )

and is itself a function, in general nonlinear, of the strain parameter, that is, T*S (e*5). Linearization of
(39) gives the incremental stress-strain elastic law

aT*S = [*SS : §&*S, (40)
where
B =175 = wus s (41)

is the fourth-order elastic tensor mapping strain-parameter variations onto stress-parameter variations.
Of course, the elastic tensor is itself a function of the strain parameter for nonlinear constitutive models.

The internal balance requires the stress parameter to coincide with the symmetric part of the Biot

stress tensor T * defined as

T = o*TT*, (42)
with T* the first Piola—Kirchhoff stress tensor. Then it clearly appears, from the Euclidean decomposition
T* =T+ + ¢+ x, that a workless stress field, the Biot-axial T*, must exist as an independent unknown
field. Thus, the mechanics of the nonpolar continuum, when formulated via a micropolar description,
rely on the displacement, the rotation and the Biot-axial as the three primary unknown fields; the relevant
governing equations are the linear and angular balances (where (42) and (39) are understood and (37)
is assumed as fulfilled) and the kinematical constraint (38); in weak form, the irreducible variational
principle is the internally constrained principle of virtual work, with the internal work virtual functional
as in (36), where the kinematical constraint equation and the role of the Biot-axial as a Lagrange multiplier
are evident.

Our approach to the three-dimensional finite elasticity belongs to a line of variational formulations
developed in the nineties and best represented by [Simo et al. 1992; Bufler 1995]. These works either
introduce the polar decomposition of the deformation gradient like an appended constraint requiring a
Lagrange multiplier or try to give a constitutive characterization for the full Biot stress tensor to circum-
vent the introduction of Lagrange multipliers. Our approach, however, distinguishes itself as descending
from a sound constitutive characterization of the hyperelastic nonpolar medium as proposed in [Merlini
1997] and later explained in [Merlini and Morandini 2005]. It is based on a strain energy function of
a symmetric strain (6 parameters) and leads naturally to a variational principle that holds the definition
of the rotation field and allows for a workless stress vector field, which identifies with the axial of the
skew-symmetric part of the Biot stress tensor. Note that in all the formulations of this kind the angular
balance is forced in a weak sense, hence the symmetry of the second Piola—Kirchhoff stress tensor is
relaxed; consistently, in our opinion, the polar decomposition of the deformation gradient (that actually
defines the rotation within a nonpolar medium) must be forced in a weak sense as well. That means that



COMPUTATIONAL SHELL MECHANICS BY HELICOIDAL MODELING, I 677

even in the case of isotropic media, for which a symmetrical Biot-stress is expected [Bufler 1985], the
symmetry of the Biot stress tensor ought to be relaxed.

5.2. The Biot-axial model. The approximation of the Biot-axial primary unknown field across the thick-
ness is part of the proposed shell model. On the strength of experience gained with the three-dimensional
helicoidal finite elements [Merlini and Morandini 2005], we assume that the Biot-axial covariant com-
ponents T* - g;’f are linear functions of the transverse coordinate £3. The six coefficients are in turn
understood as the covariant components, on the material surface base, of two parameter vectors, T and
ft, which are functions only of the coordinates £*. The general expression of the proposed Biot-axial
model can then be cast as follows:

t*=h"l@ 4+ 0y FL, (43)

where & is the shell characteristic length. Vectors 7(£%) and t(£€%) have physical dimensions of force
per unit length and couple per unit length, respectively; they can also be thought of as the linear and
angular parts, respectively, of a dual Biot-axial parameter 6 = T + ¢ji.

5.3. Linearization of the internal work virtual functional. The variational principle ought to be lin-
earized in view of its use in a numerical context. Linearization of the internal work virtual functional
means a truncated Taylor expansion of miys and yields the incremental form mings + 0mines. The first term is
simply called the virtual functional, the second term the virtual tangent functional: in a Newton—Raphson
solution process, they will generate respectively the residual column and the tangent matrix.

The following notes can help developing (36) and its increment 07Tjns.

(1) In scalar-valued dot products, symmetric and skew-symmetric tensors are uncoupled. This property
also holds in a scalar product: (AS +ax, BS +bx) = (AS, BS) + (ax, bx) = (AS, BS) +2(a, b).

(2) Assuming (37) and (39) as fulfilled, the virtual variation of the strain-energy function w*(e*S) in
(36) can be written Sw* = (5&*S, wY,.s) = (& dual (®*T X' *Tw*)S, T*S). Then, recalling (40), the
linearized virtual variation becomes

ddw* = & dual (@*T X *Tw*)S : 55 : § dual (@*T X' *Tw*)S + (96 dual (@*TX"*Tw*)S, T*S).

(3) The mixed virtual-incremental variation variables are retained here in consideration of a possible
nonlinear dependence of the local variables on the ultimate problem unknowns.

(4) The transformations H*X* and X"*®* are interchangeable, see (30). For convenience, a short
notation for such orthogonal transformations is introduced:

U= H*X*" = X"*®*, (44)
The terms of the incremental form of the internal work virtual functional are then obtained:
ESJr
Tints = / (dual §(¥*Tw*) : T* 4 87%x : dual (¥*Tw*)) frdE",
53— (45)

§3+

OTTints = / (dual (¥*Tw*) : £*55 : dual 3(¥*Tw*) + dual s (¥ *Tw*) : 7% x
&

3

+8%%x : dual 3(W*Tw*) + 387 * x : dual (¥*Tw*) + dual 38 (W*Tw*) : T*) frdE>.
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Here the scalar products have been converted into dot products inside one vector space. The virtual
functionals s and d7ns are nonlinear functions of the kinematic and cokinematic variables of the
shell model and linear functions of the relevant variation variables, specifically the variations of the
linear-strain dual (¥*T@*) and of the Biot-axial £*. Such variations are virtual variations (8) for the
virtual functional 7r;,s and virtual (), incremental (0) and mixed virtual-incremental (d48) variations for
the virtual tangent functional dmiys. In (45),, three distinct contributions to d7j,s can be observed: the
elastic contribution related to E*SS, the kinematical constraint contribution made of three terms involving
the variations of 7*, and the geometric contribution related to the stress state T*.

5.4. Adaptation of the local constitutive law. It can be shown that evaluating the transverse strain com-
ponent e3; = g% - &*5 . g% according to (37) yields e3; = g% - a* dual (¢’ — ). With the most natural
choice for the initial value of ks (that is, a pure dual vector of length 4, normal to the surface), it would
be g3 = g3 and &* = &, whence ¢3; = g3 - o dual (§" — @) would be always independent of the transverse
coordinate £3. This proves that €35 is likely to be anyway uniform across the shell thickness.

This kinematical behavior is inherent in the helicoidal shell model itself (just like a classical 6-parameter
model) and is, of course, inconsistent with the change of sign of the transverse normal strain across the
shell thickness due to Poisson’s effect in shell bending. The strong prevention of a variable transverse
strain across the shell thickness induces severe locking in bending problems — a well known phenomenon
in shell mechanics, usually referred to as Poisson thickness locking [Bischoff and Ramm 2000]. The
classical remedy is to adopt local constitutive laws specifically adjusted for the so-called plane stress
state; in nonlinear or complex constitutive models, however, such an adjustment may be quite difficult,
so formulations that allow the use of unmodified three-dimensional constitutive laws have been developed.
The most popular one is the method of enhanced assumed strains, originated in [Simo and Rifai 1990]
and widely exploited since then (for example, in [Brank 2008]): full three-dimensional constitutive laws
are allowed at the expense of some more strain variables across the thickness. Alternatively, a plane
stress state can be forced dynamically on the three-dimensional constitutive law at the place where the
latter is used, that is, at each quadrature point; see the techniques developed in [de Borst 1991; Klinkel
and Govindjee 2002].

The method proposed here belongs to the last class of remedies and features a formulation deeply
integrated with the incremental variational context. The transverse normal strain is disjoint from the
shell model kinematics and allocated at each quadrature point across the thickness as a local scalar
variable. The incremental form of the nonlinear constitutive law provides the way to solve locally the
increment of the local variable for the increments of the other kinematically related strain variables. The
nonlinear constitutive law can then be condensed and a reduced incremental form is obtained. Lastly,
the incremental constitutive law is expanded again by means of an artificial transverse stiffness that
provides an elastic restraint to the kinematically related transverse normal strain. A full three-dimensional
incremental constitutive law, in terms of the whole kinematically related strain of (37), is obtained; this
constitutive law is dynamically provided by the shell model routine during the iterative solution of the
elastic problem, and the whole process is completely transparent to the user.

First, let’s shorten the kinematical-strain notation: denote with k*S the symmetric tensor in the right-hand
side of (37). It is worth stressing that «*S must be just viewed as a short name for dual (@*T X" *Te*)S.
Next, introduce the components in the local base frame, «}; = g} S -8 =gi®g: «*S, and analogously
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with g}, YA"*Q, and E kL. here, the underlined couples of indexes reflect the tensor symmetries, and
hence are interchangeable. Then, note that the internal compatibility condition (37) states that the strain
parameter &*5 must equal the kinematically related strain k*S. The present formulation is based on the
principle of virtual work, and this implies that the internal compatibility is assumed as fulfilled and
&*S ought to coincide with «*S. In this adaptation of the local constitutive law, however, we relax this
assumption and disjoin some components of £*5 from the corresponding components of k*5. Specifically,
we assume &, = k5 and €43 = k3, but we keep the transverse normal component ¢33 disjoint from «3;.
That leads us to reason as in a more general three-field context (displacement-stress-strain as unknowns)
just for this transverse normal variable; so, disjoining £33 from «33 is not, in a sense, an assumption,
rather the release of an assumption — the fulfillment of a compatibility condition.
The incremental form of the strain-energy virtual variation, written in terms of components, reads

Sw* + ddw*
* T A A A A *
SKﬁ T8 EreByd  fraBy3  frap33 8/(@ 25 T . s
A~ A A A K T*Ot
e R R ey e e R S o T
8els 3 Er3vd pr3v3 p3S3 | “a3
= 33

Here, K;i and K;i have been substituted for eéé and 8;3, respectively, but 8%‘73 has been retained; the
term with dde3; is of course lacking, since £33 is now understood as a local, independent variable.
Equation (46) ‘contributes to the integrand of Tints + 07Tins, however the term in 8e3; keeps disjoint
from the overall principle and originates the local incremental equation B

k
f*ﬁJr[E*m Em] dcys + E*3339e3, = 0. (47)
20K 3 -

It is worth noting that (47) is the incremental form of the nonlinear equation 738 = dw* /0€33 =0, stating
the independence of the strain-energy function from the transverse normal strain. Note that the condition
of transverse normal stress — 7*33 in the present Biot-type parameterization of the strain energy w* —
identically zero is the classical assumption introduced to reduce the constitutive law to the so-called
plane-stress state in shell analyses; see, for example, [Bischoff et al. 2004] (though the popular notion
“plane-stress” is strictly speaking not correct when transverse shear stresses are allowed).

Equation (47) is now solved for de3; and the result is substituted within (46), yielding the condensed

form
T ~xaff ~xafyd  ~xafy3 T (A
" o | O T E E 0 askts || [ Feet
Sw* + dsw* = 5 ~xa3 (| Aradys Arady3 ()t . s (48)
28Ky T E E 23/(@ 208k,5 T*%=
where
~xaff ~ ~
T _ T*gﬁ 3 E*a 33 E*@—lf*ﬁ
grad (=) prad fre333 ’

(49)

~xafyd  ~xafy3 A 5 o 3 MxaB33
103 Q, 2 Olﬁ‘
E E _|E afyd E b | E 33331 [ pa33ys fx33y3
~ 5 Fradys  fready3 [+a333 ’
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collect the reduced components of the stress parameter and elastic tensor.
The incremental form (48) deserves further development. It is apparent that, in (48),

2 23
Sw* = 8k, T + 282, T,

SO
Zxa3

d8w* = Sic,dT % 4+ 28k250T ™ + 981, T8 + 208K,

is also identified as the remaining part of sw* 4+ ddw™. Therefore, using (49);, it follows that

T ~xaf T - ~xafyd ~xaBy3 Tr A
Skgp oT He SKap E Incys 8k gp Eref3 F#3333 -1 433
. ~*a3 = " ~ *a3yd *a3y3 + E*@ T o
28K, oT 28Ky3 E

20K5 2008K,3 (50)
Now, in the context of a discrete approximation, 38«*> will be always reduced to a linear function of
the ultimate virtual variation unknowns (§) and of the ultimate incremental variation unknowns (9) of
the discrete problem [Merlini and Morandini 2005]; thus, the second term in the right-hand side of (50)
is always logically reducible to a form like the first term and thus will add to the first term. When
doing so, the matrix elements E * of the first term will be corrected by terms proportional to 7+3 and
dependent on the whole shell model. However, in the present adaptation of a local constitutive law, we
find it convenient to miss this correction of the reduced stress-strain tangent map and retain only that
part coming from the first term. Note that the term omitted is almost negligible, since 733 will vanish
at convergence, see (47). Moreover, the error is on the problem tangent matrix, but not on the residual,
so it will affect only the convergence rate, not the final result.
The foregoing discussion allows us to correct (48) and write the separate terms of the incremental
form of the strain-energy virtual variation as

ik, | ]i**gﬁ
« | OKep
a3

« VT axeByd

" 8/(‘& E

dw™ = . ~ *a3y8
20K,3 E

Ty e

Sy T

*afy3 T (2*af
ks I3k T

*a3y3 N + N ~*a3 [
28Kﬁ 288/(@ T

where only the reduced components of the stress parameter and elastic tensor appear.

The strain-energy variations in (51) depend implicitly on any strain components kg, K43, and €33, and
explicitly on the variations of all the components of the kinematical strain k*S except k33. It is seen that
the component k35 is left elastically unrestrained. The release of the transverse normal strain from the
shell model kinematics may overcome the deficiencies of the kinematical model in representing correctly
the actual strain state, for example, in shell bending; however this expedient leaves an intrinsic transverse
lability. Since no more stiffness is guaranteed against transverse collapse — a deformation consistent with
a uniform transverse normal strain «3; — the present constitutive adaptation infers a lability in membrane
stretching.

A convenient remedy for this lability is to modify again the constitutive model by introducing an
artificial transverse stiffness. This can be accomplished by enhancing the strain energy with a term
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quadratic in k33, say

1 E*3333

w3 = 33 ; (52)

where the elastic constant is conveniently borrowed from the proper component of the original elastic
tensor in (46). In order not to affect the mechanical response of the overall shell model, this contribution
must be independent of the other kinematically related strain components, so the current value of E*3333
must hold constant in (52). Taking the derivatives of w};(k33), the expressions of a transverse constitutive
equation and the relevant tangent map are obtained: B

T =By, B =038 (53)

33
The virtual Varlatlon and the hnearlzed virtual variation of the energy term (52), w3; = 833 T** nd

ddwyi; = 3K33E 78/(33 + 85K33T , are now added to (51). The latter can be finally written in tensor
form as

S ~ %S S ~*%SS S S Ak
Sw*=86k™:T Adw* =8k™:E  :9k™ +935k* T , (54)
where
~ %S Ak ~%SS ~xijkl
T =T g'®g], E =E g'®g R, (55)

are referred to as the full reduced stress parameter and the full reduced elastic tensor, respectively.
Equation (54) holds the elements of a full three-dimensional constitutive law written in incremental
form, with T the stress parameter and E *58 the relevant elastic tensor. T should replace T*S in the
computation of the Biot stress tensor, T =T" + T*x, to be used within (45). In (45),, E should
replace E*SS,

The three-dimensional incremental constitutive law is built dynamically during the solution process.
Every component in (55) is computed as in (49) and (53), using the current components of the stress
parameter and elastic tensor of the original three-dimensional constitutive law. These computations
are performed within the Newton—Raphson iterations themselves of the overall problem solution, as in
[de Borst 1991]. At the end of each iteration, once the increments dx*S are known from the overall
solution, de3; is computed locally from (47) and the locally stored transverse normal strain component
is updated additively, £33 < £33 + de%;. Of course, at that stage the coefficients in (47) must be consistent
with those in (49), so they must be saved in the quadrature point storage area.

5.5. Case of linear elasticity. The purpose of this section is to show how the adaptation discussed above
can accommodate the classical plane-stress state in linear elasticity. This section is included for the sake
of completeness, and not reading it does not impair understanding of the formulation.

The adaptation of the local constitutive law is somewhat simpler in linear elasticity, when

w*(e*s) — %E*S SE*SS L o%S and ]A'*S(g*s) — [*SS . E*S,

with £*5S a constant fourth-order tensor. In this case, study of the simple strain-energy virtual variation
Sw* = 8&*S 1 T*S = §&*5 : [*55 : &*S gsuffices, and study of the incremental form is not required. In
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component form, with K;jg and K;;3 substituted for S:i and 8;73, Sw* reads
k T A * T A A A *
ngé TrxaB 5Kgé EraByd fraBy3  frxaB33 Kys
Sw* =128k}t T3 =120kt | Eredvd fradv3d preddd | Lok (56)
N %33 N £x33y8  px33y3  F*3333
S35 T S35 E E E £33

The term in d&3; of this contribution to the overall principle yields now the local finite equation

*
i3 = [ s o) oo by e o, (57)
2K3 -

which again states the independence of the strain-energy function from the transverse normal strain.
Solving (57) for £3; and substituting the result into (56) yields a condensed form where the reduced
components of the elastic tensor are those found in (49). Finally, a transverse stiffness is introduced as
for (52) and (53), and (56) takes the final tensor form

~ %S ~*SS
sw =8k T =65 F S, (58)
with
~ %S ~*SS S
T =F :«* (59)

. . . o . 2SS .
the full three-dimensional linear constitutive equation. The components of E™” are found in (49), and
(53),. Since such components are constant, they can be computed once and for all, and there is no need
to allocate the variable €35 in linear elasticity.

6. Reduction to the shell surface mechanics

The next step is to integrate the internal work virtual functional across the shell model thickness and to
obtain the shell constitutive equations.

6.1. Integration across the thickness. The local variation variables in (45) must be solved for the rele-
vant surface variation variables before addressing the integration across the thickness. The kinematical
variation variables are quite complicated to develop; they are discussed in the Appendix and yield the
final result

ST w*) = (V- HS(H w,) + 80Tk, x A - A'80") @ g* +W*TH - A'56' ® g*°,
3T w*) = (VT - HIH w0,) + Wk, x A'-A'30)@g*™ +¥*TH - A0’ g%,
(W Tw*) = (nI/*T CHS(H w,) +E3W* Tk, x A’ - A'950’ (60)
— WA (HS(H 0,) @ A'90' + HI(H 0,) ® A'86')
HEHWT (K, x A + (1K, x A)"24) 2 480’ @ A08) @ g™
+v TH - A'350' @ g*°.

Obtaining the Biot-axial variation variables from (43), instead, is immediate:
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st* =h'F TSt +&n78p), 0t =h"'FTOt+&n0n),

y 61)
35t =h ' F~T (357 +E3h 05 0).
Substituting (60) and (61) into (45) yields
§(H'w,))  (H'RY
] e A'TRy
int§ — 8[2 RlL )
5t R,
g T pob T ’ T T
S(HT(UO{) T H waH H DZ)GA H D(?)IL H D((f)r a(HTw’B)
, 50’ ATDPH A'"DggA' A'"Dy, A'TDy, 30’ 62)
Tints = N ¢ - . N
" Sit DiyH Dj,A 0 0 o
ot pitH DI A 0 0 0t
38(H w,))' (H'RY
N 356’ A'TRy
AL R, [’
98T R,

where the sequence angularlinear is understood while writing dual vectors and tensors in matrix notation.
After some involved manipulations, detailed in [Merlini and Morandini 2008], the vectors R and tensors
D in (62) can be written as the integrals

E3+ /*Ol
{Rz‘,}=/ { dual S }fhdé3,
&

3- | primal S

(Ry) = /‘EH { dual (53[{/Tg*y X k; +ﬁ/TS*3) fhds3
I imal 3A~/T$*y k' H/TSMJ ’
£3 primal (§ x ki, + ) 63)
%-3+ . _
Rﬂzf £35h2F~! dual 2 ax (W*Tw*) fhdE?,
&3~
3+
R,:/ h='F~!dual 2 ax (*Tw*) fhdg>,
£
and
£ x %8S y
(D51 = / [pfil:i;p w} (g™E &) [dual w*T primal W*T] fhde’,
£
7T dual w* ~%SS ~%SS
[DZ0] = [;3_ [prlmal III*] I:g*aE g*(S g*aE g*3]
| dual (—5311/Tk(’S X |II*)T primal(—é%f”ké X III*)T Fhae?
dual (I'TTlII*)T primal (ﬁ’TlIl*)T
/;53+ dual (—£38** x A’) primal (—£38** x A") Fhde?
¢ | primal (—£38* x A") 0 ’
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& dual ¥*
[Da /g [primallp*] ($3h_2F 1 *ax) fth

e dual ¥*
o 7 __ —1 1 *oz T 7 3
(Dol = /53 [primalW*] G x)" fhdg”,

: 3 4Ty’ . 7/ T ~%SS ~#SS
primal (—§°A" "k}, x ¥*) primal (H""¥™) e¥E g% ¢¥FE g

- - ~*SS ~*xSS
dual (—&°A'Tk), x w*)  dual (H'"W*) || g"E g* g7E g*
[Dgel =
dual (—&3A' Tk} x -1/*)T primal (—&3A'Tk] x ¥*)" hde?
dual (H'Tw*)" primal (A’ Twr*)"
/§3+ dual ((%— )Z(S*y X k/ A/HI +A/T(S>¢<y x k' X)SA/)> (64)
+
g~ | primal ((S‘ )Z(S*V xk, - A/11]2]3 + A'T(S* x k! x)SA/))

primal ((53)2(S*V X k; . A/HT + /I’T(S*V X k]’/ x)SK’))

0 fhdg?,
(D ]_/S” dual (—&3A'Tk), x W*)  dual (H'TW*) | [(h2F g x)T Fras?
#1= | | primal (—&3A'Tk], x w*) primal (H'Tw*) | | (£3h2F~'g*35)T ’
D ]_/¥3* dual (&3 A'TK), x w*)  dual (H'TW*) | [(h' F~g* x)T Fhe?
717 e | primal (—&A'Tk], x W*) primal (H'Tw*) | | (h F~1g* )T ’

where $* must be understood as a short notation for X"*T* = T*+¢ex"* x T*, the pole-based dual version
of the first Piola—Kirchhoff stress tensor.

Equation (63) collects the vectors work-conjugate to the material surface variation variables in the
virtual functional s, whereas (64) gives the tensors of the relevant tangent map in d7iys. Note that
the tangent map is symmetrical, see (62),. Vectors and tensors in (63) and (64) are integrals along & 3 of
quantities depending ultimately on the current values of the kinematical variables and Biot-axial parame-
ters of the material surface. Thus, the internal-work incremental virtual functional 75 + 07Tins becomes
two-dimensional: it depends linearly on the virtual, incremental, and mixed virtual-incremental variations
of the surface strain component vectors H @, the dual director #’, and the Biot-axial parameters 7 and
ji. Note that the back-rototranslated dual strains H @, are the pole-based version of the back-rotated
self-based dual strains ®TX'Tw,

6.2. Shell constitutive equations. As stated in Section 4.2, the dual director kinematic field is a gradi-
entless, piecewise constant field on the shell surface. In a finite element context, @ should be understood
as a local variable, and as such, it would be profitably considered for a local condensation process.
However, it can be observed that § alone cannot be condensed. In fact, the rototranslation generating
the shell model, H = exp(§3(A0) %), is endowed ultimately with the contribution of three linear and
three angular components. When the shell deforms, the change of the linear part produces strains, which
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are withstood elastically; the change of the angular part, instead, is a rotation that must fulfill the kine-
matical constraint (38) and entails a workless Biot-axial field as a multiplier. So, @ alone is three times
indeterminate, and needs three further parameters to be condensed with: the Biot-axial parameter vector
ft, which controls that part of T* variable across the shell thickness, appears a likely candidate to make
0 determinate. As a matter of fact, after a systematic series of numerical tests with several combinations
of the components of T and fi, it was confirmed that the set composed of @ and the vector ft could
be safely solved locally. This choice leaves @, and T as the basic parameters governing the internal
work virtual functional of the material surface — a picture consistent with the case of three-dimensional
elasticity outlined in Section 5.1.

The condensation process traces the steps carried out in Section 5.4 for the local constitutive law (refer
to [Merlini and Morandini 2008] for further details). Starting from (62), the internal-work incremental
virtual functional iy + 07Tines is written; since 6’ and ji are local, independent variables, the terms with
980’ and d8fL are of course omitted, whereas the terms in §6" and 8t keep disjoint from the overall
principle and originate the local incremental equation

ATRy| [ATDE,H A"Dy.| (3(HTwp) L[4 DagA” ATTDy,] (907 _ [0 (65)
R, Dg};H 0 aT D;)FILA/ 0 AN

Solving (65) for 90’ and 9t and substituting the result in the expression of 7iys + 07ines yields the
condensed form

8(HTa)a)}T' ({HERZ‘,} . |:HTI_)$‘Z,H HTl_)f,,i| . {3(HT0),3)}>

Tints + 07Tints ={ _ _
nt nt 5‘[ R‘t Df,IH D.”- a_[

{aé(HTwa)}T {HTRg}
+ : :

98T R,
o o -1
e _{Rﬁ‘,}_ Dgy Doy || Dos Doy {Ro}
. R, D;FT 0 Dgu 0 R,|"

—, — —1
D(Zﬁ’ DZ)T — Dg’z) Dgt _ D((xx)O Dz)lt D00 Dol’« Dgg Do"
Di; D..| |Dix 0 Dj. 0 |[Dy, O i, 0]

are the reduced work-conjugate parameters and tangent map. Resorting to the same arguments as in
Section 5.4, the terms R;, and R; in the expression of mwins + 07ines are corrected for Ry, and R, and the
internal work virtual functional and virtual tangent functional are finally written as

T T T pa
7Tint6={8(H a)a)} .{H_Rw},

where

=1

(66)

5% R, o)
b [S(H ) ' [H'DILH H™DS, | [a(H wp) | [p5(H"@0) " (HTR
L p’’H D, 9t 38t R, [

In (67), the elements of the incremental form of a nonlinear constitutive law of the shell material
surface are recognized. H TR‘;‘, are the (generalized) stress resultants work-conjugate to the dual strains
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H"w,, and R, is the integral kinematical constraint work-conjugate to the Biot-axial parameter .
So, (66); represents the shell constitutive equations. Linearization of the shell constitutive equations
yields the tangent map

=| _ (68)
OR, Df,iH D, 9T

{a(HTRg;)} |:HT53)€)H HTﬁgt} iB(HTwlg)}
giving the appropriate increments of the resultant vectors from the relevant increments of the surface
parameters. The mapping tensors D, which represent the derivatives of the resultant vectors with respect
to the surface parameters, are given in (66),: they comprise altogether every kind of contribution, specifi-
cally the elastic contribution, the kinematical constraint contribution, and the geometric contribution due
to the stress state.

It is worth comparing (67) with the parent (45), where the interrelation among the primary mechanical
variables in three-dimensional elasticity is clear. In order to highlight a particular difference, suppose that
7 is a linear function of the free unknowns, so that the terms with 3§7* and 857 disappear. Equation (45);
clearly shows that the virtual and the incremental variations of T* are locally uncoupled and work directly
for the opposite variations of dual (W *Tw*) (that is, the incremental and the virtual variations, respec-
tively). In contrast, in (67), the variations of 7 are coupled together and with the variations of H e,
through tensors D, and 5%,. Therefore, the term 87 - R, in (67); cannot correspond to a scalar product
like (87 x, dual (XTH"w)), as in (45);, and the virtual functional 7, can be hardly given a constrained
form as in (36). Rather, the incremental form of the nonlinear shell constitutive law in (67) couples
together the surface mechanical variables w, and 7, and their respective roles become confused. This
fact makes it hard to derive the two-dimensional equations governing the material surface mechanics —
should this be necessary — from the three-dimensional continuum, with distinct expressions for the bal-
ance conditions and for the kinematical constraint. However, though 7 cannot be identified as the axial
vector of a stress resultant, we keep on referring to 7 as the surface Biot-axial stress parameter.

The shell incremental constitutive law is built dynamically during the solution process of the whole
shell problem. Vectors and tensors R and D in (66) are computed from the integrals R and D in (63)
and (64); the latter are nonlinear functions of both the surface fields (w,, T) and the local variables
(', i), and can be computed by a numerical integration across the shell thickness. At the end of each
Newton—Raphson iteration, once the increments o (H Twﬁ) and 87 are known from the overall solution,
the local increments 90’ and d i are recovered from (65), and the locally stored variables, which pertain
to a Euclidean vector space, are updated additively, 8’ <— 0’ + 30’ and i < jt + dfi. At this stage,
the coefficients in (65) must be consistent with those used early in (66), so they must be saved for the
subsequent recovery. In a finite-element context, the local condensation would be carried out at each
quadrature point of a shell element, where the shell director #” and the angular Biot-axial parameter jt
can be stored as internal variables.

Though the proposed formulation may seem quite unusual in shell mechanics, some similarity with
[Wisniewski and Turska 2000] can be observed, however. These authors too aim to release the rotation
within the thickness from the reference surface rotation, in particular the drilling rotation, so to account
for the in-plane twist. They use the skew-symmetric part of the Biot stress to force the constraint that
defines such rotations, both within the thickness (in-plane twist) and on the reference surface (drilling
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rotation), and arrive at a two-dimensional formulation endowed with a surface Biot-axial stress parameter.
The main difference with our formulation lies in the modeling of the continuum: the classical, uncoupled
modeling adopted in [Wisniewski and Turska 2000] allows us to examine the physical meaning of every
variable component, but it also induces several simplifying hypotheses; instead, the coupled helicoidal
modeling used here is concise and stands on only few hypotheses.

7. Conclusion

Let’s summarize some noteworthy features of the proposed shell theory.

Micropolar mechanics of the shell material surface. The mechanics of the material surface are based
on a thorough micropolar description over a two-coordinate domain; the surface particles have full
three-dimensional freedom, including the drilling rotation. The material surface, however, is like a nonpo-
lar medium in its tangent plane, so the drilling rotation is actually a further DOF whose definition entails
an extra stress field. In the present formulation, the surface density of the internal work functional comes
as a function of the kinematical strain component vectors and a Biot-axial parameter vector. The role of
the latter is evident, and this stress parameter must be retained, in our opinion, as a primary unknown
field of the material surface mechanics, even in a displacement-based formulation. This strategy could
be the answer to the issue raised by [Yu and Hodges 2004] in the closure, and should finally shed full
light on the nature of drilling DOFs.

Hypotheses of the solid shell model. The solid shell model is based on the orientoposition of the parent
material surface (six DOFs, five of which correspond to those of the so-called 5-parameter shell theory,
while the last is the drilling DOF), on an orientoposition field across the thickness, and on a Biot-axial
field across the thickness. The inherent approximation of this shell model is related to the hypotheses on
which the last two fields are built. Only three hypotheses have been made. (1) The orientoposition field is
determined by a constant-curvature rototranslation across the thickness; the curvature is governed by the
shell director, a dual vector field on the surface (another six DOFs, out of which one corresponds to the
sixth DOF of the so-called 6-parameter shell theory, while the others are five additional freedoms of the
present theory). (2) The shell director is assumed to belong to a piecewise constant, gradientless field on
the surface. (3) The Biot-axial field is assumed to be linear across the thickness, and is governed by two
vector fields on the surface. No more assumptions are made. The helicoidal modeling and its consistent
linearization allow us to deal with finite displacements, rotations, and strains of any magnitude, in an
easy and natural way.

Computational approach to nonlinear shell mechanics. The proposed formulation is computation ori-
ented in several respects. The mechanics of the solid shell are formulated in weak form, the appropriate
variational principle is linearized from the beginning, and the relevant incremental form is made discrete
across the thickness by means of an approximation of the finite-element kind. The integrals in the trans-
verse direction are computed numerically at each point of interest on the reference surface. The ensuing
two-dimensional problem is stated in a weak incremental form that inherits and exploits the property of
geometric invariance of the helicoidal model. The extra parameters of the solid shell model (the shell
director and the second Biot-axial parameter) are regarded as local variables and condensed statically.
The surface strains and the first Biot-axial parameter are left as the vectorial entities work-conjugate to
the stress resultants and the surface kinematical constraint. The latter entities are coupled together in
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an incremental form, which represents the dynamically built nonlinear constitutive law of the shell. A
similar dynamical adaptation of the incremental form of the local constitutive law allows us to prevent
Poisson locking related to the low-order kinematical model.

In shell mechanics, a very attractive and often-pursued approach is the so-called direct approach whose
object body is the Cosserat surface. From the wide literature on this subject, we quote the early paper
[Zhilin 1976], which is still modern in concepts and notation on rotational kinematics; the successful
finite-element formulation [Sansour and Bednarczyk 1995]; and the comprehensive survey and deep
study [Valid 1995]. When addressing direct approaches, it is worth focusing on the point that, contrary
to beams, shells are hybrid structured solids: in fact, as remarked above, a shell can bend and torque
but behaves in an essentially nonpolar way in its tangent plane. This particular feature must be carefully
accounted for in the formulation of consistent material surface mechanics. Our line, in this respect, is as
follows. As in three-dimensional solid mechanics a micropolar rotation unknown is allowed for even in
nonpolar media by formulations based on strain and stress parameters of the Biot type and on the Biot-
axial as a workless stress unknown, so in the material surface mechanics a full three-parametric rotation
unknown can be allowed for by a consistent formulation that retains a surface Biot-axial parameter as a
primary unknown. However, though the extension of the direct approach to encompass a surface Biot-
axial unknown is feasible [Merlini 2008], its usefulness is questionable: in fact, the interpretation of
the surface Biot-axial vector and its relation with the Biot-axial field within the solid give rise to new
difficulties that add to the lack of constitutive laws, which is characteristic of direct approaches. In this
paper we showed that a sound variational approach to the solid shell leads to the appropriate ingredients
to set up the consistent nonlinear two-dimensional mechanics of the material surface. The methodology
proposed in this paper is, in our opinion, the right way to tie a reasonably approximate model across the
thickness with a full micropolar approach to the material surface mechanics in geometrically nonlinear
problems. So, the proposed formulation overcomes the seemingly inconsistent feature of shells of being
nonpolar in their tangent plane.

Appendix: Kinematical strain variations

In the development of the simple and mixed variations §(¥*Tw*) and 38 (¥*Tw*) in (45), it is helpful
to focus on the corototranslational variations H*§(H*Tw*) and H*38(H*Tw*) of the model strain. In
fact, the former variations can be always recovered from the latter ones, since for (44) ¥*§(W*Tw*) =
H*§(H »*) and ¥*38 (¥ *Tw*) = H*38(H* w*). Using (32), (28), and (24), the following dyadic
forms are written:
H*38(H 0*) = H*38(H*'k,) ® g** + H*3s(H*"k}) ® g*°.
Recalling (33) and (18), and exploiting the rototranslation differentiation formulae [Merlini and Moran-
dini 2004a]
SHH" =nsx, 9SHH" =nys x +1 (s x 05 x +n5 X 15 %),
and
SH'H'" =jqyx, 38H'H'™ =1j; x +3 (@) x iy x +ijy x iy %),
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the surface component vectors can be transformed to
H*S(H*'k}) = H3(H " w,) — (ij; + (H' — Dns) x ki,
H*38(H*"k,) = H)8(H " w,) — (ify + (H' — Dy) x HS(H ) — (i + (H' — I)ns) x HI(H @)
—(#hs + G = Dmgs + 3 (Gl + (' = Dng) x (A + D + 15 x (B + Dy
G5+ (' = Dy) x (H'+ Dy + 05 < (' + Ding) ) x K,
+5 (G + (H' = Dng) x (s + (H' — Dns) <+ + (H' — D) x (ify + (H' — ny) x )k,
The differential maps of the rototranslation H’ through the thickness,

23
1

iy = A5 gy = K057 + Ay 1 57 ® 7.

are now used to solve the differential helices 7§ and 7,5 for the variations of the helix 7’. The expressions

of the mapping tensors A’(§j’) and 11’111273(17/ ) can be found in [Merlini and Morandini 2004b, Appendix B].

Using (26) and (34), the variations 87’ and 387’ are in turn related to the differential helices ns and 55
of the surface rototranslation H and to the corototranslational variations of the strain w3,
5i)' = HS(H w3) — i’ x 15,
087 =& HOS(H " @3) =)' x a5 +& 0y x HS(H @3) +5 15 x HI(H " @3)+ 5 (5 X 05 X +15 X 1 )7 .
Putting all together and using the identity (11/1112?3ﬁ’x)“3’2 + AT — DA+ (A )24 =0,
where I = g; x ®g/ is the third-order Ricci tensor, after several algebraic manipulations detailed in
[Merlini and Morandini 2008], one obtains
s+ (H — Dy =8 A" HS(H ),
- ~ - ~ 123
s+ (H — Dgs =& A'- HOS(H @3) + (€7 A’y - HS(H w3) © HO(H " @3)
— 3 (G + (H' = Duy) x (H'+ Dns + 19 x (H' + Dy
+ (s + (H' — Dns) x (H' +1)ng + 15 x (H' + D).
Therefore, the surface component vectors are finally brought to the form
H*S(H'TK.) = HS(H 0,) + &%k, x A’ - HS(H 03),
H*35(H* k) = HIS(H w,) + &3k, x A" - HOS(H  w3)
—& 1A' (HS(H 0,) ® HI(H 03) + HY(H w,) ® HS(H" w3))
~ 123 ~ ~
+E) U, x Ay + Tk, x A)TPAYE  HS(H w3) @ HI(H 3).
The development of the transverse component vectors is straightforward:
H*S(H"k)) = H' - HS(H'w3;), H*398(H*Tky)=H'-H3S(H w3).

At last, recalling (34), (16), and (26), it is seen that H5(H " @3) = A’86’ and H35(H " »3) = A’356’, and
recalling again (44), (60) is obtained.
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COMPUTATIONAL SHELL MECHANICS BY HELICOIDAL MODELING
II: SHELL ELEMENT

TEODORO MERLINI AND MARCO MORANDINI

The virtual work of stresses developed in Part I for the helicoidal shell model and then reduced to the
material surface is taken as one term of a variational principle stated on a two-dimensional domain. The
other terms related to the external loads and to the boundary constraints are added here and include a
weak-form treatment of the constraints, which becomes necessary in the context of helicoidal modeling.
All terms are cast in incremental form and yield a linearized variational principle of the virtual work type
for two-dimensional continua, endowed with an internal constraint conjugate to an extra stress field that
is able to control the drilling degree of freedom.

The virtual functional and the virtual tangent functional are approximated by the finite element
method, using helicoidal interpolation for the kinematic field (which ensures objectivity and path in-
dependence) and a uniform representation for the extra stress field. A low-order four-node shell element
is obtained, with 6 degrees of freedom per node and a unique stress-vector discrete unknown per element.
Several test cases demonstrate the performance of the element and its outstanding locking-free behavior.

1. Introduction

This second part of the paper deals with the finite element approximation of the mechanics of the shell
material surface, whose kinematical description was introduced in Part I. The formulation, which is
briefly outlined here, follows a straightforward course. The intrinsic mechanics of the material surface
are stated directly from a variational approach. The virtual work of stresses was developed in Part I for the
helicoidal shell model and then reduced to the material surface; here, the external loads and the boundary
constraints are introduced, and the proposed variational principle is stated on a two-dimensional domain.
This principle is of the virtual work type for nonpolar continua and is endowed with an internal constraint
related to an extra stress field; it also includes a weak-form treatment of the boundary constraints. The
variational principle is given an incremental form from the beginning and exploits the shell linearized
constitutive law obtained in Part I; then, the virtual functional and the virtual tangent functional are
approximated by the finite element method.

Within the formulation outlined above, the two characteristic features of the present contribution,
already introduced in Part I, are still in evidence. As with the three-dimensional mechanics, the material
surface mechanics are based on a micropolar description. Since the shell is essentially nonpolar in its
tangent plane, this description entails a workless stress parameter whose role is to force the definition
of the drilling degree of freedom. Even if this workless stress parameter cannot be identified as the
axial vector of a stress tensor, nevertheless an extra stress exists and is rightly introduced as one of the

Keywords: nonlinear shell elements, helicoidal multiplicative interpolation, micropolar shell mechanics and drilling degrees of
freedom, constraints in weak form, finite rotations and rototranslations, dual tensor algebra.
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parameters that control the Biot-axial distribution within the shell model thickness. This vector parameter
is an irreducible primary unknown of the intrinsic shell mechanics: in the proposed finite element scheme
(4 nodes by 6 DOFs), a unique extra stress vector per element (3 stress components) is sufficient to control
the drilling rotation ensuing from a three-parametric representation of the nodal rotations.

The second characteristic feature is of great importance in Part II as well. As explained in Part I,
Section 3, an integral kinematic field that couples displacements and rotations is adopted for the material
surface. In this paper, helicoidal modeling is fully exploited to define the approximate kinematic field
within the shell element. The local orientoposition and curvatures are computed from the nodal oriento-
positions by means of a new kind of multiplicative interpolation proposed by [Merlini and Morandini
2004b]. This methodology is endowed with the important properties of objectivity and path indepen-
dence and allows us to build curved and curving elements based on nodal frames and capable of large
displacements and rotations. In such elements, the nodal orientations control both the orientation and
the position of the material surface at any internal point. This is clearly evident from Figure 1, where
the striking difference between two interpolation schemes — the classical and the helicoidal —is shown
on a quadrilateral element.

In the last two decades a considerable number of high-performing shell elements have been developed.
Some elements are built on mixed or full three-field variational formulations [Sansour and Bufler 1992;
Wagner and Gruttmann 2005; Klinkel et al. 2008]. Other elements (for example, [Chréscielewski et al.
1992; Arciniega and Reddy 2007]) rely on high-order interpolants in order to avoid, or mitigate, shear and
membrane locking. Others are based on particular techniques, such as reduced integration [Wriggers and
Gruttmann 1993; Hauptmann et al. 2000; Cardoso and Yoon 2005], discrete Kirchhoff-Love constraints
[Areias et al. 2005], or incompatible modes [Ibrahimbegovi¢ and Frey 1994]. Most of the elements
proposed in the literature, however, use the assumed natural strain or enhanced assumed strain concepts,
such as those developed by [Biichter et al. 1994; Bischoff and Ramm 1997; Sansour and Kollmann 2000;
Fontes Valente et al. 2003; Chréscielewski and Witkowski 2006; Brank 2008], to mention just a few. Few
are the successful low-order displacement-based elements free of any of the above techniques; see, for
example, [Campello et al. 2003; Pimenta et al. 2004]. The element proposed in the present paper is based
on an alternative modeling of the continuum and does not rely on any of the above-mentioned techniques.
Here, the intrinsic coupling between positions and orientations proves to be the key for the successful
development of a low-order four-node element that is essentially free from membrane and shear locking.

Figure 1. A curved helicoidal shell element over a classical flat element.
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In a sense, the present element can be thought of as a high-order element, because helicoidal modeling
allows us to describe curved and curving surfaces in a natural way despite low-order interpolants. The
locking-free behavior of the element has to be likely ascribed to a fair approximate representation of
the orientoposition field, faithful to the helicoidal modeling of the surface: the proposed coupling of
positions and orientations of the interpolated field strictly reflects the coupling inherent in helicoidal
modeling (Part I, Section 2.2).

This paper also has to tackle another problem that arises when the evolution of the discrete model along
the solution process (that is, the rototranslation of the nodal frames) is described through incremental
helicoidal motions. The problem is that of selective external constraints, that is, when nodes — or, in
general, structure boundaries — are constrained along some degrees while the remaining degrees keep
free. Selective constraints are hardly consistent with helicoidal motion: partial constraints on some
components of incremental helices are unlikely in common practice. In our past computations, we could
fulfill selective constraints by grounding appropriate incremental unknowns along a self-based solution
process [Merlini and Morandini 2005]. This expedient, however, cannot be used with every problem:
the hemispherical shell test case, for instance, when modeled as a quarter of the dome, requires selective
symmetry constraints that cannot be handled by simply grounding appropriate incremental unknowns.
Therefore, a nonlinear constraint element, capable of dealing with external constraints in weak form, has
been developed.

The paper is organized as follows. The formulation of the variational principle, including the treatment
of external loads and selective constraints, is discussed and linearized in Section 2. In Section 3, the
interpolations are introduced and the linearized variational principle is approximated by the finite element
method. In Section 4, several numerical examples are presented to demonstrate the performance of the
proposed element. Section 5 concludes the paper.

2. Material surface variational mechanics

As stated in Part I, the starting point for the present formulation in shell mechanics is the principle of
virtual work. It can be written in the form [Tjns 4+ IHexis + [Tpes = 0, where the contributions to the
virtual functional from the stresses, the external loads and the boundary constraints are kept separate.
The term IT;ys was introduced in Part I, Equation (35) and developed and linearized therein assuming
the helicoidal shell model for the reduction from three dimensions. In this section, the terms 7.5 and
ITy.s are discussed directly for the two-dimensional material surface, and are consistently linearized.

2.1. Virtual functionals. The contributions from the external loads and boundary constraints are taken
from the analogous terms written for the three-dimensional formulation based on helicoidal modeling
[Merlini and Morandini 2004a]. For the shell material surface, they can be cast in the form (see details
in [Merlini 2008b])

Mo = — / (ns, b dS — / (s, $) AL, TThes = — / §(ATse, 1 — nc) dLe. )
S L¢ c

Here, S is the shell surface in the reference configuration and L = LU L. its boundary line, split into
free portion L¢ and constrained portion L.. The dual vectors b = X'(f +ec) = f +e(c+x" x f) and
s =X'(t+em) =t +e(m+x' xt) are the pole-based external load dual densities per unit reference
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surface and boundary line, respectively (X’ = I 4 ex’x is the current position dual tensor and x’ the
current position vector); the relevant self-based densities, X’ Tp = f +ecand X’ Ts =t + em, are
composed of the forces f and ¢ and the couples ¢ and m; all such load densities are valued in the current
configuration; the multiplier n; is a virtual helix. The boundary constraint equation to fulfill in weak
form is 5§ = n., with 7 the helix of the unknown rototranslation H = A’AT and 7. a known dual vector;
se = X'(t. +eme) = t. +e(m. + x’ x t.) is the pole-based unknown reaction dual density on L., and
t. +em. is the relevant self-based version, with £ the traction and m. the couple.

Equation (1), shows that the constraint virtual functional ITy.s is actually the virtual variation of a
finite functional. Recalling the differential map of the rototranslation, ns = Adn (Part I, Equation (7)),
the constraint virtual functional can be developed as IT,.s = — f L. (s, sc)dLe — f L. (8(ATs,), n—nc)dL..
The first term is the virtual work of the constraint reactions, and the second term represents the weak form
of the constraint condition. The account of the virtual multiplier in the second term was given in [Merlini
and Morandini 2004a] for three-dimensional elasticity, and rewritten for material surface mechanics in
[Merlini 2008b].

So far, the constraint condition of a boundary particle is cast in terms of rototranslation. However,
such kinds of constraints (say, helicoidal constraints) are hardly of interest in common practice, since the
single six components of a dual helix n = ¢ 4 ¢p, and in particular the components of its linear part p, lose
in general physical significance in real applications. In fact, it is difficult just to devise the assignment of a
nonnull constraint .. Furthermore, difficulties arise in the case of selective constraints, when a boundary
particle has some directions constrained and others free [Merlini and Morandini 2004a]. A convenient
way of tackling the issue of selective constraints is to write them with a variational formulation based
on classical Euclidean-rotational modeling, then to rephrase them in the context of helicoidal modeling.
A constraint variational formulation of this kind was developed, linearized, and applied to helicoidal
modeling by [Merlini 2008a], with reference to three-dimensional elasticity. The same formulation can
be rewritten for the material surface starting from the constraint virtual functional

H&SZ—:/ §({te u — e + (F"me, ¢ — @) dLe, @)

L
where u are displacements and ¢ rotation vectors; I' is the mapping tensor of the differential map of the
rotation @, such that s = I'¢ (Part I, Equation (6)). The uncoupled structure of the linear and angular
constraint conditions in (2) is straightforward. Using this expression of the constraint virtual functional
instead of (1), makes the treatment of selective constraints affordable.

A further improvement for the treatment of selective constraints is the introduction of local constraint
frames. A constraint frame is made of three orthonormal vectors n; = n’/ that compose the orientation
tensor N=N"T=n i ®i I=n/®i ;s this is a given tensor and is used to define the service vectors

ic=N"u,, ¢.=N"g, A3)
and
=N, m.=N"m.. 4)

Vectors i and ¢, are the known constraint displacement and rotation vector back-rotated by N, whereas
f. and . are the unknown constraint reaction and reaction couple back-rotated by NT. So, the absolute
components of such service vectors are just the components of the true vectors in the local constraint
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frame. This fact makes it easy to apply the constraints along a subset of the boundary particle degrees
of freedom, without depriving the formulation of its clean vectorial notation: in practice, it corresponds
to referring the constraint to a local reference frame. Using (3) and (4), (2) is rewritten as

Ihes = — / 5((fe, NTu —ite) + (NTT"Nite, N — ¢ dLe. )
L.

2.2. Linearization. Linearization of functional I1.s is accomplished under the hypothesis of only two
kinds of external loads: dead-loads fp + €cp and tp + emp and follower-loads ® ( fr + ecp) and @ (¢ +
emp), with fp, cp, tp, mp and fr, cp, tr, mp assigned densities. So, the expressions of the pole-based
loads in (1); become

b=X'((fo+®fe) +e(co+Pcr), s=X'((tp+ Pte) +e(mp + Pmp)).

After realizing that 3(X'Tns) = X'Tnys + %(oa X @5 + %(pa x X' Tys + %(05 x X'Ty,, linearization of
(1); involves simple algebraic manipulations (see [Merlini 2008b]) and yields

Moy = [ )7 (R3S — [ ()" (RE oL
S L¢

(6)
MMexis =— /S ({ns}"- (D), 1 (ma}+{mas}" - {RF, ) dS — ’ ({ns) " [Dfy,1- (ma}+{nmas}" - {Rf; HdLs,
where
(RS} = {(CD+¢CF)+x/ X (fD+¢fF)}
o So+Pfr ’
(DS = [%<cD+¢cF> X 43 (X' x (fo + @ fr) x +(fo + P f) x x'x) %(wafF)xT}
i 3(fo+®fr)x 0
B |:(¢cF) X +x' x (@ fr) x 0]
(P fr)x 0]
and
(RL} = (mp + ®mp) +x' x (tp + Ptr)
fnl = tp+ Pt ’
(DL | = L(mp + ®mp) x +1 (x' x (tp + Ptp) x +(tp + Ptp) x x'x) 1 (tp + Ptp)xT
f= Ltp + dtp) x 0
_ [ (@mF) x +x' x (Ptp)x 0
(Ptr) 0

As assumed in Part I, here and in the following the sequence angular—linear is understood while writing
dual vectors and tensors in matrix notation. So, for example, in column {#;} vector ¢s is the first element
and vector p;s the second.

Linearization of the functional IT,.s needs more skills about the successive differentiations of the
rotation tensor [Merlini 2002; 2003]. Here, it suffices to recall that dgs = @35 + %q)a X @s, 9s = I'd,
ST =T;:5¢®1,3I = T2 : 99 ® I; the expressions for tensors I', I} and I'}2* can be found
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in [Merlini and Morandini 2004b, Appendix A]. After some algebraic manipulation [Merlini 2008b],
linearization of (5) yields

T v . T
_ 22 Qucmc dm ) Orc
ms== [ ([t} %} (e} {8 o
0 Moes = — f (w-[I‘—T(n&c-ch)r—1+§<anrhc>x] ¢a+{5u} [Q(;‘C N} {83’}%} )

v T T v v T
+ 5”}0 ) Q};c 0 ) (77} + Pays ) Oncm, + odm. ) Orc dL
St. 0 NT| |ou ddu Ni. A OLc ©

where convenient tensors have been introduced as
QLC == NTu - iic’
Qi=N'TN(N"9 o),
_ v \T
Que=N+T""(N'I)N(N"¢—¢.)) .
1234 - .
QIHC — N F/ _|_ NT( (F/T132F IF/T132)T1342)N(NT¢ _ (0C)

In order to use the constraint virtual functionals 7,5 and 915 in the context of helicoidal modeling,
it remains to pass from Euclidean-rotational kinematics to helicoidal kinematics. The constraint reactions
are conveniently grouped into the dual reaction 7. = £, + enit. and the kinematical variables into the dual
vector e = @ + eu. Consistently, the dual kinematical variation variables es = @5 + €du, ey = @y + €du,
and ey = @ys + €ddu are introduced. It can be shown that the dual vector e and the helix » are related
by e = I'"X’Ty, and the relevant variation variables by

=X"Tns, es=X"Tmy, ess=X"nas+ 3 (0o x X' Tns + @5 x X'Tny),

see [Merlini 2008a]. Thus, (7) are finally brought to the form

T L

ns R
Moes = — ol L,
bcd /LC {5’,0} {RL}d c

3)
T L L T
¢ L.\ |97 DanI 0 oF. 967 REL .
where
_ | Oneme +-x" x Ni.
- Ni. ’
— QIC}
QLC (9)
_ [T77 e Quio) T ™"+ 5 (Quetite) X 45 (¥ x (NBe) X +H(Nke) x x'x) 5 (Nie)xT
cml 2(Ntc)x 0 ’
L ,_|Qm x'xN
=[]
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Note that the mixed virtual-incremental variation variables are retained in the tangent functionals
dIlexs and 0I5, in consideration of a possible nonlinear dependence of the local variables on the
ultimate problem unknowns.

3. Finite elements

3.1. Linearized discrete variational principle. The virtual functionals discussed above are assembled
as a sum of contributions from the appropriate elements according to the finite element method. Three
kinds of element contributions are considered.

First, the material surface shell element itself: the integrals ITiys = f s Tints dS and 9 [ Tipes = f s 0ints S,
relevant to the internal work as discussed in Part I, and part of the integrals ITexs and 015 from (6),
relevant to the external loads, pertain to this element. So, recalling Part I, Equation (67), the virtual
functional and the virtual tangent functional of the shell element, which spans over the surface S¢, are

written
. S(Hw,)|" [HTR®
o (] o
. S(Hw,)|" [HTDLH HTDY, | (8(H wp)
o =f({ 52 } [ pP'H b, { . }_{"S}T'[Dfs”"]'{"a} 1o

=

T —
N 38 (H wg) ' H'R®
98T

} — {mas}" - {Rf,,}) dse,

T

where tensors R and D are given in Part I, Equation (66).
Second, the border load element, to which the other terms in (6) relevant to the external loads pertain.
It lies on the line L, and the relevant functionals are written

= - /L )T (REYAL, 9Ty = - /L (ns)" - (D, (ma) + (s} - {RED AL (1D)

This element is a useful means to introduce external loads distributed along the shell boundary.

Third, an element to implement the boundary constraints as for (8). However, in the present version
of the finite element code, this element is not integrated over a line L¢, but instead is attached to a single
node N¢; hence, it is referred to as the node constraint element. The relevant functionals are written

T
HN;’ __ sl Ré\,/,
8 8Fey RN |’

T
o — nss | Dé\,’m Dé\,],, ] mas + (09s)T - (RV)
) (Sfcj DNT 0 8fc] w7 )

cnr

(12)

where ; and F.; refer to the helix and the dual reaction at the constrained node J, and the dual vectors
RY and tensors DY are evaluated from (9) at that node. Note that the mixed virtual-incremental variation
d3F. has been discarded while passing from (8) to (12); in fact F.; is now an ultimate free unknown of
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the discrete problem. This is not the case for 535. The node constraint element is not specific to the shell
modeling and can be used in any finite element analysis.

The linearized variational principle is therefore cast in the form IT5 + 0715 = 0, where the discrete
virtual functional and virtual tangent functional of the whole problem are built with the contribution from
all the elements:

=X SR A, am =Y ony + Yont Yon
s¢ L Ne se L N¢

Note that the external loads and possibly the reaction constraints will contribute to the tangent stiffness.

3.2. Element kinematic field. As discussed in Part I, Section 3, the formulation of the material surface
kinematics is based on the integral field of the rototranslations. Rototranslations are orthogonal dual
tensors, and as such they compose multiplicatively and do not commute. These distinctive properties of
the kinematic field should be preserved in the approximate, substitute field on which a surface element is
built. The helicoidal interpolation developed in [Merlini and Morandini 2004b] fulfills this requirement
and is adopted here for both the shell and the border load elements.

Given N nodal frames in space, with orientoposition tensors Ay (J =1, 2, ..., N), the interpolated
orientoposition A is determined by the equation

N

> Wy log(AAT) =0, (13)

J=1
where W, are N given weights that measure the influence of each frame J on the sought one. Solution
of (13) yields the weighted average orientoposition A, that is, an orientoposition with a null weighted
average of the logarithms of the relative rototranslations H, = AA; from the nodal frames, hence with a
null weighted average of the relative helices 7; from A; to A (see Figure 2). In the present application,
as in the solid elements [Merlini and Morandini 2005], Lagrange polynomial interpolants on rectangular
domains are assumed; so, the proposed corner-node elements (4-node shell element and 2-node border
load element) are built with standard multilinear weight functions W;. It is worth noting, in Figure 2,
that the nodal orientations control the orientation as well as the position of the interpolated point.

Equation (13) is an implicit nonlinear equation. In general, it cannot give the interpolated oriento-

position A in closed form, however it can be solved numerically by a refined Newton—Raphson procedure
that proves very efficient. Then, the spatial derivatives of the weight functions W; with respect to the
local curvilinear coordinates £ allow us to compute the curvature dual vectors in closed form as

N
ko =—(A) ™D Wiy, (14)
J=1

where
N
A=Y W;A;'. Aj =dexp(ijyx).
J=1
The helicoidal interpolation, (13) and (14), is first performed in the reference, undeformed configura-
tion (this operation also allows an accurate setting of elements with possibly curved geometry). Then,
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Figure 2. Helicoidal interpolation on a quadrilateral shell element.

the same interpolation scheme is applied to any current, deformed configuration; the comparison of
the interpolated quantities between the current and the reference configurations allows us to recover
(according to a total-Lagrangian approach) the local rototranslation H = A’AT and the kinematical dual
strains w, = k,, — Hk,, at the shell element quadrature points. It is worth stressing that this way of building
the local kinematics is manifestly far from the customary standpoint of interpolating the rototranslations
(or the rotations) of the nodal frames — a concept, in our opinion, devoid of consistency [Merlini and
Morandini 2004b]. Note that operating on the orientopositions instead of the rototranslations makes
this interpolation scheme path independent, as the local orientoposition and curvatures are computed
independently from the past history of the nodal orientopositions. The proposed interpolation scheme
is objective as well: the frame indifference and the invariance against rigid motions has been proved
in [Merlini and Morandini 2004b], and is strictly connected to the concept of averaging the relative
rototranslations from the nodal frames.

Evaluation of the integrals in (10) and (11) requires expressions for the virtual, incremental, and mixed
virtual-incremental local variation variables. These are the outcome of the linearization of the helicoidal
interpolation (13), a complicated process discussed in [Merlini and Morandini 2004b], that yields the
local variation variables as linear functions of the relevant nodal variation variables. In the following,
just the resulting interpolation formulae are written for the specific case of shell elements (see [Merlini
and Morandini 2008]):

N
s} =) _[Nas1-{nss},
J=1
N
ma} =Y _[Nak]-{mox}, (15)
K=1

N

N N T213
{"SJ}'[NAa]K]'{naK}
= ) [Nay]- + ,
{nss} L sl {nass} 12:;1; (152} INC - (k)
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and
N
(HS(H o)} =Y _[Nksal- 055},
J=1
N
{HI(H wp)} = > [Nkxpl- mox), (16)

NT213

K=1
{HBS(HT(:) )} i[‘N. ] {77 }+§:§: {775]}'[ KaJKa]'{ﬂaK}
= KJal - 10357 .
R | ss} INES ] - ok )
It is worth noting that the linearization of the helicoidal interpolation supplies interpolation formulae
capable of relating the mixed virtual-incremental local variation variables to the virtual, incremental, and
mixed virtual-incremental nodal variation variables. The tensor matrices in (15) and (16) are defined as

(Nay]— [primal V; 0
AT | dualV, primalV;, |’
_ [primal ¥,k 0
[Naask]= i 0 0] ,
Ly 1= [ dual V;x primal Vg
AlJK | primal V' 0 ’
and _
Nisa] = primaljl/vVJa 0 §
Ja dual W, primal Wy, |’
[primal W 0
[NKaskel = -p 0 I Ke 0],
N 1= i dualeka primalW,Ka
KIJ K | primal W g 0 ’
where

Wra=Wia+ 3k, x Vy,
Wy ke =Wkatikl, x Vi3 (W ) "2 Ve +3 (W ko) T2 V) T2 40T @ k)52 V) T2 v,

and tensors Vy, V', W, and W g, are defined in [Merlini and Morandini 2004b].

3.3. Element Biot-axial field. The so-called surface Biot-axial stress parameter T, which pertains to the
Euclidean vector space, is approximated in a much simpler way: it is assumed uniform over the shell
element domain, say

T =1,
with Tg a discrete variable of the global problem, unique for the each single element. Linearization of

T is straightforward, 7 = 87T and 97 = dTg, whereas of course 357 = 0, since g is an ultimate free
unknown of the discrete problem.
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The choice of a uniform Biot-axial parameter is consistent with the interpolation of T discussed in
[Merlini and Morandini 2005] for the solid element, see the particular case of planar elements. Other
interpolation schemes have been investigated [Merlini and Morandini 2008] and tested, however with
less success.

3.4. Element matrices. Using the variation variables obtained in Sections 3.2 and 3.3 within (10)—(12),
the element contributions to the virtual functional and virtual tangent functional are brought to the fol-
lowing form (details in [Merlini and Morandini 2008]).

e Shell element:

4
5= mss)T(FS) 48t Fp,

4 4
AT =" (mss)" - [Kyy k] {naK}+Z{nm Ky pl 0%e (17

J=1K=1 J=1

4
+6tg - Z Kyoxpl" (nox} +826 K5 pp - BTE+Z{77@51} {Fy).
K=1 J=1

o Border load element:
2
= Z{an {FL)
Z Z{le} K k] 7]81(}+Z{77681}T (Fy).

J=1K=1 J=1

(18)

e Node constraint element:

;% = (ns)" - {F N} + {8F)T - (FN),
AT, = (s )T TKY 1+ (mos) + ()T - KLY, 1 {9F<s) (19)
H{8Fe s} Ky 1 {mas} + {mass}T - {Fy ).

Equations (17)—(19) can be directly assembled within the global variational functionals of the whole
discrete problem. The element contributions to the problem residual and tangent matrix are as follows.

¢ Shell element:

S} = / (LR)T - [N sed — (RS1T - [N/ 1 dS*,
F3. = / R,dS¢,
[Kyysx] = / (INksal" - [DE] - [Nkkp] + [dual RS - Nko, ko] -+ [primal RS - Nk ko]
Se
—[Nas1"-[D},,1- [Nak]— [dual R, - N sk ] — [primal R, - N a1y k1) dS°,
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(Kye ] = /[NKJaT [D%_1dS°,

KfrEE = o l_)rr dse.

e Border load element:

FL)= / (—(RET - [Na])dLE,

Kk = f (—[Nas1" - [Df;,1- [Nak] — [dual R, - Naasx]— [primal R, - Napy k1) dLS.
L

e Node constraint element:
{F))y=—{RY}., {FNYy=—(R}}, [K),,1=-ID},1. (K., 1=—[DJ,I.

3.5. Nodal mixed variation variables. It is noted that (17),, (18),, and (19); contain terms in the mixed
virtual-incremental variation variables s, relevant to the nodal helices. Before assembling the problem
matrix, these mixed variation variables must be solved for the simple variation variables 35 and 55 ;. The
resolution of 135, is now possible at the nodes, since there the nodal helices are actually free variables.
As explained in [Merlini and Morandini 2004b; 2005], using the differential map of the rototranslation
and discarding, of course, the term 989, the resolution formula is easily obtained:

Nys) = AJAHU M5y @ Ny - (20)

Here, A; and AI_HIJZ*3 are the first and second differential mapping tensors associated with the exponential
map of the nodal rototranslation Hj; they are built with the current value of the nodal helix ;.

Using (20), terms of the type {9357} - {Fs} in (17)—(19) are transformed to {ns;}* - [K;,]1- {nas},
where

(K]

dual Fy - prlmal(AJAHU )—|—pr1ma1 Fy- dual(AJAHU ) primal F - prlmal(AJAIHlJB) @1
primal F; - primal(A ]AIHIJZ3) 0 .

4. Numerical tests

The elements so far described have been implemented in the authors’ own finite-element code, already
used in the past computations with solid elements. The code, written in C++ language, is object-oriented
and is equipped with an original geometrical library to help in manipulating high-order tensors. The
surface elements exploit the Gauss quadrature rule with three integration points per local coordinate.
At each surface quadrature point, the shell model is integrated across the thickness by the Gauss rule
with two integration points along £ over the domain [—1, +1]. This choice of the through-the-thickness
domain implies that in the present element version, the material surface lies on the mid shell surface. The
characteristic length £ is chosen as half the shell thickness, so the third base vector gz (Part I, Equation
(13)) is the normal segment from the mid surface to the outer surface at & 3 = 41 in the reference
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configuration. The reference director is chosen as a pure dual vector = eha'n, so that k3 = ehn and
g*3 = g3 = hn is constant across the thickness. The target loads on the shell element and on the border
load element are assigned by the user as density properties pertaining to each surface quadrature point.
Most test cases concern linear elastic isotropic materials. Since in the present variational formulation
the strain-energy density w* is by assumption a function of the Biot strain &*S instead of the classical
Green strain (see Part I, Section 5.1), the linear constitutive law analogous to the Saint Venant—Kirchhoff

law descends from the hyperelastic strain-energy function
w*(e*%) = JAre™®)’ + (e,

where A and i are Lamé moduli proper of the Biot-type parameterization. Using such a linear constitutive
law instead of adapting the original Saint Venant—Kirchhoff law induces an error that is negligible as long
as the strains remain small. This is the case of all the linear-material examples presented below; in the
examples, the material data are given as an elastic modulus E and a Poisson ratio v, from which the
Lamé moduli are computed as usual as A= Ev/(1+v)(1—2v)and ot = E/2(1 + v). Besides the linear
constitutive law, a classical neo-Hookean constitutive law is available; it descends, for the Biot-type
parameterization, from the strain-energy function [Merlini and Morandini 2005]

w*(U*) = $1(Indet U*)* — pIndet U* + L p tr(U** - 1), (22)

with U* = I 4 &*S the Cosserat deformation tensor.

The standard nonlinear solution is achieved by subsequent load steps. At each step, an iterative pro-
cedure of the Newton—Raphson kind is started. At each iteration, the nodal orientopositions are updated
multiplicatively, A, <— exp(nys x)A’;, whereas the Biot-axial and reaction unknowns are updated ad-
ditively. At the time of solving the linearized equations, the kinematical unknowns are transformed to
become self-based, as described in [Merlini and Morandini 2005]. The solution of snapping and buckling
problems is achieved by an arc-length procedure based on a modified Riks algorithm of the spherical
type; implementation details and relevant references are given in [Merlini and Morandini 2008]. Both
the monotone procedure and the arc-length procedure are equipped with an automatic step control, which
makes the load-step size (respectively, the arc-step size) shrink or stretch dynamically.

Different convergence criteria are applied to the different subsets of the residual, work-conjugate
respectively to the angular and linear parts of the kinematical variables, the constraint reactions, and the
Biot-axial parameters. For each subset relevant to a single kind of kinematical variable, the maximum
absolute value is first normalized with respect to the average of all the absolute contributions to that
subset in the assembling process, then is requested to lower below 5 x 1073, For the other subsets, the
maximum absolute value must vanish with a tolerance of 107>, Finally, the Euclidean norm of the whole
computed solution must be less that 1073,

In the following examples, the helicoidal shell element is referred to as the HSE. It is worth emphasiz-
ing that in the pictures of the finite element models, the element geometry is built from the corner oriento-
positions by the helicoidal interpolation itself. This means that in the problem analysis, the quadrature
points are located exactly where they can be actually imagined to stay, in local curvilinear coordinates,
on the images (for example, observe Figure 3). No units are explicitly used in the examples, so it is
understood that all measures in each test are associated with a coherent system of units, for example, SI.
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Internalradius = 6
Externalradius =10
Thickness =0.03

Elastic modulus E =21x10°
Poissonratio v=0

Figure 3. Slit annular plate: meshes of 2 x 6 and 10 x 70 at the final load (force/length = 1).

4.1. Slit annular plate. The slit annular plate was introduced in [Basar et al. 1992] as a benchmark
problem for finite rotation formulations in geometrically nonlinear shell problems. Since then, most in-
vestigators have used this example to test the performance of shell elements, in [Wriggers and Gruttmann
1993; Ibrahimbegovi¢ and Frey 1994; Sansour and Kollmann 2000; Sze et al. 2002; Fontes Valente et al.
2003; Campello et al. 2003; Cardoso and Yoon 2005; Areias et al. 2005; Arciniega and Reddy 2007],
among others. One edge of a slit ring plate is clamped, while the other edge is subjected to a transverse
line load, which induces strong distortions in the originally plane elements. The problem data and the
notable deformation of a coarse mesh of twelve HSE curved elements are shown in Figure 3. The
distributed force is applied by a string of border load elements.

The free edge displacements with increasing load are plotted in Figure 4 for three different meshes
and compared with the best results reported by [Sze et al. 2004]. The results from [Li and Zhan 2000],
obtained with a shell element endowed with the drilling degree of freedom and based on Biot strain, are
included in Figure 4. The convergence of the HSE and a very good agreement with the computations
found in the literature are observed. Displacements every 0.2 force/length are reported in Table 1. Using
such refined meshes, a high number of steps (130-140, with an average of 5-6 iterations per step) is
necessary to reach the final solution (force/length = 1) by the monotone loading procedure.

WA WwB
Force/length 6x30 8x48 10x70 6x30 8x48 10x70
0.2 7.576 7.584 7.586 10.258 10.267  10.270
0.4 10.391 10.422  10.433 13.691 13.722  13.733
0.6 12.147  12.224  12.250 15.680 15.756  15.782
0.8 13.653 13.772  13.811 17.290 17.410 17.449
1.0 14972 15.128  15.175 18.663 18.820  18.867

Table 1. Slit annular plate: displacements of points A and B with three different meshes.
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Figure 4. Slit annular plate: load-displacement curves.

4.2. Twisted beam. The example of a straight twisted strip, clamped at one end and loaded at the other
end by a transverse force, was studied in the nonlinear regime by [Sansour and Kollmann 2000; Chrés-
cielewski and Witkowski 2006]. The problem data are given in Figure 5. The analysis is performed on
two meshes: 2 x 24 and 4 x 48 warped HSEs. The load is assigned as a distributed force along the tip edge
in its own plane, by means of border load elements. The total load versus the tip deflections is plotted

Length=12

Width=1.1

Thickness =0.0032

Twist =90°

Elastic modulus E =29x10°

Poissonratio v=0.22 \ Y

A
V o

£

//\

Figure 5. Twisted beam: 2 x 24 mesh in the reference configuration and at load of 0.007.
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Figure 6. Twisted beam: displacements of tip A.

in Figure 6 and compared with results in the literature. This problem is a good benchmark to test the
performance of elements with nonplanar geometry, and the behavior of the HSE seems satisfactory. Some
representative displacements are listed in Table 2. The computation is very demanding in this case: with
the 2 x 24 mesh the final load of 0.04 is reached in 194 load steps with an average of 6 iterations per step.

This example is also used to report the computed values of the Biot-axial variables in a shell analysis.
The symmetric and skew-symmetric parts of the Biot stress within the three-dimensional domain across

2 x24 4 x 48
Force x 10> In-plane  Out-of-plane Force x 10> In-plane  Out-of-plane
0.059 1.754 0.620 0.056 2.675 0.939
0.163 4.264 1.466 0.163 6.010 1.924
0.238 5.568 1.846 0.228 7.121 2.119
0.327 6.665 2.092 0.324 8.131 2.173
0.416 7.447 2.194 0.414 8.717 2.121
0.457 7.730 2.208 0.456 8.922 2.083
0.578 8.386 2.182 0.597 9.421 1.937
0.814 9.169 2.006 0.821 9.888 1.714
0.987 9.523 1.863 1.000 10.123 1.564
2.003 10.430 1.316 2.000 10.721 1.058
2.967 10.761 1.067 3.000 10.963 0.816
4.000 10.960 0.909 4.000 11.102 0.674

Table 2. Twisted beam: displacements of tip A up to load of 0.04 with two different meshes.
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Figure 7. Twisted beam: max(abs(eigenvalue(f’ *$))) and || %] as representative values
of the elastically defined and the workless parts of the Biot stress within the thickness
with a 2 x 24 mesh at the final load of 0.04; plot of the highest values among the twelve
Gauss points at each beam abscissa.

the thickness can be compared on a logarithmic scale in Figure 7. The Biot-axial keeps lower than the
elastically defined stress by at least one order of magnitude, and features an alternate course as already
noticed in full three-dimensional analyses [Merlini and Morandini 2005]. Note that the perfect symmetry
of the Biot stress within an isotropic material (see [Bufler 1985]) is lost in the present approximate
analysis where the field equations are satisfied in a weak sense — a fact that confirms the computational
role of the Biot-axial in a discrete model. The material surface Biot-axial parameter 7 is modeled as a
vector field uniform over the shell element. In the present computation, it is almost normal to the element

surface and is distributed along the strip as the bar graph of Figure 8. The highest values of the Biot-axial
are observed near the clamped side.

11

0.5

00 F———= . ﬁ’
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 %S

Figure 8. Twisted beam: magnitude of the surface Biot-axial parameter on the elements
of a 2 x 24 mesh at the final load of 0.04.
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Overalllength =30

Radius=9

Thickness t=0.20r 2.0

Elastic parameters:
A=24000, 1 =6000
(E=16800,v =0.4)

or:
A=240000, ¢ =6000
(E=17854,v=0.4878)

Figure 9. Cylindrical shell under line load: 8 x 4 mesh of a quarter cylinder and de-
formed model of case t = 2.0 and v = 0.4 at load of 36000 (displacement of vertex
A =17.388).

4.3. Cylindrical shell under line load. The cylindrical shell pinched by a line load along a generatrix
and simply supported at the opposite generatrix was studied in [Biichter et al. 1994] as a test case for
shell elements with nonlinear hyperelastic material. The same compressible neo-Hookean constitutive
law, derived from the strain-energy function (22), is used here. The cylinder geometry and properties are
given in Figure 9: a thin shell (r = 0.2) and a thick shell (r = 2.0), with both a compressible (v = 0.4)
and a nearly incompressible (v = 0.4878) material, are considered. Due to symmetry, one quarter of
the cylinder is modeled; three different meshes of increasing refinement along the circumference are
analyzed, 8 x 4, 12 x 4, and 16 x 4 curved HSEs; the line load is introduced by four border load elements.
A deformed model is also shown in Figure 9.

Portions of the load-displacement plots are shown in Figure 10. For the compressible material (Figures
10a and 10c), a comparison can be made with several shell elements based on 5, 6, and 7-parameter
models and exploiting incompatible modes and EAS concepts, as proposed in [Biichter et al. 1994;
Brank et al. 2002; Brank 2005] (in the last two of these papers, a slightly different constitutive law is
used). The formulation of the HSE does not involve incompatible modes nor assumed strains, and the
behavior of the HSE is apparently stiffer than the elements in the literature, in particular for the thick
shell. It can be noted that the adaptation of the local constitutive law for the helicoidal shell model,
as discussed in Part I, enables us to analyze nearly incompressible thin shells without resorting to any
numerical expedient such as reduced integration. The effectiveness of this feature, however, seems to
weaken as the shell thickness increases. For the nearly incompressible material (Figures 10b and 10d),
no tests with shell elements have been found in the literature and a comparison could only be made with
solid elements; published results with solid elements are not included in Figure 10 but can be found in
[Reese et al. 2000; Merlini and Morandini 2005] and, with a different constitutive law, in [Chavan et al.
2007]. The computational burden of this test case is much less demanding: 25-35 load steps with about
6 iterations per step for the thin models and 8—12 steps with 9—10 iterations per step for the thick models.
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Figure 10. Cylindrical shell under line load: total load versus displacement of point A
and some sparse values from literature.

4.4. Cylindrical shell pullout. The cylinder stretched by two opposite forces is a very popular bench-
mark test in the shell element literature, for example, in [Sansour and Bufler 1992; Sansour and Bed-
narczyk 1995; Sansour and Kollmann 2000; Sze et al. 2002; Campello et al. 2003; Fontes Valente et al.
2003; Pimenta et al. 2004; Areias et al. 2005; Brank 2008], among others. The specimen is a cylindrical
surface with open ends, pinched by two pulling forces along the mid diameter, see Figure 11. Due to
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Node 1 2 3 4 5 6 7 8 9
y  0.00000 0.10506 0.26265 0.49903 0.85361 1.38547 2.18327 3.37996 5.17500

Table 3. Cylindrical shell pullout: node coordinates along the cylinder axis from point
A (regular mesh).

symmetry, one octant of the cylinder is modeled using a mesh of 9 x 8 curved HSEs, with either a regular
(rectangular) or an irregular pattern. The regular mesh has 9 elements in the circumferential direction
and 8 elements in the axial direction. The coordinates of the first nine nodes from the load-point A in
both directions are set by a geometric progression of common ratio 1.5 (see Table 3); the aspect ratio of
the narrowest element is higher than 24. The irregular mesh is derived from the regular one by moving
randomly the nodes in both directions within the range of half an element size: the quadrilaterals become
very irregular, as evidenced in Figure 11.

Using the arc-length procedure, the target load of 40000 is exceeded in 23 steps with the regular
mesh (6 iterations per step on average), and in 20 steps with the irregular one. In agreement with
published results, a slight snap-through is observed at a load of about 20500. Plots of representative
radial displacements at increasing load are shown in Figure 12: the reasonably similar results obtained
with the two meshes are a clear evidence of the low sensitivity to irregular geometries of the proposed
shell element. In Figure 12, the results from the present coarse regular mesh are successfully compared

Overalllength=10.35
Radius = 4.953

Thickness = 0.094

Elastic modulus £ =10.5x10°
Poissonratio v=0.3125

Figure 11. Cylindrical shell pullout: regular mesh in the reference configuration and at
the final load of 40000; detail of the undeformed irregular mesh.
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Figure 12. Cylindrical shell pullout: load-displacement curves.
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with those obtained with a refined mesh in [Sze et al. 2004]. Loads and displacements at every history
step are listed in Table 4.

4.5. Pinched cylindrical shell with end diaphragms. The cylinder pinched by two opposite point loads
is another popular benchmark test; see for example, [Sansour and Bednarczyk 1995; Sansour and Koll-
mann 2000; Sze et al. 2002; Campello et al. 2003; Pimenta et al. 2004; Brank 2008]. The cylindrical
shell is mounted over rigid end diaphragms that lock the in-plane displacements. Thus, the shell folds

Force

625

781

952
1140
1460
2055
3345
4018
5341
5974
7129
9524

WA

0.561
0.669
0.776
0.881
1.036
1.262
1.583
1.696
1.861
1.921
2.011
2.144

_MB

0.551
0.673
0.800
0.931
1.136
1.461
1.985
2.189
2.498
2.612
2.782
3.031

—uc
0.556
0.680
0.808
0.941
1.150
1.485
2.039
2.263
2.621
2.759
2.966
3.257

Force

10696
12806
16822
18478
20547
21117
21400
22416
25919
34489
42141
40000

WA

2.194
2.268
2.376
2414
2.462
2.502
2.520
2.555
2.617
2.697
2.743
2.731

_uB

3.122
3.260
3.468
3.548
3.683
3.938
4.026
4.147
4.308
4.472
4.556
4.535

_MC

3.355
3.490
3.651
3.692
3.717
3.642
3.601
3.536
3.438
3.335
3.284
3.297

Table 4. Cylindrical shell pullout: radial displacements of points A, B, and C (regular mesh).
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Overalllength =200

Radius =100

Thickness =1

Elastic modulus £ =30x10°
Poissonratio v=0.3

-

Figure 13. Pinched cylindrical shell with end diaphragms: deformed configuration at
the final load of 12000.

notably under the two pushing forces directed as the mid diameter; see Figure 13. A refined, uniform
mesh is appropriate to solve this problem: exploiting the problem symmetries, one octant of the cylinder
is modeled by 32 x 32 curved HSEs. The analysis up to the final load of 12000 is performed by the
arc-length procedure in 74 steps, with an average of 7 iterations per step. The load history exhibits
several slight snap-throughs, as evidenced by the load-displacement plots of Figure 14. However, a

120

10

Force [x1000]
[}
T

4 il

2 | - -
I 32x32 HSE ]
I o 48x48 S4R (Sze etal, 2004) |

oL, . . R TR B S ST
20 0 20 40 60 80 100

Radial displacements

Figure 14. Pinched cylindrical shell with end diaphragms: load-displacement curves.
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Force —Wa Up

1003 18.171 —1.349
2026  50.980 6.683
4174 68.041 20.399
6125 73.842 25.550
7963  77.841 29.570
10017  81.570 33.686
12000  83.102 34.673

Table 5. Pinched cylindrical shell with end diaphragms: radial displacements of points
A and B.

good agreement with the best results reported in [Sze et al. 2004] is observed. Some representative
load-displacement pairs are listed in Table 5.

4.6. Cylindrical roof under point load. The buckling problem of the shallow cylindrical panel hinged
along two generatrices and subjected to a central point load has been considered by several authors; refer
to [Simo et al. 1990; Chréscielewski et al. 1992; Gruttmann et al. 1992; Sansour and Bufler 1992], and
to most of the more recent works cited so far. The problem data and the undeformed configuration with
a 4 x 4 mesh are shown in Figure 15 (owing to symmetry, one quarter of the panel is modeled). Two
different thicknesses are examined, with either a coarse mesh of 4 x 4 curved HSEs or a refined one of
8 x 8.

The snapping behavior is easily captured by the arc-length procedure. The load-displacement curves,
in Figure 16, at the central point A with the 4 x 4 mesh are plotted and compared with the best results
reported in [Sze et al. 2004]; the results with the 8 x 8 mesh are not included in Figure 16 as they are
indistinguishable from those of [Sze et al. 2004]. The thin panel curve (Figure 16a) is traced in 24 steps
up to exceed the final load of 3000, with an average of 6.3 iterations per step; the thick panel curve
(Figure 16b) is traced in 17 steps, with an average of 5.6 iterations per step. The deformed models

Overalllength = 508
Radius =2540
Overallarc =0.2rad
Thickness t=6.350r12.7
Elastic modulus £ =3102.75
Poissonratio v=0.3

Figure 15. Cylindrical roof under point load: 4 x 4 mesh in the reference configuration
and the applied load.
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Figure 16. Cylindrical roof under point load: load-displacement curves.

t=06.35 t=12.7
Force —wa Force —wp
188 2.24 750 2.07
375 5.56 1500 4.78
490 8.50 1960 7.22
562 11.02 2191 941
586 13.97 2177  12.13
401 16.13 1589 1491
-65 16.73 566  18.36
-387  16.36 3674  29.97
270  27.15 3000 28.72
3164 38.52
3000 38.09

Table 6. Cylindrical roof under point load: displacement of point A with the 8 x 8 mesh.

are not shown for this test case, as the maximum displacement, despite the strong effect of geometrical
nonlinearity, is small and of the order of the panel camber. In Table 6, all the load-displacement pairs
from the computations with the 8 x 8 mesh are listed; during these computations, the arc-length step was
allowed to increase, whence the low number of total steps.

4.7. Cylindrical shell pinched by four radial forces. The buckling of a cylindrical shell pinched by four
radial forces was recently studied [Kuznetsov and Levyakov 2007] to successfully test an unconventional
and interesting formulation for a simple curved shell triangle. A short cylindrical shell with free ends
is simply supported at four points A on two right-angled diameters, at half the cylinder length. At the
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Length L=0.1
Radius R=0.1
Thickness t =0.001
Elastic modulus E =0.2x10'2 A
Poissonratio v=0

|

3
Reference load R = %% = ?
=

Figure 17. Cylindrical shell pinched by four radial forces: deformed configuration at
P/ P = 19.6 (displacement of point A: w/R = 0.58).
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—— 8x64 HSE 1
fffff 12x72 (Kuznetsov and Levyakoy, 2007)
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0 0.1 0.2 0.3 0.4 0.5 0.6

w/R
Figure 18. Cylindrical shell pinched by four radial forces: load-displacement curves at
points A; fundamental path (f) and branch (b) from the bifurcation point By (P/ Pt =
10.2, w/R =0.1172).

constraint points, the shell surface is free to move in the radial direction and to rotate; at the points A
themselves, the shell is under the load of four radial forces that push it inward. The problem data and a
deformed configuration are shown in Figure 17; the whole shell is modeled with 8 x 64 curved HSEs.
The problem is solved by the arc-length procedure and yields the load-displacement curves plotted in
Figure 18. Along the fundamental path (traced in 17 steps to exceed the target load of P/ P.s = 20) the
shell deforms with a doubly symmetric four-lobe configuration. As found in [Kuznetsov and Levyakov
2007], buckling occurs at point B; on the load-displacement graph, however the deformation keeps the
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Fundamental path
P/Pes 5.705 7.581 10.716  11.301 11.921 13.102 17.941 21.611
w/R 0.0607 0.0893 0.1226  0.1303 0.1488 0.1935 0.3828 0.5422

Bifurcation from B,
P/Pes 10200 11.000 12.000 13.000 13.899 16.045 17.951 20.257
w/R 0.1174 0.1367 0.1672 0.2024 0.2392 0.3463 0.4654 0.6263

Table 7. Cylindrical shell pinched by four radial forces: radial displacements of points A.

four-lobe doubly symmetric. At point B,, a branch departs from the fundamental path. Along this branch
(traced in 33 steps from B, to exceed the target load of P/ Ps = 20, with 5-6 iterations per step) the
shell deforms with a strongly warped configuration, see Figure 17. A fairly good agreement with the
published results is observed in Figure 18. Some representative load-displacement pairs are listed in
Table 7.

4.8. Channel-section cantilever. The buckling of the channel-section cantilever, with the data intro-
duced by [Chréscielewski et al. 1992], has been considered by several authors to test shell elements
in folded or intersecting structures, with either elastic or elastoplastic materials, for example, [Ibrahim-
begovi¢ and Frey 1994; Eberlein and Wriggers 1999; Fontes Valente et al. 2005; Chréscielewski and
Witkowski 2006; Klinkel et al. 2008]. In the present test, only the elastic case is considered; the problem
data and a postbuckling configuration of the model, made of a regular mesh of (4 4 12 +4) x 36 HSEs,
are shown in Figure 19. Under the transverse force, which is eccentric with respect to the beam elastic
axis, the channel twists and at the limit load (116.77 for the present model) the upper flange buckles into
longitudinal waves.

Beam length =36
Web height =6
Flange width=2
Thickness =0.05
Elastic modulus £ =10x10°
Poissonratio v =0.333

Figure 19. Channel-section cantilever: beam model in the reference configuration and
in postbuckling at load of 100.97 (lateral displacement of point A = 4.4524).
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Figure 20. Channel-section cantilever: vertical displacement of point A.
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The computation is driven by the monotone Newton—Raphson procedure until a load of 100, then
is switched to the arc-length procedure. It takes 36 steps and a total of 190 iterations for the vertical
displacement of point A to reach the value 1.5. In Figure 20, a portion of the load-displacement curve is
plotted and compared with other curves reported in the literature; the graph is restricted to the load range
80-120 to allow us to distinguish between the curves. Representative displacements are given in Table 8.

Force

50.00
100.00
110.78
115.53
116.73
116.70
116.23
114.74
110.18
103.76
100.96

99.79

99.39

99.83
100.97

Longitudinal  Lateral = Vertical

0.0077 0.1543  0.0680
0.0170 0.4411  0.1880
0.0192 0.5442  0.2336
0.0201 0.6045  0.2600
0.0201 0.6427  0.2726
0.0198 0.6923  0.2847
0.0192 0.7438  0.2962
0.0173 0.8606  0.3221
0.0087 1.2085  0.4063
—0.0209 1.8799  0.6113
—0.0561 23943  0.8129
—0.0952 2.8289  1.0173
—0.1582 33735  1.3234
—0.2408 39265 1.6999
—0.3405 44524  2.1295

Table 8. Channel-section cantilever: displacements of point A.
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4.9. Hemispherical shell with a hole. The hemispherical shell with a polar hole, pinched by four alter-
nating radial forces at the sphere equator, is a very popular benchmark example to test finite element
models of doubly curved shells and is included in almost all the papers on nonlinear shell elements. The
problem data and a deformed configuration with a rather coarse mesh are shown in Figure 21. Due to
symmetry, one quarter of the dome is modeled; several meshes of increasing refinement, from 2 x 2 to

128 x 128 doubly curved HSEs, are analyzed.

Radius =10
Circular cutout angle =18°

Thickness =0.04
Elastic modulus E =68.25x10°

Poissonratio v =0.3

: 8 x 8 mesh at the final load of 400.

Figure 21. Hemispherical shell with a hole
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Figure 22. Hemispherical shell with a hole: load-displacement curves.
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VA —Uup

Force 8x8 12x12 16x16 32x32 8x8 12x12 16x16 32x32

40 1.447 1.483 1.492 1.498 1.766 1.804 1.816 1.825

80 2.223 2.291 2.308 2.319 3.104 3.190 3.213 3.231
120 2.679 2.776 2.799 2.815 4.098 4.239 4.273 4.299
160 2.980 3.104 3.133 3.154 4.867 5.068 5.116 5.150
200 3.195 3.341 3.377 3.402 5.481 5.746 5.809 5.853
240 3.356 3.522 3.565 3.594 5.983 6.311 6.391 6.445
280 3.481 3.664 3.713 3.747 6.400 6.790 6.888 6.954
320 3.582 3.778 3.834 3.872 6.754 7.199 7.318 7.396
360 3.665 3.873 3.934 3.976 7.057 7.554 7.693 7.784
400 3.735 3.951 4.019 4.065 7.320 7.863 8.023 8.128

Table 9. Hemispherical shell with a hole: radial displacements of points A and B with
four different meshes.

The response of the model is measured by the radial displacements of the load-points A and B. The
load-displacement curves for four meshes are plotted in Figure 22 and compared with the results pub-
lished in [Sze et al. 2004]: a good agreement with the reference results is observed. Displacements every
10% of the final force are listed in Table 9. The convergence of the HSE is evident from Figure 23, where
the computation with a refined mesh of 128 x 128 S4R elements by the commercial code ABAQUS is
assumed as reference solution.

7

-Ug

Radial displacements

VA

10

Number of elements per side

100

Figure 23. Hemispherical shell with a hole: convergence study at load of 250 (reference
values at the dotted lines: vpy = 3.6426, —ug = 6.5967).
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Mesh Steps  Iterations

8x8 52 325

12 x 12 57 361

16 x 16 52 343

Table 10. Hemispherical shell with a hole: number of steps and iterations up to the final load.

The problem is solved by the monotone Newton—Raphson procedure with the automatic step control
enabled. To trace the results, load steps of 5% are set by default. Moreover, some computations are
repeated by setting a single initial step of 100% to record the number of iterations actually needed to
reach the final load (see Table 10); an average of 67 iterations per step is observed.

The example of the hemispherical shell is also used to check the significance of the resolution of the
nodal mixed variation variables 735, by (20) and the effectiveness of the contribution to the diagonal
term of the tangent matrix from (21). The computation with the 8 x 8 mesh is repeated after disabling
the correction (21). The iterations performed during the loading history are plotted in Figure 24 and
compared with the ones of the original computation. When the geometrical nonlinearity becomes impor-
tant, a remarkable increase in iterations is observed, and a sharp growth is noted when approaching and
exceeding the load of 280. After restarting from 280 with the correction enabled again, the final load

is reached in a few more steps, yielding exactly the original final displacements, as expected. This test
proves the importance of the resolution formulated in (20) in order to provide the correct tangent matrix,

capable of following the nonlinear solution process.
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) e a
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o . . . . v . . .
0 100 200 300 400

Force

Figure 24. Hemispherical shell with a hole: loading history with 8 x 8 mesh; comparison
between (a) computations with the resolution of the nodal mixed variation variables 935

and (b) computations without such a resolution.
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Radius R =100
Thickness t=0.50r1.0
Elastic modulus £ =1000
Poissonratio v=0.3

Figure 25. Spherical shell under external pressure: model of case = 0.5 at arc-abscissa 10.594.

4.10. Spherical shell under external pressure. The numerical study of the postbuckling behavior of
spherical shells under external pressure is one of the most despair-inducing problems in structural me-
chanics. With no claim made of solving this difficult problem, a sample investigation is presented in this
section. The problem data and a postbuckling deformation of the model are shown in Figure 25. The
geometric and material properties are taken from [Ricci Maccarini et al. 2001], which modeled only one
octant of the sphere, and hence could capture just a limited class of buckling modes. The mesh matches a
net of meridians and parallels 6 degrees apart, and consists of 60 x 30 doubly curved HSEs over the whole
sphere. At each pole, the last parallel degenerates into a single point and the relevant nodes to which
the quadrilaterals are connected share the same coordinates; the quadrilateral shell elements degenerate
into triangles. The pressure is applied as a follower normal-load uniform density at the shell element
quadrature points.

Despite the strong deviation of the element geometry from a regular quadrilateral at the poles, the
model behaves perfectly. A value of external pressure twice the approximate theoretical critical pressure
Pret = 2E(t/R)?/+/3(1 — v2), predicted by the shallow shell theory, can be reached with the monotone
Newton—Raphson procedure in a single step with 4 iterations. This almost linear computation yields a
final radial displacement, uniform over the whole shell surface, of 0.4237 with r = 0.5 and 0.8473 with
t = 1.0. To force the shell to buckle, a very small initial imperfection has been assigned by moving
randomly the nodes in the radial direction within the range +0.001 (that is, +107°R or £(0.1-0.2)% 1).

The imperfect spherical shell is analyzed by the arc-length procedure. The solution of case t = 0.5
follows the fundamental path till load fraction 1.082 (arc-abscissa = 3.693). Then a sudden buckling
occurs: the load decreases while a shallow buckle appears. In Figure 26a, the radial displacements of four
nodes at latitude 72° are plotted against the arc-abscissa. When the arc-abscissa exceeds 7, the pressure
stabilizes at a value of about 0.22-0.25 p.r and the role of maximum-displacement holder begins to
move from node to node. At the arc-abscissa 10.594 (after 34 steps and 201 total iterations), the node
at longitude 126° reaches 3.6666, the deepest displacement of the whole analysis; the corresponding
buckle is depicted in Figure 25 and its bottom is very close to the observed node. In Figure 26b, the
load-displacement curves of the four nodes are plotted. The analysis was pursued further and another
peak of load fraction 1.082 was reached; then the load was found to decrease till negative values.



724 TEODORO MERLINI AND MARCO MORANDINI

1.2 ' ' ' ' f ' 4 1.2 f ' ' f
(a) —— N72°E126° (b) [~~~ —— N72°E126°
Ly R R L L perfect sphere R .
N72e E132° Fay e N72° E132°
[ N72° E138° AN - N72° E138
L A N72° E144%/ /-~ s e N72° E144°
pressure 2T AN
i 3 l‘\ \\y‘y\
\ \
1
0.8 0.8
g
[o%
o
- =3 -
2 061 128 <2 o6
[oR g [o%
[0
3
9]
3
@
0.4 0.4
11
0.2 | 0.2 B
< 7
fe2}
i
=l
0 ; | . | . | . | . Lo 0 . | . | . | .
0 2 4 6 8 10 0 0.5 1 1.5 2
Arc-abscissa Radial displacements

Figure 26. Spherical shell under external pressure (case t = 0.5): (a) pressure and four
radial displacements against the loading history; (b) load-displacement curves.

With the algorithm of process control at hand, the achievement of a wholly buckled surface as obtained
in real experiments is hopeless. In several numerical tests, the occurrence of two or three buckles, either
close to each other or far away from each other, was observed. In any case, the buckles manifest a
pronounced tendency to migrate, in either a slow or fast manner. As an example, Figure 27 collects
five images of the case + = 1.0 recorded every 12 load steps: the two buckles keep close to each other
and move together on the sphere surface. Also, the repeatability of such computations is questionable:
for instance, it is interesting to notice that when assembling the elements concurrently by exploiting the
processor multithreading option, analyses starting from identical data never follow exactly the same path
when in the postbuckling regime.

5. Conclusion

This paper is focused on computational modeling for nonlinear shell mechanics and is restricted to the
simplest case of static boundary value problems involving elastic homogeneous media. Considerations
of dynamic problems and anelastic or composite materials are absent and are left as extensions for future
work. Nevertheless, the examples and comparisons discussed so far evidence a good performance of the
helicoidal shell element (HSE) in several respects. The HSE appears suitable to model in-plane curved
and warped shells, thin/thick simply or doubly curved shells with ¢/R ratios ranging from 2 x 1073 to
2 x 107!, and folded/intersecting shells. It allows a perfect representation of constant-curvature shells,
as in the case of the sphere. This quadrilateral shell element is practically insensitive to highly irregular
meshes and can easily degenerate into triangles. The HSE has been tested with nonlinear elastic and
nearly incompressible materials. In the postbuckling regime, this curving element performs well at the
occurrence of snap-through and snap-back conditions. A drawback of the present formulation, already
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Figure 27. Spherical shell under external pressure (case ¢ = 1.0): sequence of five
postbuckling deformations.

pointed out with the solid element [Merlini and Morandini 2005], remains the low step size required
to solve certain problems, which is sometimes smaller than the values published in the literature. This
undesirable feature of the proposed formulation is of course worthy of further investigation.

It is stressed that the present version of the HSE is essentially a low-order element. For the reader’s
convenience, a short summary of the element formulation is given here. The integral kinematic field
across the thickness is assumed helicoidal and is controlled by the six-parameter dual director 8; the local
Biot-axial vector field is assumed linear and is controlled by two stress vectors 7 and ft (the constant and
linear parts, respectively). From through-the-thickness integration of the linearized internally constrained
virtual work functional, and after local condensation of the variables # and ji, the shell constitutive
equations are obtained in incremental form. They are written as functions of twelve components of the
material surface dual strains @, and three components of the Biot-axial parameter 7. The integration
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across the thickness is performed numerically at each surface quadrature point of the shell element
domain. The integral kinematic field on the quadrilateral surface is interpolated helicoidally between the
orientopositions of four corner-nodes, whereas the Biot-axial parameter is assumed uniform. Integration
over the element domain gives the element contributions to the problem residual and tangent matrix.
The contributions from external loads and boundary constraints are added directly to the shell surface
linearized variational principle.

The numerical tests show that this low-order element is essentially free from locking. A clear de-
scription of commonly occurring locking phenomena, such as shear and membrane locking, is given,
for example, in [Belytschko et al. 2000], and a careful analysis can be found in [Koschnick et al. 2005].
According to [Bischoff et al. 2004] such phenomena originate from “the inability of a finite element
formulation to represent certain deformation modes without unwanted, parasitic strains and/or stresses”.
In such phenomena, the locking mechanism develops from an improper energy exchange between the in-
volved deformation modes that are badly represented by a poor kinematical approximation. The problem
becomes more pronounced when the ratio between the stiffnesses of the flexural deformation modes and
the parasitic ones (either transverse shear or membrane modes) decreases — that is, when the thickness
diminishes. It can be argued that with classical Euclidean modeling of the continuum, when positions and
orientations are uncoupled fields, such improper energy exchanges are more likely to happen than with
the proposed helicoidal modeling, where the kinematical representation is consistently built through a
unique integral field. It is also general belief that this improper energy exchange is more pronounced the
lower the order of the representation is. The helicoidal approximation, both on the through-the-thickness
domain with the proposed geometric-invariant model (Part I, Section 4.5) and on the element surface
domain with the adopted frame-invariant interpolation (Section 3.2), yields a discrete representation of
the kinematic field that proves natural and is able to withstand locking even with low-order interpolants.
This is clear from the outstanding representation attainable for thin curved elements with the proposed
material surface kinematics; see Figure 1. (Remember that linear interpolants on helicoidal modeling do
not mean linear displacement fields, due to the interaction with the nodal rotations.)
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EFFECTIVE PROPERTY ESTIMATES FOR HETEROGENEOUS MATERIALS
WITH COCONTINUOUS PHASES

PATRICK FRANCIOSI, RENALD BRENNER AND ABDERRAHIM EL OMRI

This work concerns heterogeneous multiphase materials which may exhibit omnidirectional full or par-
tial cocontinuity of several or all phases. The estimate of their effective (mechanical or physical) proper-
ties is not yet well handled as compared to those for well-defined aggregate or reinforced-matrix struc-
tures, especially in the context of homogenization methods. We propose in this framework a modeling
scheme which aims at accounting for such phase cocontinuity features. In the mechanical application
field, the modeling validity restricts to elastic properties of unloaded materials or in load situations as
far as bending and torsion effects of possibly strut-like phase parts are not essential. For other physical
properties (dielectric, magnetic, etc.), the modeling applications concern those for which homogeniza-
tion approaches are relevant. The modeling is based on a material’s morphology description in terms
of a generalization of so-called “fiber systems” that were introduced in early literature reports. Using
parameters that describe the clustering characteristics of the individual phases and of their assemblage,
we have considered these fiber systems both within a layer-based approach of the material structure and
within an aggregate-like one. By these two routes, we have obtained two estimate forms that differ only
slightly in definition. The presentation uses the elasticity formalism, in simple cases of isotropic mixtures
of two-phase materials with isotropic phase behavior but the modeling extends to n-phase anisotropic
materials as established separately. Our estimates are compared with basic variational bounds and ho-
mogenization estimates, with some literature data and with homogenization results obtained with the fast
Fourier transform approach on numerical structures. All data are matched with different parameter sets
corresponding to different types of phase organization. The two estimates remain nearly equal for all
of the examined structures regardless of phase contrast and with only slight differences consistent with
their definition difference.

1. Introduction

The continuity of a phase in a material here means the existence of an infinite (or sample spanning) cluster
of that phase in the material with regard to one, several or all directions of space. Although this phase
continuity is sometimes called phase percolation, this latter term is the most often related to the transition
threshold between discontinuity and continuity. In that respect, phase cocontinuity is to be understood as
the coexistence of multidirectional sample spanning clusters from different phases. Multiphase materials
with cocontinuous phases, to be called cocontinuous materials for short, are of many different structure
types: sponge-like structures, bones, blends, foams, braided composites, etc. These structures, named
from porous examples, can also characterize assemblages of several solid phases. They can be made of
ceramics, polymers, metals, biomaterials and composites of these. A wide variety of interesting physical
and mechanical properties make the experimental investigations of their effective properties increasing

Keywords: phase cocontinuity, effective properties, heterogeneous materials, clustering.
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fast [Nieh et al. 1998; Veenstra et al. 2000; La Vecchia et al. 2003; Morgan et al. 2003; Agrawal et al.
2003; Kinney et al. 2005; Marur 2005]. Yet it is not easy to find data sets that allow the relation of their
overall properties with the specific features of their phase arrangements.

On the theoretical ground, insights into aggregates and particle- (or fiber-) reinforced composites have
been considerable during the last decades, themselves based on a set of pioneering works [Hill 1952; Hill
1965; Kerner 1956; Boucher 1974; Walpole 1978; 1981; Christensen 1979a; 1979b; Hashin 1979; 1983],
in the context of homogenization theory especially. Well defined frameworks have been provided for
composite materials that exhibit phase cocontinuity with regard to only one direction (parallel fibers) or
two directions (laminate structures) in space and omnidirectional cocontinuity has been explored using
some ideal structures such as the overlapping sphere models; see for example [Berryman 1985]. Yet,
estimates of effective elastic, electric or other properties for (isotropic or not) materials with multidi-
rectionally cocontinuous phases have not been the matter of many examinations in this homogenization
context.

In counterpart, many models derived for cocontinuous materials, are based on rheological descriptions
combining series and parallel arrangements of the phases [Ravichandran 1994; Fan 1995; LeBle et al.
1999; Dalmaz et al. 2000]. Also, a lot of works make use of finite element methods or other computational
techniques based on meshing or space-partitioning procedures [Feng et al. 2003; Chen et al. 2008].
Numerical homogenization techniques provide as well relevant estimates applicable to various effective
properties [Roberts and Garboczi 2002; Delannay et al. 2006; Pavese et al. 2007].

Specific models have been developed for the particular mechanical properties exhibited by some of
these cocontinuous materials as the cellular materials or some open cell foams, in order to account for
bending and torsion characteristics, due to strut-like elements [Gent and Thomas 1959; Ko 1965; Menges
and Knipschild 1975; Warren and Kraynik 1987; 1997]. These effects are partly handled in numerical
modeling, they are not in rheological ones and they would not be at all in a homogenization approach.
Widely used specific models as the Kelvin cell model [Gong et al. 2005] or also some systematic statistical
approaches are also dedicated to these particular mechanical characteristics [Berk 1987; Roberts and
Garboczi 2002].

But materials with cocontinuous phases are of very many different types and their mechanical behavior
does not necessarily exhibit such particular mechanical characteristics. Furthermore, materials in their
unloaded state have intrinsic elastic properties worth to be known if accessible. Experimental information
for the unloaded state can be obtained for example from laser ultrasonic probing or from the extrapolation
at zero strain of elastic data from the unloading stage of mechanical tests [Lefebvre et al. 2006].

In spite of this quite large variety of proposed models, in proportion to the variety of structures, it is
frequently stated in the concerned literature that the obtained fit with measurements remains limited with
regard to either mechanical or physical overall properties.

From these considerations, the goal of the present work is to formulate, in the context of homoge-
nization methods, a modeling scheme to estimate the effective properties of multiphase materials which
allows to account for a wide diversity of phase cocontinuity situations, partial or total, symmetrically
for the concerned phases or not, etc. The proposed modeling is compared with available data and with
direct estimates on numerically built structure by using the recent technique of fast Fourier transforms
[Moulinec and Suquet 1998; Michel et al. 2001; Lebensohn et al. 2008] which provides an efficient
tool for computing the properties of arbitrarily complex periodic structures. Our proposed modeling
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scheme is built such as to remain consistent with the possible coexistence of one omnidirectional infinite
(sample spanning) cluster of each phase present in the material. It is based on a description of the material
structure from a generalization of the fiber systems introduced in [Christensen and Waals 1972] as typical
examples of cocontinuous phase arrangements with regard to all directions in space. The generalized
fiber systems that can be defined from a set of phases (taking, in turn, each phase as a fiber-reinforced
matrix) are in a second step combined within either a layer-based approach or within an aggregate-like
one of the material structure, by using parameters which describe the phase clustering characteristics for
each phase individually and for their assemblage.

Regarding the employed terminology in this two-scale modeling scheme, we refer to layer-based
approaches for the homogenization methods that involve models for laminate structures and to aggregate-
like approaches for the methods that make use of a self-consistent modeling. The choice of considering
first fiber systems in combination with a layer-based approach has been motivated by the fact that such
linear and planar cuts of materials are key elements for the 3D reconstruction methods in tomography anal-
yses [Natterer 1986] as well as for the calculation of the main lower-order “microstructural descriptors”!
[Torquato 2002]. Secondly, aggregate-like organizations of the same representative domains have also
been considered for comparison purposes with the self-consistent property estimates and also because
aggregates likely have a concentration range of phase cocontinuity when the phases are in limited number
and in comparable concentrations. These two modeling routes that we have explored, without loss of
generality, for two-phase materials of isotropic structure and properties and which is presented in the case
of the elasticity formalism although they are both holding for many other properties, yield quite similar
estimate forms and definitions. They are shown to provide very close moduli estimates in situations of
significant phase cocontinuity, while for vanishing cocontinuity a slight estimate difference results from
the slight difference in their definitions. It is at last worth to stress that the isotropic platelet and fiber
systems here considered for two-phase isotropic materials extend (as aggregate structures) to n-phase
materials with possibly anisotropic phase properties and spatial arrangements. Some of their remarkable
characteristics here stressed and used extend accordingly, what is presented in [Franciosi and El Omri
2011].

Section 2 introduces the considered structures and the phase continuity characteristics to be accounted
for. Section 3 summarizes the fundamentals of the layer-based and aggregate-like approaches of het-
erogeneous materials properties and presents the estimate forms that we have worked with. Section 4
presents in the fully isotropic case the phase cocontinuity description and the morphology-based phase
continuity parameters which have been introduced in the estimate formulation. Section 5 reports the
result comparisons with variational bounds and homogenization estimates, with some literature data and
with calculations by fast Fourier transform (FFT) numerical scheme on 3D structures with various phase
cocontinuity situations.

2. Typical cocontinuous two-phase structures and phase continuity characteristics

Examples of concerned structures by the proposed modeling are collected in Figure 1. The most typical
ones are the two-phase blend or sponge-like structure, Figure 1a (aluminum from [Nieh et al. 1998])

1N-points and surface correlation functions, lineal path function, chord-length density function, particle pair correlation
function, etc. Note that the two-point correlation function also contains the two-point cluster function.
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Figure 1. Examples of cocontinuous structures of concern: (a) sponge-like metallic
oxide, (b) trabecular bone tissue, (c) cellular foam.

and the structure of trabecular bones, Figure 1b [Mow and Huiskes 2004], where the void volume in the
exemplified materials, which can be replaced by a second solid material phase (alumina in aluminum,
[La Vecchia et al. 2003], or marrow in bones), is also a continuous phase. The previously pointed
importance of bending and torsion effects due to strut elements in open foam structures such as illustrated
in Figure 1c [Gong et al. 2005] restricts for these materials the mechanical field of application of the
proposed modeling to estimating the elastic properties either in the unloaded state of the material or in
the loading situations on it when these effects are not essential.

Now, for these structures the phase cocontinuity is omnidirectional, say multidirectional in a con-
tinuous manner, either isotropically or possibly obeying some other global symmetry. There are also
cocontinuous materials for which the phase cocontinuity is multidirectional but only concerns a discrete
set of directions, as tubular systems and woven or weaved composites. In these architectures the mechan-
ical features as flexibility, bending, torsion, etc can also be important. If they are not of concern here,
it is worth to mention that particular arrangements of discrete direction sets for phase cocontinuity can
ensure isotropic effective properties, a point to be of use in the discussions to come.

With regard to phase concentrations, many materials as polymer blends or aggregates with a limited
phase number are very likely phase cocontinuous in the intermediate phase concentration range, but a
dilute phase “naturally” adopts the embedded condition in general’>. While many composites have no
concentration range of phase cocontinuity (as typically glass inclusions in a polymer matrix), real n-
phase structures that remain cocontinuous over the whole phase concentration range are quite scarce, if
any, even for only two phases. Indeed, this would require for each of the assembled phases the existence
of a continuous reinforcement down to an infinitesimal concentration of this phase. It is an advantage
of numerical structures to possibly mix two phases in bicontinuous arrangements down to a nearly zero
concentration, with the only limit being the chosen voxel density in a unit cell.

2Two-phase metals are also multiphase in terms of grain orientation distributions or crystallographic textures [Bretheau et al.
1988; Kocks et al. 1991; Lebensohn et al. 2008].
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Now, the structures that would be cocontinuous over the whole phase concentration range or only
over a part of it can exhibit a variety of phase cocontinuity characteristics that are specific for each
material phase and likely vary with their relative phase concentrations. We have restricted attention to
the materials which can be taken as isotropic and statistically homogeneous at the different length scales
that we may have to successively consider. The main phase continuity characteristics to which attention
is paid are (i) the amount of phase continuity, from null to total, exhibited by each material phase and (ii)
the asymmetry of the cocontinuity between the material phases. For structures whose phase concentration
can be varied, attention is also paid to the possible concentration dependency of these characteristics.

(1) An isotropic, cocontinuous, two-phase material contains by definition, for each phase and in an
intricate manner, one multidirectionally infinite (sample-spanning) cluster possibly having “dead
branches” and possibly coexisting with finite clusters that do not contribute to the phase continuity.
In that respect the continuity of a phase can be said to be total when no dead branches and no finite
clusters remain, and it can be said to be partial otherwise. So it is as well for phase cocontinu-
ity: it can be said total (resp. partial) when all the cocontinuous phases are totally (resp. partially)
continuous.

(2) The asymmetry of continuity between the phases can match any intermediate between perfect sym-
metry and the extreme situations of null cocontinuity when one of the phases totally embeds the
other one(s). These latter cases correspond to the widely met and examined reinforced-matrix struc-
tures [DeBartolo and Hillberry 1998; Estevez et al. 1999; Martin et al. 2003; Ricotti et al. 2006].
Conversely, perfect phase cocontinuity symmetry even for only two phases is only realizable in a
very limited set of manners which are not isotropic [Burt and Korren 1996]. The general status of
any partially bicontinuous two-phase structure is consequently an asymmetric bicontinuity.

(3) Both the phase continuity amount and the phase cocontinuity asymmetry are expected to be concen-
tration-dependent for many materials, and this dependency is expected to obey many different law
forms. In real materials, changes of phase concentration can be accompanied with changes in phase
composition in addition to changes in phase arrangements, such that the phase properties do not
remain fixed. In multiscale homogenization schemes, effective properties at inner levels can also
change, which also corresponds to changes of the properties of assembled phases at the macroscopic
level.

3. Layer-based approach of heterogeneous materials versus the aggregate-like description

Planar and linear cuts are, respectively, at the base of material reconstruction from 2D planar sections
of the representative volume element (RVE) and from 1D-rays or lines traversing the RVE [Ramm and
Katsevich 1996; Singh et al. 2008]. With regard to each direction @ in space, any material either is a
laminate structure whose layers are its planar heterogeneous sections normal to @ or is a @-directional
fiber structure with the fibers being the material rays or lines in that @ direction. While linear cuts
necessarily alternate homogeneous subdomains of each phase, in planar sections (Figure 2) one phase
can be multidirectionally macrocontinuous while all other ones are not. Sections consequently look
like a patchwork of 2D subdomains within which one phase (at the most) is embedding all others in
turn. Thus, 2D planar subdomains can be characterized by a continuous phase arranged into one infinite
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Figure 2. Typical planar sections of general two-phase materials.

cluster possibly having dead branches and being accompanied with finite clusters embedded in the other
phase(s).

In planar sections of a two-phase material (p, ¢), the two phases p and g can only be locally arranged
either as p C g or as ¢ C p (also denoted as p|g and ¢| p, respectively, in the following). For the sake
of simplicity, we have ignored intermediate situations that can be resolved as smaller patchworks of
these two same subdomains, and we have also disregarded the details of multiple inclusion levels such
as p C (g C p(---)), etc. This allows the description of any such macrohomogeneous material, with
regard to any direction @ and at the scale of a representative volume element, as a piling of parallel
planes of p|g and g|p structures along z(®), say as w-oriented two-phase laminate structures. These
planes of identical zero (or infinitesimal) thickness can be arranged into infinitely other sequences than
the strictly alternated lamination. Assuming statistical homogeneity, the material phase concentrations
are identically f, and f, = 1 — f, in each layer separately, for all directions @. This is not saying
that the material is an aggregate of laminate domains but that each material domain can be viewed from
any direction @ as a laminate structure, provided an appropriate description of the constitutive layers.
One first property of importance for the following is that any w-oriented laminate structure made of n
different types of multiphase layers ensures the cocontinuity normally to @ for all of the phases that are
continuous in one layer type. When in a two-phase material (p, g) the w-oriented layers have either a
phase p or a phase g which is continuous, both phases p and g are cocontinuous normally to the direction
. With regard to all other directions not normal to that w, the continuity of each phase will depend on
its through-section continuity, a crucial point to be closely examined latter on.

3.1. Effective elasticity properties of laminate structures in terms of platelet Green operators. In order
to conveniently treat later on, for each @ direction in R?, the two-phase material as such a laminate
structure made of two types of sections p|g and g|p, useful characteristics of laminate structures and of
laminate layers (platelets) deserve to first be recalled.
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Effective elasticity of laminates. There are various formulations to represent the effective properties of
laminate structures, early calculated for example in [Postma 1955]. One is the hybrid procedure used
in [El Omri et al. 2000] for modeling, in a plasticity context, polycrystalline structures as aggregates
of laminate domains. Such a procedure is not to be used here, but this aggregate structure type will
reappear in the following. The formulation more of concern here is the one which comes from the
general homogenization framework for inclusion-reinforced matrices at the limit of infinitely flat and
congruent spheroidal inclusions [Hill 1952; Zeller and Dederichs 1973; Walpole 1981]. Take a matrix
of phase b, of moduli Cp, reinforced with all congruent (shape V) ellipsoidal inclusions of phase ai,
of moduli C,;, with concentrations c,;, i € (1, n—1) and, according to a spatial distribution symmetry,
homothetic to the shape V of all inclusions. The effective moduli read

n—1 —1 —1
C(al ,,,,, an—tych = Cb — ((Z cai ((Cp — Ca) ™' — tgb)l) + tgb) (M

i=1
Specializing to the case of platelets with w-oriented normal (V = P (w)) amounts to substituting, in (1),
the operator tV with the operator tP(w) that are respectively the modified strain Green operator integrals
(strain Green operators or “GO;’ for short) for the inclusion V and for the platelet P(w), in an infinite
matrix of moduli Cp. It is a key property of laminate structures that any one of the n layer types can
be selected as the “matrix” without changing the result. For a two-phase material (a, b) of the laminate
type, setting ACp, = C, — C, = —AC,pp, the following equation results:

C:P = Cp— ca(ACH) ™ —cptl ) = CiEY = €y — o (ACap) ' —catEY (@)

and the proof of the equality C"2 (@ — C;gw) = 1@ (which only holds for platelet-like inclusions) is

recalled in Appendix A. For w-oriented fibers F (a)) also a specific case of interest later on, one obtains
Cey = €= ca((ACH) ™ = ol # G = Co—en(AC) ™ —eatl ) ()

In (3), the operator tF(w) is the GO, for the fiber F'(w) in an infinite matrix of moduli C;. When tg is

used instead of tF(w) (resp C,), (3) gives the two specializations of (1) for a two-phase material which
are the HS (Hashln—Shtrlkman) bounds [1963] for all the spatial distributions of the phases a and b
characterized by the shape V.

Equations (2)—(3), which hold for moduli tensors C, have corresponding forms for the related com-
pliance tensors § = C~!, when the appropriate modified stress Green operator integral (stress Green
operators or GO, for short) ¢/ }?/h is substituted with tgb.

Table 1 collects the nonzero terms of these strain Green operators tgb and stress Green operators ¢’ }V/h
for the sphere, the x3-oriented platelet and the x3-oriented fiber. They depend on the two constants

for the isotropic elasticity of a matrix phase of shear modulus  and Poisson coefficient v.

For isotropic properties that are represented by rank-two tensors, as dielectric ones [Helsing 1993; Fan
1995; Kanaun 2003], there is no term A and the term B acts as the inverse of the dielectric constant. The
relationships between these operators, for any ellipsoidal inclusion type V [Zeller and Dederichs 1973]
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Table 1. Strain Green operators ¢ (top table) and stress Green operators ¢’ (bottom table)
for a sphere, an x3-platelet and an x3-cylinder in isotropic media (i = 1, 2).

with Cj, = (S)~!, are described by

1y =Cp—Cp:tl :Cp, and t) =S,—8,:t'g S, (4)
A well known property of platelet operators that are related to a same normal direction o is their direct
relation to the stress and strain jumps on both sides of a phase interface with normal @ [Walpole 1978;
1981]. Less known is that any GO, (resp. GO, ) operator related to an ellipsoidal shape of inclusion
or distribution can be decomposed into a weighted average of GO, (resp. GO, ) platelet operators over
all directions @ in space, according to its polar or spectral decomposition given by the Radon inversion
formula [Gel’fand et al. 1966; Ramm and Katsevich 1996], that is,

1l = /Q Wil dw ; t§= /Q ¥ ()t's do )
In the isotropic (spherical) case, the weight function of this decomposition (¢ " (w) > 0, fQ ¥v(w)do=1)
uniformly equals tﬁSPh (w) = (47)~!, while for a platelet of @y normal it reduces to a Dirac function if
WP @0) () = §(w — w0). For w -oriented cylindrical fibers, the weight function 1//F @0) () equals (27)~!
for all directions normal to the fiber axis @( and is zero otherwise. These Radon forms of Green operators
have been discussed in [Franciosi and Lormand 2004; Franciosi 2005; 2010] for inclusions of various
shapes and inclusion patterns of various spatial arrangements.

Further properties of platelet Green operators. Simple mathematical manipulations allow the demon-
stration (Appendix A) that for two-phase laminates in relative phase proportions c,, cp, the effective
moduli take the symmetric form that appears in [Cherkaev 2000] in a less explicit manner:

C) =(C) = cacy ACy 15" - ACy, (©6)
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with (C) = ¢,C,; + ¢, Cp and {C} = ¢,C,; + ¢,C) being respectively the Voigt (V') moduli tensor for
the material [a, b] and the one for its “complementary material” ]a, b[ defined by an interchange of the
phase proportions, say ¢, of phase b and ¢, of phase a. The dual expressions to (2) and (3) for the
effective compliances S;”[/7 = (C;"‘,g)*l read as follows (Appendix B), with AS,;;, = S, — S, and with the
appropriate GO, operator ¢’ ¢, = t’;f‘”) for laminates and ¢’ ¢, = t,ggw) for fibers:

StV = Sh—ca((ASp) ™ —cpt’y ) 7)

a

EJ‘;huation (7) also uses the equations (4), which connect (A S;,|a)_1 to (AC b|a)_1 as they connect @ to
Loy, SQY

(ASp) ' =Cp—Cp 1 (ACH) " 1 Cp, (ACH) ' =8, — Sy (ASpi) ™' 2 Sp (8)

The particular symmetric form reported in (6) for (2) which gives the effective moduli tensor of a two-
phase laminate structure has its equivalent form for the dual effective compliance tensor. Noticing that
(S) £ (C)~"and {S} = ¢, Sy +caSp # {C}7!, it reads

S = (S) — cacsASpia 1[5 ASpa )

with the “stress” Green operator referring to the Reuss (R) compliance tensor {S} of the complementary
composite |a, b[, while (S) = ¢, S, + ¢»Sp is the one of the material [a, b]. From the many relations
between (C), (S), {C} and {S}>, one has in particular the equivalences
ACy, = 1% e R (9 _Ch; ASy = (S} =S8 _ _{81=5 (10)
Ca Ch Ca Ch
Using (10) in (6) and (9) yields these remarkable estimate forms for two-phase laminates:

Cih” =(C)+(C) = Co) 1 i - ((C} = Cp), (11a)
SZf,’Z(‘“) =(8)+({S}—8a): t’g(}w) (({S)—Sp). (11b)

Not only do Equations (6), (9) and (11a), (11b) incidentally provide new relations between the Green
operators of w-oriented platelets associated with a pair of complementary materials ([a, b], ]a, b[), but
they also essentially reveal the role, to be examined later on, of the two-phase complementary composite
la, b[ as a reference medium. The moduli estimates for n types of layers are obtained by recurrence,
adding the n-th layer type to the (n — 1)-laminate previously assembled by adding the (n—1)-st layer
type to the (n — 2) previously assembled ones, and so on. A symmetric form is obtained by averaging
over all possible choices for the order or the layered phases. This symmetric form generalizing (11) to
n phases is to be presented in a separate work.

3.2. Isotropic platelet systems (IPS) for bicontinuous two-phase materials. One of the first proposed
effective moduli estimates for bicontinuous two-phase materials refers to laminate structures. It is the
one which comes from the isotropic platelet system (IPS) introduced in [Christensen 1979a; 1979b].
The IPS estimate is defined as the isotropic averaging of the effective moduli tensor for the w-oriented

3Such as (C): ASpja = ACyp : {S}or (C) : (S) ={C}: {S} =T — fu fpACpjq : ASpa-
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Table 2. Coefficients giving the isotropic average of axially symmetric operators (i =
1,2; j,k=1,2,3).

laminate systems, from (2), (6) or (11a):
CHPS = (4r) ! // C:h %P6, ¢)sin6 do do (12)

where one has, by rotation of matrix [W], the relations (C b(e ¢)),jk1 = Wip Wi, Wi, Wi (C*P(0 O))pqrs.
The IPS, as introduced, was said by the author as “implying intersecting platelets of some kind” and
“suggestive of morphology known as interpenetrating networks” of (two) phases. This IPS results from
performing a geometric averaging process previously applied to isotropic fiber systems (IFSs) in [Chris-
tensen and Waals 1972], fiber systems which will be examined later on. With considering layers of the
two constitutive phases (p, g) of the material, this IPS estimate is expected to ensure some isotropic
phase cocontinuity; because, as underlined previously, for each @ direction the layered structure ensures
the phase cocontinuity normally to @ and because  is taken to span the whole space. However, no
material strictly having that type of phase organization is realizable: if it happens that normally to one
direction @ the two phases (p, ¢) exhibit a laminate-like organization, there is no direction @' # +®
possibly exhibiting the same organization simultaneously. Aware of this, Christensen imaged the ar-
rangement of this IPS structure as an isotropic aggregate of w-oriented laminate domains, but this does
not satisfactorily depict an interpenetrating network of two phases, and the effective properties of such
an aggregate of laminate domains are not properly estimated by (12). An aggregate of laminate domains
is more convenient to describe planar slip in grains of polycrystals, as used by [El Omiri et al. 2000] for
plasticity modeling.* Conversely, this slip description illustrates what kind of trans-granular continuity
one can expect between the layers of a same phase which are randomly oriented from grain to grain: it is
no more than the possible slip continuity between neighboring grains. A better estimate for the elasticity
moduli of an aggregate of laminate domains is the one obtained from the SC approximation

1 -1
c*=c*—<< i / (€ =Cro)" =) dw) +tSPh> : (13)

where the tensors C”w are the moduli tensors for the w-oriented laminated grains, given in (6) and
(11a). The IPS estimate from (12) is definitely different from the one of (13), to be denoted ISCP in
further comparisons. As is easily checked for the shear modulus in the case of two incompressible phases
(combine (6) and (13) with using Table 2), when the phase contrast becomes infinite (taking one phase
as void-like), this ISCP estimate goes to zero as the Reuss (R) and the HS(—) lower bounds, although in

4See also [Franciosi and Berbenni 2007; 2008] for laminate modeling of plastic slip in polycrystals.
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a much slower manner. An interpretation is that even if large and intricate clusters of both phases exist,
due to trans-granular chord connections between layers of a same phase, the probability of finding an
infinite homogeneous path from grain to grain goes to zero with increasing the grain number to cross,
and infinite clusters of each phase therefore have vanishingly small contributions. However, the quite
high stiffness of the ISCP estimate from (13) makes it probably convenient for intricate mixtures of long
tortuous fibers, as in cotton-like tangled or muddled assemblages of two fiber types, for example.

It is clear from all what precedes that the morphology types represented by (12) have to be seen as
having the properties of an IPS more in a statistical way than effectively, owing to the impossible IPS
topology as strictly defined. It is noteworthy at this stage that (12) has a likely interpretation in terms of
a Radon inversion formula, as (5) has for the stress and strain Green operators: (12) can be understood
as some spectral decomposition over a set of elementary effective moduli tensors, each representative of
a typical planar connectivity property for layers of the materials of concern.

This interpretation would result from particular assumptions on the effective properties at the level
of the material sections as exemplified in [Errabii et al. 2007]. Consistently with this view-point, the
Christensen interpretation becomes acceptable provided the essential modification we here use that the
involved representative “phases” a and b for the layer types are not the constitutive phases (p, g) of
the material but are the homogeneous materials “equivalent” to the two types of its p|g and ¢g|p het-
erogeneous sections, in a way which has to be appropriately defined, as examined in the following.The
isotropic arithmetic average from (12) of an operator C*¥ that corresponds to a structure with an x3-
oriented symmetry yields an isotropic tensor with eigenvalues which can be simply explicated using the

relations

0
Cz?ff =15 5(Ciin + Cz*m 2C%) + 15 15 5(6C)55 +5CT)),

C*ISO + 2C*150 i3 (C3333 —+ ZC*O + 4C”33 + 2C1122)

iiii iijj iiii

(14)

In (14) the coefficients are the isotropy coefficients of Table 2, obtained by solving simple trigonometric
integrals. The IPS estimate from (12) results from using, as C *0'in (14), the laminate effective moduli
given by (2) with the GO, of the x3-oriented platelet given in Table 1, top. Now, a theoretical form of
interest for the effective IPS properties can be obtained from (11a) as

c*’ 1oy (@)
CiIPs = / ©) 40> = (€)= cacs ACha : <f {2} dw) : ACha
Q Q

4 T (15)

= (C) — cathAChia : i) : ACpia = (C) + ({C} = Co) : ;) : ({C} = Cp).

The important result expressed by (15) is the symmetric dependence of the IPS on a single operator.
This point will be of use in the sequel. In (15), the operator t{C} is the GO, for a spherical inclusion
embedded in a matrix of moduli {C}, given by its polar (Radon) decomposition in (5), where a and b
are the effective properties of the representative planar sections which will be estimated in the following.
In terms of compliances, although S*P(w) (O +P() y~!, one has, in general,

*IPS (4 ) lfs* (a))da);ﬁ(C*IPS

This dual average (to be examined in a separate paper) corresponds to dual stress conditions that are not
expected to be fulfilled by the phases of cocontinuous structures.
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3.3. Link and differences between the IPS and the isotropic self-consistent (ISC) estimates.

Compared IPS and ISC estimates in terms of reference medium. The self-consistent (SC) approximation
for aggregates of congruent grains is considered to account well for a phase continuity inversion in
two-phase materials when the dense/dilute concentrations are inverted and for an intermediate domain
of bicontinuity. When the grains are as flat as layers of a laminate structure, the SC approximation is
also given by (3) because the HS(+/—) bounds coincide in this case. The calculation of the SC ap-
proximation is recalled in Appendix B. As the IPS estimates, various isotropic SC (ISC) approximations
can be obtained with considering the various sets of reference phases (a, b, . . .) that result from some
preliminary homogenization level(s) on the constitutive phases (p, ¢, ...). Remarkably, it is shown in
the Appendix C that for two-phase materials and in the isotropic case, the ISC estimate can be also
written under a form similar to the IPS estimate in (15), say

C*ISC (C) + (C*ISC C): t?:%c : (C*ISC Cy))=(S *ISC)f (16)
Equation (16), as a particular form of the ISC approximation for two-phase material not found in the
literature to the authors knowledge, provides when comparing with the IPS estimate in (15) new insights
of interest with regard to phase cocontinuity representations. For any phase number n — 1, the generally
implicit ISC estimate is fast calculated iteratively from an explicit one such as (1), using an arbitrary initial
admissible matrix as the n-th phase. For two phases, one verifies that it can be also fast iterated from
the IPS explicit estimate of (15) that converges to the form of (16)°. The new insight from comparing
(15) and (16) can be put as follows: the SC approximation treats the two-phase material as a three-
phase structure where a matrix of infinitesimal volume fraction (the reference medium) embeds the two
types of grains. While in the ISC approximation the reference medium (the infinitesimal matrix) is the
homogeneous equivalent material itself, in the IPS estimate, (15) identifies the third phase reference
matrix to be a Voigt-type (V) structure of the complementary composite ]a, b[. A comparison of (15)
with (16) conversely provides for the IPS estimate the form which enters the general expression reported
in (1) as

¢t = (01— ((caldCr = =42 +er(Cr—C =) ") +8) T as)

The similarity established here allows a sound understanding of why the IPS estimate has a strong
legitimacy to represent structures having (no matter how) a total cocontinuity of the two phases over the
whole range of phase concentration: the reference structure of the IPS is shown to be an aggregate of two
phases embedded in an infinitesimal third phase layer of the complementary composite ]a, b[ arranged
into a parallel-like (Voigt-like) mixture of the two phases, where the dilute phase of the bulk is dominant.
The consequence is that, considering a highly dilute phase a (resp. ) in the bulk, isolated grains of phase
a infinitely far from each other remain connected by the infinitely extended interfacial links in the layer
where phase a (resp. b) highly dominates. Conversely, highly concentrated grains of phase b (resp. a)
only need a little quantity of phase b (resp. a) in the matrix layer for helping being interconnected.

5The same holds for n > 2 using the appropriate forms for the IPS- and the ISC-related estimates that we have obtained and
are not discussed here
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Compared IPS and ISC estimates in terms of phase cocontinuity requests. One second important request
for an IPS to be consistent with the cocontinuity of the constitutive phases is for the through-section
continuity to be at least partially fulfilled by both phases. For example, planar sections of pure phase p
or g are inconsistent with through-section cocontinuity. Planar sections where the phases p and ¢ are ar-
ranged in Reuss-type (R) or in HS-type manners are also incompatible with through-section bicontinuity,
and so on.

In comparison, making use of an ISC approximation to describe a bicontinuous two-phase medium
(p, g) as an aggregate made of grains a and b, requires these grains to be, at least partially, bicontinuous
for a possible phase bicontinuity in all proportions though the grain boundaries. Grains of pure phase
(a = p, b = q) are consistent with bicontinuity only at comparable proportions of phases (a, b). Grains
of Reuss-type effective properties are not relevant at all concentrations because they yield no continuity
when the Reuss-type grains dominate. Grain mixtures of HS(4/—) types are consistent with only partial
bicontinuity because of the embedded phase part, etc.

In consequence, in order to make the phase cocontinuity possible through material layers in a laminate
description or through grain boundaries in an aggregate description, at any phase concentration, we have
referred to fiber systems to describe the effective properties of representative layers and grains.

4. The description of the phase cocontinuity from fiber systems

We consider two-phase isotropic materials (p, g¢) of the reinforced-matrix type, with a part of the p
(resp. q) isotropically oriented inclusions being taken as infinite fibers. The presence of such infinite
fibers in these “reference reinforced matrices” ensures a cocontinuity of the two (matrix and fiber) phases.
Continuous orientation sets of infinite fibers are called fiber systems in general, as illustrated on each
side of Figure 3, and isotropic fiber systems (IFSs) in the particular isotropic situations. Assembling

Sectionof P fiber systemin Q

Figure 3. Typical planar sections of isotropic fiber systems.
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aggregates of grains of types a and b made of such phase cocontinuous materials (¢ C p fora and p C g
for b), also ensure long range cocontinuity of the two phases p and g. Now, planar sections of such
IFSs are, as drawn in the middle of Figure 3, assemblages of elliptical domains possibly exhibiting all
sizes, aspect ratios and orientations. In reconstructed laminations from piling the two types a(g C p)
and b(p C q) of such sections, both phases p and g are possibly continuous between neighboring layers
similarly described. Thanks to contacts between surfaces of a same phase p (resp. ¢), these phase
connections across layers a and b allow realizations of continuous arrangements of the phases p and ¢
a priori along all through-layer directions. Consequently, taking sections of IFSs as reference layers in
a layer-based homogenization approach of the IPS type or taking grains of IFSs as reference grains in
an aggregate approach of ISC type are two descriptions consistent with the possible cocontinuity of the
phases throughout the material volume. The so-obtained two estimates from this two-scale procedure
will be denoted IPS-IFS and ISC-IFS, respectively.

From their distinct definition or construction, a slight difference distinguishes these two structures and
consequently their related estimates. This difference, as made precise later, concerns the limit situations
when going either towards null or total phase cocontinuity. Towards null cocontinuity, the difference
rests in the amount of residual phase cocontinuity, vanishing to zero in both descriptions but not being
rigorously prohibited by construction. A larger residue probably is likely for the layer-based approach.
Conversely, towards the total cocontinuity, reintroducing dead branches in the sample spanning clusters
of each phase is not rigorously impossible by the structure constructions, either when piling layers of
when assembling grains.

Isotropic fiber systems in real materials with two homogeneous phases are realizable in a concentration
range that depends on the considered number of fiber directions to realize isotropy. Dendievel et al. [2002]
have shown the realizability of fiber arrangements having dodecahedral symmetry (Figure 4a) and it has
been established in [Franciosi 2005] how and why finite sets of directions belonging to the dodecahedral-
icosahedral symmetry class yield isotropic mean Green operators and consequently isotropic effective
properties. Such patterns can be taken as representative of elementary volumes in real fiber systems,
as with those exemplified in the middle and right portions of Figure 4. Unavoidable fiber waviness
(tortuousness) to reach high fiber concentrations does not much affect the topology of planar sections. The
comparison of Figure 3 with Figure 2 shows that the main missing topological properties in our idealized

Figure 4. Left: isotropic fiber system built by Dendievel et al. [2002]. Middle and right:
real dual 3D isotropic fiber structures.
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section description (in addition to the disregarded p C (¢ C p(---)) multiply embedded patterns) are
this nonzero tortuousness of the fibers and the nonconvexity of the 2D bounded domains in the planar
sections of real materials. However, we consider that neither one is essential in defining which of the
two phases is macrocontinuous in sections. Still, for the sake of simplicity, aside from the infinite cluster
of each phase represented by the infinite fibers as assembled, the possibility of finite clusters and of dead
branches has been globally accounted for by a volume fraction of spherical (thus embedded) domains,
owing to the overall isotropy assumption®.

4.1. Effective moduli for generalized IF Ss.

Isotropic fiber systems. The effective moduli for such IFS structures are obtained, following [Christensen
1979a], by “averaging an assigned strain state” over all the positions in space of a directional fiber system,
as done for the effective moduli of IPS structures from a laminate. The average over the stresses that
results from imposing the same strain in all possible directions with regard to a directional fiber system
w is taken as equivalent to the stresses obtained when imposing the strain on a material reinforced with
an isotropic orientation of fibers. Using (3) with (a, b) = (p, ¢) and ¢, = f,, ¢y, = f; as the nominal
phase concentrations, the resulting effective moduli for the IFSs upon averaging on @ = (@, ¢) over R?

read . i

s *

C*IFS / Cqu (a)) do C*IFS / Cq Cp(w) (17)
ped o 4m ’ acr o 4n

The explicit forms of these IFS moduli result from using the coefficients of Table 2 with the effective
moduli of the x3-oriented fiber systems from (3), for which the GO, of the x3-cylinder given in Table 1,
top, is introduced. The IFSs are the isotropic superposition of directional @-oriented fiber systems whose
effective moduli C;ﬁfj’) and C ;ég‘)) are the HS bounds for transversally isotropic material of the w
symmetry axis. As in the platelet case, the average over all w directions does not fulfill the inversion

property, say
w)
S*IFS /;2 ch ( dow & (C*[FS) ’

rcq 47 rCq

although S;?;” = (C;;lé(q‘”))_1 (and likewise with ¢ C p) and the compliance averaging from the request
of stress compatibility between the fibers and the entire RVE does not correspond to a characteristic of

cocontinuous structures.

Generalized isotropic fiber systems. The generalization of the IFS that is introduced allows the construc-
tion of partially (total to null) cocontinuous phase arrangements. We introduce the fraction ¢, of the phase
p consisting of infinite fibers included in the reference reinforced matrix ¢, and conversely ¢, for fibers g
in matrix p. If phase p is included with a nominal concentration f),, then the fraction of infinite fibers p
is ¢, f, and it represents the fraction of phase p that belongs to an infinite (sample spanning) cluster; this
is the fraction of phase p that carries the applied “loads” and transfers the properties. The complementary
fraction of finite (embedded) clusters or dead branches of phase p is (1 —¢,) f),. These two parts are
related to the fraction of clustering and nonclustering (blocking) events, respectively [Torquato 2002].
We call ¢, and 1 — ¢, the infinite and finite cluster fractions of phase p, and likewise for phase g; the
fractions ¢, and ¢, are independent and generally different.

5The isotropic analysis can be transposed to overall ellipsoidal symmetry for the material.
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When all fibers are infinite (total continuity of both phases), one has ¢, = ¢, = 1 and we denote
C ;Ilf;s and C;‘lllljs as the effective elastic moduli of these maximal IFSs, where the involved two
homogeneous phases have moduli C), and C,. Taking these “IFS” effective moduli estimates as
the effective moduli of the p|g and ¢g|p planar sections of the two-phase material normally to any
direction w will ensure the through-layers continuity of the p and g phases together with their
ensured continuity normal to each w by the laminate structure. Any @-oriented laminate system
IES IFS
qlp plq
or by (6) or (11a). The proportion of “phase a” (corresponding to matrix p having a continuous
reinforcement of phase ¢) is ¢, = 1 — ¢, (resp. b for matrix g continuously reinforced with p). An
aggregate made of these two types of grains will also ensure the phase cocontinuity in the whole
medium.

made of layers of these two phases, say (a, b) = ( ), has effective moduli given by (2)

When one of the two phases, p or g, is in the totally embedded situation in the other phase, one
has ¢, = 0 or ¢, = 0, respectively, since no infinite fibers exist. The effective properties of the
corresponding layers (a) are the isotropic HS (IHS) bounds for the p matrix reinforced with the
spherical inclusions taken to globally represent finite isotropic embedded clusters of phase g (resp. b

IHS IHS) ond the
qlp plg

appropriate sphere GO, operator in (3). Effective moduli for laminates made of these two layer types
are still given by (2), (6) or (11a). Note that piling sections which have isotropic effective moduli
given by C;’;}?S and C;llllfs is supposed to account for the limit of no through-section cocontinuity
of the phases. However, it does not totally exclude this cocontinuity since in a layer of type (a)
considered as embedding isotropic domains, connections with the matrix of phase ¢ in adjacent
layers of type (b) can be limit possible situations where single inclusions could link adjacent layers
as shown with the small arrows in Figure 5, left. This makes a slight difference between the IPS and
the ISC estimates, as defined, since assembling grains with these same C*!S and C*S moduli more

prlg qlp
definitely excludes the cocontinuity of the phases p and ¢ when one of the two phases is in dilute

for p in g). The calculation proceeds as in case (i), while taking (a, b) = (

® o
®
X e ~)
o )
)
= NN N
O o)
S e
N NN N
(€]
e ,©

Figure 5. Situations of residual phase cocontinuity in the IPS layered construction (left)
and the ISC aggregate construction (right).
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concentration: when direct connections between grains of same phase are not enough, cocontinuity
through grains of different types a and b would only happen if there exist, as in Figure 5, right,
chains of domains ¢ embedded in phase p which are at contact inside grains of type (a) such
as to connect, along paths indicated by the arrows, with the matrix g of neighboring grains (b),
which has a low probability of happening. This is a similar reasoning which yields to expect more
reintroduction of dead branches in piling layers than in assembling grains at the opposite limit of
total phase cocontinuity.

(iii) Partial phase cocontinuity possibilities correspond with 0 < ¢, ¢, < 1. We use a two-step homog-
enization procedure for successively “embedding” first the finite (spherical) domains that stand for
all the finite clusters plus the dead branches and second the infinite fibers. For phase p in g the
fraction k, = (1 — ¢,) fp # 1 — K, of spheres and the subsequent amount

of infinite w-fibers’ in the modified matrix ¢ of moduli C'q (resp. for phase g in p), one has

2 S s _ y -1
Cri\? =€y —E,((Cp—Cp) ' = (1 - c,,)tgq“”)) : (18a)
o _ -1
Cy=Cy—icp((ACy )" = (1 —p)t") (18b)
The general IFS(¢) moduli estimate is then given by
y é*F(w)
IFS(¢p) _ pCq
G = | e

as in (17), which corresponds with k, =k, =0, say ¢, = f, =1 —-¢, =1 — f,, in (18). The
case of null cocontinuity corresponds with x, = f, =1 —«, =1— f;, say ¢, = ¢, = 0. The
infinite cluster fractions ¢; (f;) of each phase (p, ¢) are similar to the continuous volume fractions
of [Lee and Gurland 1978] (see [Ravichandran 1994; Fan 1995]) but are not the same: even when
the continuous fractions reach unity, which corresponds with a single (necessarily sample spanning)
cluster of each phase, the infinite cluster fraction ¢; ( f;) may remain smaller than unity because of

the possibility of dead branches. But this is a detail.

O<¢,<l1 . . . .
The parameter ¢, = cazf;"c » 1s the volume fraction of a phase cocontinuous material where the phase

q is more alike a partially continuous reinforcement inside the matrix p than the opposite case (resp. for
cggil’;ql =1 — ¢, when interchanging p and ¢). It clearly characterizes the cocontinuity asymmetry
for the two phases (p, ¢) and we here call it the “clustering symmetry factor.” In the limit case of no
cocontinuity, ¢; (f;) = 0, it plays the same role of phase continuity inversion (or percolation transition)
as the “matricity” parameter introduced by [LeBle et al. 1999], although not defined similarly. From now

on, one will mainly examine the IPS-IFS and ISC-IFS estimates with

@ b) = (IFS(]bq IFS¢,,>’
qlp  plg

Cp =

"The second dilution of a volume fraction ¢ p of phase p after a first dilution of volume fraction «,, must match the total
value [, accounting for the lost part ¢« ), due to overlapping inclusions (resp. g).
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which read, from (15) and (16),

h

CIPSIES () = C3IFS = (C) + ({C} = Ca) 1 1) ({IC} = C), (192)
EkaISbCZl;)S ( fp ISCIFS ( ) + (CISCIFS a) tzIIJShCIFS (CISCIFS Cb)- (19b)

The infinite cluster fractions 0 < ¢, ¢, < 1 and the clustering symmetry factor 0 <c, =1—¢, <1
may depend on the phase concentrations. The laws ¢, (f,), c»(f;) and ¢;(f;),i = p, q are expectedly
monotonous increasing functions of the phase concentrations, but it is not impossible, as will be seen,
to realize structures corresponding with decreasing evolution laws for ¢, (f}), ¢, (f;). The introduced
phase continuity parameters are clearly related to phase clustering properties. Their definition is enough
to allow measuring them, perhaps with the help of some tools from mathematical morphology and 3D
image analysis. The precise relations of these parameters to the microstructural descriptors of systematic
theory [Serra 1982; Torquato 2002] call for mathematical developments out of the present scope.

4.2. Phase concentration dependency assumptions for the phase continuity parameters. Considering
phase concentration dependency makes sense in the cases when well-controlled structures can be realized
at different phase concentrations without affecting any other property or characteristic. We use empirical
forms to identify some general trends from comparisons with various data sets.

(i) For the independent infinite cluster fractions ¢,(f},), ¢4(f;), we have used

Gio(di1 — ¢tk)( f’) + i1 (dix— d)lo)(ﬁ)

éi(fi) = — Jik I . o)
(Pi1— ¢zk)< jjf?k> +(¢1k—¢lo)<]{j’> i=p,q a

with, in general, P; > 0 and 0 < ¢;0 < ¢ix < ¢;1 < 1. For all P; # 0, the inflexion points have
coordinates (fix, ¢ix) with O < fyk, fox < 1. When P; = 0, the partial continuity of the phase is
constant at ¢;,. The ¢;(f;) functions are involved as a factor of (f;). These two parameters should
not be phase contrast dependent, which is a characteristic allowing to check the relevancy of their
definition.

(i1) For the clustering symmetry factor ¢, (f,) =1 —c,(f,;), we have used the similar form

Cac(fp/foe)™
ac(fp/fpc)M + Cbc(fq/ch)M

For all M # 0, the inflexion point has coordinates f,c =1~ fy¢, Cac =1 —cpe. When M =0, the value
of ¢, fixes the estimate position between the limits IFS(¢), for all f,.. When M > 0, the transition
is from the lower limit to the upper one, and the opposite occurs for M < 0. The larger is the value
of |M|, the sharper the inversion of the cocontinuity symmetry at that point. The variation of this
clustering symmetry factor form can be expected to be dependent of the phase contrast because in
our two-scale homogenization scheme, it interconnects intermediate IFS(¢) phases (C,, Cp) which
are not of constant microstructures (as they are made from mixing the constitutive ones (p, g) with
concentration-dependent ¢, ( f},) and ¢, (f;) continuity characteristics).

Ca(fp) Cb(fq) fpc + ch =1, cactcpe=1 (20b)
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5. Result comparisons with numerical and experimental data

The so-defined generalized IFS(¢) estimates are taken for the effective properties of the two representative
layers in IPS descriptions for two-phase materials from (19a). They are taken as well for the effective
properties of the two representative spherical domains in isotropic self-consistent (ISC) descriptions of
the same materials from (19b). Note that planar sections of such two-phase aggregates are 2D patchworks
of the same two types of domains as those directly introduced in the layer-based approach. The IFS
aggregate is expected to be phase cocontinuous at all concentrations provided ¢, ¢, # 0, as both grain
types are phase cocontinuous in that case. The IPS that reassembles sections of IFS aggregates is also
expected to be phase cocontinuous at all concentrations when ¢, ¢, # 0 but possibly with some residual
bicontinuity when ¢, = ¢, = 0 in the layers, as described in Figure 5, and similarly some dead branches
are reintroduced when ¢, = ¢, — 1. It will be shown, indeed, that the two obtained IPS-IFS and ISC-
IFS estimates are identical for the various examined structures when phase bicontinuity in the IFSs is
significant and high (no apparent difference towards total bicontinuity), while in situations of vanishing
bicontinuity in the IFSs, the ISC estimate involving IHS grains is slightly sharper than the IPS estimate
using [HS layers.

Table 3 presents the genealogy of the calculated and compared estimates that are linked in columns
from the phase pairs (a, b), the pair Voigt—Reuss(a, b), the pair IHS(+/-)(a, b) and the pair IFS(+/-)(a, b).
The estimate from (13) for the aggregate of laminates denoted “ISCP” has been placed in a remaining
free cell of the table. The total number of examined estimates is 15, including some cases that have
been pointed out as inconsistent with the possible cocontinuity of the phases (namely, the IPS estimates
combining either V and R layers or IHS(4-/—) layers, and the ISC estimates combining either V and R
grains or IHS(4-/—) grains). The analytic expressions for the effective shear modulus in the incompress-
ible case (for the two phases a, b) are summarized in Appendix C for the IFS, IPS, IHS and ISC estimates,
plus, as a sixteenth estimate, the dual IPS one from the compliance approach of (11b). Typical curves
for all of the IPS and ISC estimate types that have been considered are plotted in the left and middle

isotropic fiber
a/b VR(a, b) HS(a, b) HS(a, b)
isotropic
ISC[Pw(a, b)] FS[FHS(a. b)]
laminate laminate laminate laminate
la/b] [VR(a, b)] [(THS(a, b)] [IFS(FHS(a, b))]
isotropic isotropic isotropic isotropic
PS[L(a, b)] PS[L(VR(a, b))] PS[L(IHS(a, b))] PS[LAFS(FHS(a, b)))]
isotropic isotropic isotropic isotropic
SCla, b] SC[VR(a, b)] SC[IHS(a, b)] SCIIFS(FHS(a, b))]

Table 3. Genealogy of the 15 estimates performed. and notations. VR = Voigt—Reuss;
HS = Hashin—Shtrikman; FHS = fiber HS = HS bounds for (a,b) 1D-fiber structures;
FS = fiber systems; L = laminate structure; PS = platelet Systems; SC = self-consistent
estimate; IHS, IFS, IPS, ISC = isotropic HS, FS, PS, SC.
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Figure 6. Comparison of moduli estimates for porous materials. Left: estimates not
involving (20). Middle: IFS limits and related IPS-IFS and ISC-IFS estimates for M =0,
M =2, and M = 5. Right: Matching the FFT estimate for a point structure with the
IPS-IFS and ISC-IFS estimates.

portions of Figure 6 for an incompressible two-phase material with a void phase, say (v, = v, =0.5),
(g /1p = 0). To save space, the rightmost part of Figure 6 reports with some anticipation the match
of the IPS-IFS and ISC-IFS estimates with an FFT calculation on a simple point structure in the case of
nearly zero contrast: g /pm, =5 X 1073 (see Figure 7, left, on page 749, for an illustration).

Figure 6, left, shows plots of the 9 estimates obtained from the pure phases (p, ¢), namely, the V/R
bounds and the two IHS bounds, the IPS, the ISC and the ISCP estimates and the two IFS limits at
¢p = ¢, = 1. The upper IFS estimate, uips4) = (1 + %fq)fp,up/(l + f4). is closely below the upper
IHS bound puns+) =3 fpup/(3+2f,). The nonzero lower IFS estimate, pips(—) = % Sfpltp, is far above
the IHS lower bound that is zero when f, # 1. The IPS estimate, pps = % fp1p, is between the two
IFS limits in all of the phase concentration range, going from the upper IFS limit to the lower one. From
Appendix C, ups and pips(—) make a singular jump from respectively % and % to 1 at f, = 1. When the
phase ¢ is a void phase, neither the ISC estimate (which is linear from O to u, between f), = % and 1)
nor the ISCP estimate (which goes to zero at all concentrations f), # 1) remain between the IFS limits
for all concentrations or for all contrasts.

The dual IPS estimate from the arithmetic mean over compliances, not plotted but given in Appendix C,
also remains close to the IHS lower bound and goes to zero in the void phase case. Figure 6, middle,
illustrates the flexibility of the two IPS-IFS and ISC-IFS estimates by reporting a typical case of no phase
concentration dependency (M = Py = P, =0, ¢4 = cpe = 0.5, ¢pr = ¢pgx = 1) and examples of phase
concentration dependency for M =2 and M = 5. They correspond to the cases denoted by 000 and
MPP in Table 4 (page 751), which summarizes all of the parameter values for the performed calculations
presented next. The same graph also shows the close proximity of these two estimates arising from
two different routes in a few representative cases. The simultaneous match, in Figure 6, right, of the
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Figure 7. Numerical structures of random points (left), overlapping spheres (middle),
and Voronoi cells (right).

IPS-IFS and ISC-IFS estimates with the FFT calculation for the point structure, has needed the use of
nonconstant ¢ functions (P; = 4); this is because, as expected, point structures are only bicontinuous in
the range of comparable concentrations of the two phases, with the continuity of each phase increasing
with its concentration. The already-marked stiffness of the ISCP estimate at this still high contrast,
compared to the still nearly zero IHS lower bound, is noteworthy. Figures 7, 8 and 9 illustrate the
various numerical or real structures for which available moduli calculations or measurements have been
compared to the proposed IPS-IFS and ISC-IFS estimates and to some of the other ones. Figures 10-13
report the performed estimate comparisons of the (shear or Young) effective moduli.

5.1. Structure types investigated. The three parts of Figure 7 show numerical structures obtained by
random point processes. The elementary cube has 1283 voxels. In the point structure of Figure 7, left,
the point number is directly the second phase volume part. In the middle figure, they are the centers of
overlapping spheres having all the same radius. In the rightmost figure they are cell centers from which
Voronoi structures with different wall thicknesses are built. The overlapping sphere arrangement is
known to have a quite large and asymmetric domain of cocontinuity (from 0.30 to 0.95, approximately).
The phase contrast inversion matters in this case. This sphere structure is varied in concentration by
modifying the sphere radius. The Voronoi cell structure is expected to have, at all phase concentrations,
a continuous wall phase separating polyhedral inclusions, without any bicontinuity. The phase concen-
tration is varied by changing the wall thickness and the grain number. If holes happen in walls that are
too thin, such Voronoi structures can turn into bicontinuous ones. Piercing or removing walls is a way
to create bicontinuous structures.

The parts of Figure 8 present the different phase arrangements obtained from a Poisson—Voronoi
tessellation process. Figure 8, left, is obtained by removing the cell faces in a Voronoi structure, just
keeping the edges and vertices that remain connected into a continuous second phase reinforcement.
This is typically a bicontinuous structure that is expected to be totally bicontinuous (TBi). When the
walls are too thin (middle figure), edges can be broken when removing the faces, which yields partial
bicontinuity (dead branches in the continuous reinforcement) and possibly a phase continuity inversion
with a connected matrix including discontinuous reinforcements (PBi/I). When conversely the walls are
too thick (right figure), edges and vertices dominate and there are not enough face points left to connect
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Figure 8. Bicontinuous structures. Left: removing wall faces of Voronoi cells. Middle:
partial or inverted phase continuity if thin wall edges have been broken. Right: Voronoi
type if walls are too thick.

Figure 9. Left: numerical bicontinuous structure of [Chen et al. 2008]. Middle, right:
PS and PP bicontinuous polymer blends prepared and examined by Veenstra et al. [2000].

the cell phase by piercing the walls. The structure remains of the Voronoi cell structure type, with only
some finite clusters of connected cells and no bicontinuity. Estimates for Voronoi cell structures are not
reported.

Figure 9 illustrates some examined structures taken from the literature. The diagram on the left, from
[Chen et al. 2008], is a numerical structure of the nonparticulate type created from a random point
process that results in an intermediate range of phase bicontinuity. FEM calculations of the effective
Young modulus have been reported for moduli values given to the phases that are typically those of an
epoxy-glass mixture (1, = 1,26 GPa, v, = 0.35), (u, = 30GPa, v, = 0.22). The other two parts of
Figure 9 are views of two types of polymer blends prepared and investigated by Veenstra et al. [2000].
The two materials (PS and PP for, respectively, blends of polyethylene with poly(ether-ester) and blends
of polypropylene with styrene (ethylene-butylene)) exhibit a phase cocontinuity domain of variable extent
where their structures are typically sponge-like, as exemplified in the figure. For comparisons with the
two PS blends (denoted PSi and PSs), we used E}° = 2800 MPa, E;® = 48 MPa, and for the two PP
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blends (PPi and PPs), we used E;’P = 1000 MPa, E(';P = 3 MPa. Since the phase Poisson ratios were not
given, we used an arbitrary homogeneous value, which does not matter because the Young’s and shear
moduli are proportional then. However, the assumption of the same Poisson ratio for both phases makes
these comparisons more uncertain. The estimates for these structures are reported versus the hard (PS or
PP) phase concentration.

5.2. Main results and discussion.

Estimated effective moduli and comparisons. According to the case, either the estimated effective shear
modulus or the effective Young’s modulus (normalized in the case of Chen data) has been reported for
the various mentioned models. Most of the calculated moduli estimates for the structures of Figure 7
and 8 assume the same incompressible phases v, = v, = 0.5 with a contrast (,/p, =4 X 10~3) for the
shear moduli. Some calculations with a weaker or a higher contrast for the phase shear moduli (between
0.1 and 0) were also performed for further discussion. For comparisons, the shear effective modulus was
calculated by using the FFT method as detailed in [Brenner et al. 2009] for its implementation. For the
IPS-IFS and ISC-IFS estimates, we collect in Table 4 the phase continuity parameters involved in (20)
that have provided a good match with the compared data sets. No numerical algorithm of fitting parameter
identification has been called for because our discussion purpose does not need a perfect matching.

Figures M Jac Cac P ¢min Pmax ok Sk Jak
REF 000 6 middle 0 0.5 0 0 1 0.5
REF MPP 6 middle 2and5 0.5 0.5 4 0 1 05 05 05
FFT PTS 7 left 6 right 3 045 0.5 4 0 1 0.5 045 045
Match ISC 10 left 2 0.5 0.5 9 0 1 05 05 0.5
Match IPS 10 middle —-0.33 0.5 0.8 0 1 1 1 0.5 0.5
Match ISCP 10 right —-0.25 0.5 0.5 1 1 0 05 05 0.5
FFT h SPH 7 middle 11 right 1.5 0.65 0.5 1.5 0 1 0.5 0.65 0.65
FFT s SPH 7 middle 11 middle 1.5 035 0.5 1.5 0 1 05 035 035
FFT vo SPH 7 middle 11 left 2.1 035 0.5 1.5 0 1 05 035 035
FEM CHen 9 left 12 left 1.5 0.6 0.7 5 0 1 05 0 0
FFT TBi 8 middle 12 middle 0.5 0.7 0.7 1.5 025 075 05 05 0.5
FFT PBi/l 8 right 12 right 2 0.5 0.5 3 025 075 05 05 0.5
Exp VEPSi 9 middle 13 top left 5 045 0.5 3 0 1 05 1 1
Exp VEPSs 9 middle 13 top right 4 0.3 0.5 3 0 1 05 0.7 0.9
Exp VEPPi  9right 13 bottom left 04 097 0.7 10 0 1 0.5 0.5 0.6
Exp VEPPs 9 right 13 bottom right 0.3 097 0.7 15 0 1 0.5 045 0.55

Table 4. Coefficients for the IPS-IFS and ISC-IFS moduli estimates to match with com-
pared data and notation (the columns P, ¢min, Pmax, P refer to both phases). For REF
000 and REF MPP, see page 748. ISCP = ISC estimate on PS systems from (13).
TBi/PBi = totally/partially bicontinuous (see page 749). PTS = point structure. EXP
VE PS(i/s)/PP(i/s) = experimental data on polymer blends from [Veenstra et al. 2000].
FEM CHen = numerical data from [Chen et al. 2008]. (h/s/vo) SPH = hard/soft/void-
like spherical inclusions.
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Figure 10. Matching the ISC, ISCP and IPS estimates with the IPS-IFS and ISC-IFS ones.

Figure 10 compares the ISC, IPS and ISCP analytical estimates with the IPS-IFS and ISC-IFS ones
adjusted with an appropriate set of parameters. These comparisons provide preliminary information
about the ranges of parameter values to be explored according to the case. In particular: the ISC estimate
is of the types of reference MPP reported in Figure 6, middle, and it is not much different from the point
structure (Figure 6, right) considering statistical fluctuations; the IPS estimate that goes from the upper
IFS limit to the lower one is matched by using a negative value for the power M and by keeping the ¢;
functions constant and equal to unity (total constant cocontinuity); the ISCP estimate is also matched
with using a negative M value while furthermore making the ¢; functions to decrease from unity to zero,
as if corresponding to the dilute phase gaining total continuity when vanishing while the dense one has
vanishing continuity when approaching unity. This can be understood as going towards a zero phase
concentration under the form of a vanishing but still sample spanning and total cluster.

Figure 11 shows a comparison with the FFT computations on the sphere structures of Figure 7, middle,
considering two different phase contrasts for the soft sphere case in a hard matrix (left and middle) and
the dual structures with soft and hard spheres (middle and right). Figure 12, left, reports the estimates that
match the FEM calculations of [Chen et al. 2008] for the numerical (point-like) structure of Figure 9, left,
(normalized Young’s moduli), a case of moderate phase contrast (E,/E, ~ 0.045). The remaining two
parts of Figure 12 report the estimate for the structures of the corresponding parts of Figure 8, compared
with the FFT calculations. The four parts of Figure 13 match the estimates with the measured values
for the PSi, PSs, PPi, and PPs blends from [Veenstra et al. 2000], corresponding to the last two parts
of Figure 9. The contrasts, respectively, are E,/E, ~ 0.015 and E,/E, ~ 0.003. The concentration
ranges of cocontinuity experimentally estimated are respectively 0.5-0.6, 0.3-0.6, 0.5-0.6 and 0.4-0.8,
say: larger for the (s) samples than for the (i) ones.

Figure 11 and 12 (parts a and c) show estimates of the reference MPP type, corresponding to a
bicontinuity domain between two domains where the dilute phase is expected to be embedded in the
concentrate one. Note that the two dual sphere structures (last two parts of Figure 11) are nicely fitted
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Figure 11. Matching FFT calculations with the IPS-IFS and ISC-IFS estimates for the
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Figure 12. Left: matching the numerical FEM calculations of [Chen et al. 2008,
Figure 3] with the IPS-IFS and ISC-IFS estimates. Middle and right: matching the
FFT calculations for totally and partially bicontinuous Voronoi-based structures with
the IPS-IFS and ISC-IFS estimates.

by the same parameter set, only inverting the value of the critical concentrations (0.35 / 0.65) in (20a)
and (20b). The case of Figure 12, middle, although of the same structure type, corresponds to a smaller
M value and some other distinct parameter values. In all of these cases, the IFS(¢) domain that limits
the data set is regular thanks to a low value of P in (20b), as collected in Table 4.
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Figure 13. Matching the blend data of [Veenstra et al. 2000, Figure 3] with the IPS-IFS
and ISC-IFS estimates. Top row: lower and upper data of Figure 3, left. Bottom row:
lower and upper data of Figure 3, right.

The PS and PP polymer blends exhibit two radically different situations compared to the previous
ones. For the PS case, the match of the data again corresponds to a typical MPP curve, although with a
higher M value (of 5 and 4, respectively, for cases PSi and PSs), in order to give an S shape to the curve
corresponding to M = 5, as in Figure 6, middle. The PP blends show the particularity of a modulus
“jump” when approaching a zero weak-phase concentration, while the PS blends do not. For this PP
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case, the “best match” of the data we have obtained with (20), which is not as good as in the other cases,
corresponds with a very different set of parameters. In particular, the S shape that has been given to
the ¢ curves of (20b) has used high P values and low M values, with inflexion points very far from
symmetrical. Although the compared experimental data for PP blends are more uncertain than the other
data (at dilute concentrations of the hard phase, some points are not even between the V /R bounds),
such a jump to 1 of ¢,(f,) when f,, approaches 100% is in agreement with still partial continuity (dead
branches) of the hard phase when dense and persisting up to the total vanishing of the soft phase. It is
interestingly a case for which the Christensen’s IPS estimate appears quite convenient for a dominant
volume fraction of the hard phase what means a still significantly continuous soft phase when dilute,
especially for the PPs case that exhibits the largest concentration range of phase of bicontinuity. This
IPS estimate is thus proved possibly relevant for this type of materials with cocontinuous phases. It is
also noteworthy that for these parameter sets in the PP cases, a quite marked difference appears between
the IPS-IFS and ISC-IFS estimates in the domain of dilute hard phase, where the estimates remain more
of the IPS-IHS and ISC-IHS type (¢,, ¢, ~ 0), with nearly no cocontinuity in the representative layers
or grains (as described by the high values given to P and to f,.). Accordingly with the difference in
their definitions, the IPS-IFS estimate appears smoother than the ISC-IFS, likely in relation to some
maintained phase bicontinuity. At the other end, when assuming total continuity by ¢, = ¢, = 1, one
could expect for the same reason of construction difference some more dead branches being reintroduced
in piling layers than in assembling grains, but one does not observe a significant difference between the
IPS-IFS and the ISC-IFS estimates then. This yields to considering the IPS-IFS estimate as a smoothed
version of the ISC-IFS one, especially when the infinite cluster fractions ¢,, ¢, approach either 0 or 1.

Phase contrast dependency. We end with these comparisons by checking whether the parameters in (20)
depend on the phase contrast or not. As far as they represent morphological characteristics, they should
be insensitive to the phase contrast in all the cases where the phase composition do not change with the
phase concentration and arrangement. In that respect, the phase concentration dependency of the infinite
cluster fractions ¢, ( f,,) and ¢, ( f,) from (20a) that characterizes the morphology of the individual phases
is not expected sensitive to phase contrast, oppositely with the variation of the clustering symmetry factor
from (20b).

Using the set of parameters given in Table 4, the ISC, IPS and ISCP analytical curves and the FFT
results for the soft sphere structure have been matched with the IPS-IFS and the ISC-IFS estimates for
different phase contrasts ranging between 0.1 and 0.00005. The net result is that the match remained of
similar accuracy, by only modifying the M exponent in (20b) as shown in Figure 14, where the loga-
rithmic plot looks linear, and all other parameters that concern (20a) remaining unchanged®. Reporting
the miscellaneous data for M corresponding to other calculations with a single available contrast case
confirms that the Chen et al. data, the PBi/I data and the ISC plot are similar to the point-structure data
type. Going towards an increase of bicontinuity, as the sphere structures and the totally bicontinuous
(TBi) structures, seems to correspond with a lower but still positive M value. Negative M values for the
IPS and ISCP estimates may also correspond to realizable bicontinuous structures, as with aggregates
of laminate domains. In terms of M value, the PP blends are on the side of the bicontinuous structures,
while the PS ones are quite far above all estimates.

8 Also the inflexion point (fpc, cac) can need a slight adjustment when the phase contrast becomes weak.
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Figure 14. The variation of the M parameter with phase contrast for the different estimates.

The PP and PS blend cases warn that one cannot only compare the M parameter in order to classifying
the structure types but this comparison nevertheless provides interesting information on the different
possible types of phase cocontinuous structures.

Without going more deeply into the details here, it appears from these elements that some typical
trends of phase cocontinuity show up for the different microstructures that have been examined through
the presented two not much different modeling schemes. The parameter sets that provide a good match
with the available data are related to cluster characteristics and percolation features of the phases, here
called the infinite cluster fractions and the clustering symmetry factor. They are measurable quantities
but remain to be connected appropriately to the microstructural descriptors. The fact that one nearly
obtains by two routes using the same representative domains of IFS estimates, the same estimate for
the considered bicontinuous structures can be taken in favor of the relevancy of the given description
to the representative, layers or grains, domains. While the ISC-IFS estimate is implicit owing to the
SC approximation level in it, the layer-based IPS-IFS estimate remains explicit. Towards null phase
bicontinuity, the layer-based approach yields a slightly smoother estimate than the aggregate one, likely
related to a residual phase cocontinuity not totally excluded in the layer approach. Conversely, total
phase cocontinuity in layers does not either totally exclude the reintroduction of dead branches when
assembling the layers, but there is no noticeable difference between the two estimates in that case. These
modeling schemes, which have been presented in details in the elasticity formalism in specifying which
application restrictions should be kept in mind in the mechanical field, also hold to estimating physical
effective properties in all situations for which the homogenization framework holds. The calculation
of the IFS estimates is possible for any phase number, and so are the IPS-IFS and ISC-IFS estimates
when following the same procedure as for two phases. As will be soon presented elsewhere, (19) can
be directly applied to arrangements of isotropic phases in ellipsoidal overall symmetry while using the
appropriate operator for the characteristic ellipsoidal shape. They also likely apply as written in the cases
of anisotropic structures involving anisotropic phases, as the morphological background to account for
phase continuity features remains unchanged.
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6. Conclusion

We have proposed, within the homogenization framework, a modeling scheme which aims at estimat-
ing the effective properties of heterogeneous materials which exhibit a diversity of phase cocontinuity
features for several of their constitutive phases. For mechanical properties, our approach is restricted to
the study of elasticity properties in the unloaded limit and to materials whose structural behavior under
load is not essentially governed by bending or torsion features. The modeling results from the use of a
generalization of the so-called fiber systems combined within either a layer-based or an aggregate-like
approach to describe the material structure and on the introduction of phase clustering characteristics as
phase continuity and cocontinuity parameters. As shown for two-phase materials in the isotropic elastic
formalism, the two obtained estimates are very close to each other for all examined microstructures
over the whole phase concentration range where they present significant phase bicontinuity and regard-
less of the phase contrast. In situations when the phase cocontinuity is weak or null, the layer-based
estimate appears to be slightly smoother than the aggregate-based one because of some residual phase
cocontinuity not totally excluded by the estimate construction. The various performed comparisons with
the experimental and numerical data from the literature and with the FFT calculations performed on
different numerical microstructures have shown the high flexibility of the modeling and its ability to
consider phase cocontinuity characteristics of a large variety of situations. Since, as stressed from the
introduction, platelet (or laminate), aggregate and fiber systems can be defined for multiphase materials
whose phases are of general property anisotropy and are assembled according to an ellipsoidal overall
symmetry, as being presented in a separate work, the application domain of the two proposed estimate
types can be extended accordingly.

Appendix A. Platelet Green operators and moduli and compliance tensors for laminates
The fundamental property of the platelet strain Green operator. From [Walpole 1981], one has
(I—1/)(@): (CP=C): (I —1{)(w): (CT=CP)) =1 (A.1)
for any two phases p, ¢ and any direction @ in space. This property also corresponds to
—1 —1
I = (/) (@) : (CP=C) " +(t5) (@) : (CT—CP)) (A.2)

Thus allows one to write, for all f, =1— f,, the equality C;gfg = C;g‘q‘) for a two-phase laminate as

_ -1 _ -1
CP — f,((CP = €' = forl (@) =C9 = f,((C1 = €)' = fy1l () (A.3)
One backward demonstration results from multiplying (A.3) by (C” — C9)~! to obtain

I=f,(I— fotl)@): (€C"—CD) ™ + (I = fytl (@) : (€7 — )™
=foI =X+ fd =X,

which yields f; (I — (X))™") + f,(I = (X,)™') =0 and (A.2).
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*Pw

2Cp reads

The symmetric form of the effective properties of two-phase laminates. The tensor C

— (€7 =€) = [t @) = CP = £ (CP =€ (I = fptlh (@) : (CP =€)

Using the homogeneity of rank —1 of t(VC,,) with respect to the moduli fpt(%p)(a)) = t(lz,,, /fp)(a)) and
setting C? — C? = C'? — C* with C'? = C?/ f,, C*1 ={C}/ f, yields

(I = fptleny (@) : (€7 =€) = (I = tly (@) : (C7 = C*D)) ' =T —tlyyy (@) : (C* —CP).
The last form results from the platelet property. Using t(’z,*q)(co) = fpt{’;}(a)), we arrive at

— (€7 =€) (I = fotlen (@) : (CP =€) =CP = f,(€P—C): (I - Fotley(@) 1 (C1—CP))
and to (6), (11a) as well as to (9), (11b) for $*F(w) = (C*F (w))~!. Note that {S} # {C}~!.

Appendix B. Properties of the Hashin—Shtrikman (HS) and self-consistent (SC) estimates

The HS estimates. The general form is glven in (2) and (3). In the two-phase case, the proof that
CetHS — c7 — f,((ACTIP)~! fqt(q)) = (SSTHSY~1 5 straightforward:

pCq rCq
(€T — CSS) = (ACHPY ™ — foaV = 89— 59 (ASIP)T 89— £, (89— 890 2 89)
. eff
= fpS? — f,89: (87 SPC‘;S) : 84
= 81— 87 ((ASTPY ' — f,07 )0 S
(B.1)
Equation (B.1) gives
fp(89— SISy — (AsIn)t— ppl (B.2)
The SC estimate. For all congruent grains of two constitutive phases, on can write
FoC =N T =18 )T + £ (CE—CH ™ =l ) =0, (B.3a)
Jo((€C5E= €N = tg) + f((CSE = €D ™" — 1) = 0. (B.3b)

Equation (B.3b) yields tCeff = fq ((C ¢ cr)- ) + fp ((C o _ ¢ ‘1)_1). Further simple manipulations
yield the SC approximation form of (16) for general (a, b) phases. A similar form is obtained in terms
of the corresponding compliances, using the stress Green operators ¢’. One verifies that ngcf = (Cgfcf)_1
simply using the platelet decompositions of both operators, which in that case refer to the same reference
material, unlike the IPS estimate.

Appendix C. The IFS, IPS and ISC effective shear moduli in isotropic incompressible elasticity

For x3-oriented fibers, the two shear moduli of the HS bounds read from (3), with n = (1 —2vp) /(2 —2vp):

1 C ! 1 1 !
*F(w) b F(w)

M12124 = MUp —C (1 7))> s M33 C =Mp—C ( Ch ) .
ach a( b iach ¢ Hb—Ua 2,LLb
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The two IFS moduli can be calculated with the coefficients of Table 2 and the moduli of the x3-oriented
fiber system, or at least appropriate partial sums. For the IFS shear modulus, we need the two shear
moduli and

= %(Ciiii + C3333 — 2Cu33)2§2‘“).

In the incompressible case, n = 0, the two shear moduli are equal and

1 Sy +3{ud)
Y= 4 — Ca
15( o = Calito = M) =m0 )
which gives, from (14),
IS _ 1) 5 A 11( ot <M>))  Capp — pa) Gpp +3{/¢L})' C1
Mach = 15Hach T 15 ( T\ et 15 (ko + {1}) ©h

For the IPS estimate in the incompressible case, one has, directly from (15),

4 _,,a _ b 3 2 ¢ b
LTS (4 4 ({1} — ) ({1} M)__WH__MM

= : (C.2)
10{u} 5 Sl

For comparison, the IHS and the ISC shear moduli estimate read, still with incompressibility,

1 2¢5 \ 7! 24ty +3{(1)
eff THS b Ha %
. _Z )y (R C3
Haco = 1b = Ca (Mb — Ua 5Mb) - (3Mb + 2{M}> (€

Apste—n) (st e—n") _
10 eff
S—C

> = () +

t(VB2+24pepub — B),  with B =2{u}—3(u). (C4)

For the IFS(¢) estimates (18), the first dilution of an embedded phase (a) fraction k, = (1 — ¢,)c, in
phase (b) (resp. b in a) yields from (C.3) a modified phase b of shear modulus iy (resp. fi, for @). The
concentration of phase (b) changes from ¢, =1 —c¢, to 1 —k, # kp. The second dilution of infinite fibers
yields uSy 3@ = peIES from (C.1) with & = (cq — ko) /(1 = Kq) (resp. & for pit > = yEIFS) The
matrix with ¢, fiber fraction has concentration 1 — ¢, # ¢». The dual IPS estimate from the compliance
integral in (11b) reads, when incompressible,

=l (G- (=) =G+ (- D5 (-0

with B = {l} = ) for the reference medium. Hence

w Malkd
eff IPS(dual) __ (w)
b L 2calo(ta = o)
Sikattp

This estimate is very close to the lower HS bound and out of the IFS sup limits.
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When phase (a) is void, all these estimates equal u; at ¢, = 1 and for ¢, € [0, 1] they become

eff IFS _ (5 + Ca)Cb,lLb MeffIFS — CoMop eff TIPS _ M MeffIHS = M
0ch 5(1 + Ca) 9 bcCO 5 ’ 0,b 5 ’ 0och 3 + 2Ca 9
I 0 for ¢y € [0, 2],
eff IHS e ua eff ISC
o o, _lo C5
Hpco H’O,b Ho.p SCb 2//Lb for Cp € [%, 1]» ( )
3
JCTIFS@) _ G+ca)d =caity _ S+ca) —ca) 300 —ka)tp pEFS@) _ Colb
0ch 5(14¢,) 5(14+¢,) 3+2k, b0 5

In the second estimate of (C.5), the lower limit, the first dilution of phase (b) in void phase is lost. The
general IPF-IFS(¢) and ISC-IFS(¢) estimates when one material phase (p or ¢) is void have analytical
forms from using the moduli of (C.5) expressed for the phase pair (p, ¢) and concentrations f,, f, as the
moduli of the intermediate homogeneous equivalent media (a) and (b) in (C.2) and (C.4), respectively,
making use of (20a) and (20b) for ¢, and for the two ¢, ¢, functions defining ¢, k), and ¢,, k4 in (C.5).

For the ISCP estimate when phase (a) is void MgfngCP must satisfy

*

A 2 (1 = frup) _0
3 3u*+2 fpup

the (not reported) resolution giving Mgfilscp = u* =0 for all f;.
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CONSISTENT LOADING FOR THIN PLATES

ISAAC HARARI, IGOR SOKOLOV AND SLAVA KRYLOV

Structural models are well-established for the governing operators in solid mechanics, yet the reduction
of loads (data) is often performed in an ad hoc manner, which may be inadequate for the complex
load distributions that often arise in modern applications. In the present work we consistently convert
three-dimensional data to the form required by Kirchhoff thin-plate theory, in a variational framework.
We provide formulas for all types of resultant structural loads and boundary conditions in terms of
the original three-dimensional data, including proper specification of corner forces, in forms that are
readily incorporated into computational tools. In particular, we find that in-plane components of three-
dimensional loads engender distributed couples, contributing to an effective distributed transverse force
and boundary shear force, the latter generalizing the notion of the celebrated Kirchhoff equivalent force.
However, in virtual work we advocate a representation of the twisting moment in a form that involves
neither the Kirchhoff equivalent force nor corner forces. An interpretation of the structural deflections as
through-the-thickness averages of the continuum displacements, rather than their values on the midplane,
yields explicit formulas for the thin-plate essential boundary data. The formulation facilitates the solution
of problems that would otherwise pose formidable challenges. Numerical results confirm that appropriate
use of the thin-plate model economizes computation and provides insight into the mechanical behavior,
while preserving a level of accuracy comparable with the full three-dimensional solution.

1. Introduction

In solid mechanics the common approach to the analysis of bodies with distinctive geometric characteris-
tics is to perform a dimensional reduction to an appropriate structural model. The analytical solution for
these bodies is difficult for general geometries and loadings while the computation is often costly. A clas-
sical example is a plate-like body which is commonly described by a thin-plate model! The dimensional
reduction of the differential operator describing the original elasticity problem is often performed by
variational procedures combined with certain kinematic and constitutive assumptions [Alessandrini et al.
1999; Hu 1984; Soedel 1981; Vidoli and Batra 2000]. This technique can be considered as a restriction of
an approach applied to shells [DiCarlo et al. 2001]. Alternatively, hierarchies of reduced-order models of
elastic bodies with high aspect ratio are built using asymptotic methods [Ciarlet 1990; Dauge and Gruais
1996; Dauge and Gruais 1998].

Since the thin-plate theory (Kirchhoff theory) has been developed [Kirchhoff 1850; Poisson 1829]
based on fundamental contributions by Siméon-Denis Poisson (1811) and Gustav Robert Kirchhoff
(1850) (see also [Timoshenko 1983; Todhunter and Pearson 1960] for historical treatises) a large variety

Keywords: Kirchhoff thin-plate theory, structural reduction, Kirchhoff equivalent force, distributed couples, corner forces.

Twe distinguish between a plate, which is a flat structure that has thickness much smaller than the other dimensions, and
a plate model or theory, which is the collection of assumptions that is used to dimensionally reduce the three-dimensional
formulation and approximate its solution.
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of models were built starting from simple plates theories [Reissner 1969; Sayir and Mitropoulos 1980]
and up to nonlinear [Antman 1995; Ciarlet 1997; Libai and Simmonds 1998; Rubin 2000] and composite
[Bisegna and Sacco 1997; Calcote 1969; Vasil’ev and Lur’e 1992] plates and shells. Extensive research
was performed also in connection with numerical methods [Actis et al. 1999; Engel et al. 2002; Hughes
and Hinton 1986; O’Leary and Harari 1985; Vogelius and Babuska 1981]. See also the reviews [Podio-
Guidugli 2000; Sayir and Mitropoulos 1980].

In the construction of different structural theories, the procedures of reduction of elastic continua by
the appropriate structural models are conventionally based on the body geometry determining the order
of the small parameter used in the reduction. However, while such procedures are well-established for
the differential operators governing problems of solid mechanics in general and plate-like problems in
particular, the reduction of the data of the problem — body forces and boundary conditions —is often
performed in an ad hoc manner. The form of the loading for problems that are governed by reduced
structural theories is quite different from that of the original three-dimensional formulation. As a result,
the ad hoc approach based on engineering intuition can be inadequate for the analysis of bodies subject
to complex three-dimensional loading, and more rigorous procedures are required.

As an example of problems where complex three-dimensional loading is abundant one can mention
coupled problems distinguished by the distribution of loading arising as a result of interaction. In the
intrinsically multiphysics problems arising in micro and nanoelectromechanical systems (MEMS and
NEMS) based applications the interaction forces are obtained in terms of electric or magnetic fields. The
distribution of electrostatic or magnetic forces could produce very complex three-dimensional patterns
which may include, for example, distributed couples (see [Liu and Chang 2005; Moon and Holmes
1979] and references therein). High aspect ratios of microstructures incorporated in MEMS make the
use of structural descriptions attractive. However, due to intricate character of the three-dimensional
interface forces, ad hoc procedures for their reduction are no longer sufficient. Other applications where
the structural representation could be effective but ad hoc formulation of the reduced loading is not
sufficient include aeroelastic and hydroelastic applications where the loading conditions are formulated
in terms of interface velocities or contact pressures [Morand and Ohayon 1995]. High aspect ratios of
aero/hydroelastic structures make the use of computationally efficient models based on the structural
descriptions attractive, especially when incorporated in optimization or control procedures. For example,
entire airplane wings or helicopter blades are routinely modeled as one-dimensional (beams) and two-
dimensional structural elements (plates) of variable cross-section. On the other hand, the high gradients
and intricacy of interface forces arising in these applications may require three-dimensional representa-
tion of the data. One can also mention problems involving complex spatially distributed surface forces
originating in contact. This kind of force arises, for example, during forming processes of thin (i.e., high
aspect ratio) metal sheet. In these processes surface tractions distributed in the direction tangent to the
surface originate mainly from friction between the surfaces of the forming tool and the metal sheet.

The implementation of rigorous reduction procedures which use a variational framework and allow
systematic reduction of the three-dimensional loading data to their structural counterparts for beam-like
solids was analyzed in [Krylov et al. 2006]. In this work, we extend the implementation of these reduction
procedures to the thin (Kirchhoff-Love) plate model. Despite its limitations, Kirchhoff-Love theory of
thin-plate bending is one of the most widely used by engineers, mainly due to its simplicity. Nowadays,
descriptions of thin bending theory can be found in most textbooks on structural mechanics (e.g., see
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[N4dai 1925; Sokolnikoff 1983; Timoshenko and Goodier 1951; Timoshenko and Woinowsky-Krieger
1959; Ugural 1981]).

In the present work special attention is paid to the rigorous reduction, by means of a variational pro-
cedure, of the original problem data to the form required by the structural representation. The structural
counterparts of the loads are expressed in terms of the data of the original three-dimensional problem.
Note that in most cases, in considering bending of plates in the framework of the classical thin-plate
theory only transverse loads, namely, loads acting in the direction perpendicular to the plate’s plane in a
three-dimensional domain, are accounted for. We show that consistent consideration of three-dimensional
applied in-plane body forces and surface tractions in the classical thin-plate formulation engenders dis-
tributed couples, modifying the Kirchhoff equivalent shear force and the transverse distributed force
[DiCarlo et al. 2001; Niordson 1985]. In addition, we present a consistent treatment of essential (kine-
matic) boundary conditions. Structural counterparts of the essential boundary conditions considered
here as through-the-thickness averages [Cowper 1966; Prescott 1942] are obtained in terms of three-
dimensional displacements (which generally speaking would not conform the structural assumptions)
prescribed on an appropriate part of the surface. It should be noted that certain aspects of thin-plate
theory, for example, corner forces arising at the points of discontinuity of the plate’s outer boundary, are
treated differently in the literature by various sources. Using the systematic variational approach, we
confirm that corner forces are actually a part of the natural boundary conditions.

The goal of the work is twofold. First, the results of the work provide better insight into the contribution
of different components of data into the structural model. In addition, the structural form of the weak
formulation derived systematically from the original three-dimensional elasticity expressions along with
essential boundary conditions expressed in terms of the original three-dimensional data are useful as a
basis for numerical procedures.

In Section 2 the differential equations and the natural boundary conditions for plate-like bodies are
derived from the variational principle. We begin with the formulation of the three-dimensional elastic
problem, substitute the kinematic and constitutive assumptions into the variational equation and derive
the classical Kirchhoff-Love thin-plate equations and boundary conditions. The validation of the models
is performed in Section 3 by comparison to analytical solutions of torsionless axisymmetric elasticity
problems. The estimation of the structural efficiency from the computational point of view is performed
in Section 4, by comparison to a three-dimensional elasticity problem solved by the finite element method.

2. Structural reduction of elastostatics by the thin-plate model

The dimensional reduction of the elasticity operator in thin flat bodies by various plate models, as outlined
above, is a well-established procedure. The reduced structural models are expressed in terms of unknown
deflections. When these deflections are found, recovery procedures are available to approximate the three-
dimensional displacement field.

The goal of the present work is to derive a systematic conversion of general three-dimensional loads
to their structural counterparts, in forms that are readily incorporated into computational tools.

2A. Assumptions of Kirchhoff plate theory. The domain is a three-dimensional thin flat body (Figure 1)
defined by
Q={(x1,x2,x3) € R’ | (x1,x0) € A, —1/2 < x3 <1/2}. (2-1)
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X,

Figure 1. Geometry of a thin flat body.

Here ¢ is the plate thickness, which may vary with x; and x,, and A C R? is the midplane of the plate.
The kinematic assumptions of the classical Kirchhoff plate theory approximate the displacements u;
by structural counterparts

ul, (x1, X2, X3) = We (X1, X2) — X3W3 o (X1, X2), (2-2)

uz(x1, x2, x3) = w3(xy, X2). (2-3)

The structural displacements are defined in terms of in-plane (stretching) w, and transverse (bending) ws
deflections. In the following, the deflections are considered as through-the-thickness averages (although
commonly associated with the midplane). Throughout, Latin indices i, j, k, [ take on values 1, 2, 3, Greek
indices «, B, y, § take on values 1, 2. The summation convention over repeated indices is applied. In
addition, (-) 4 = 9(-)/dxy is used for the partial derivative. From expressions (2-2) and (2-3) the
approximate three-dimensional displacements u] can be recovered after determining w;.

Strains in the x3-direction are not computed from the displacements but via the constitutive assumption
of plane stress

o8y = 0. (2-4)

In the homogeneous isotropic case, considered here for simplicity, the strains are

—v
Eiﬂ = “fa,ﬂ) = W(a,p) — X3W3,08, €03 = “fas) =0, €33 = 1— véstoz' (2-5)

Here, w(q,p) are the in-plane strains and w3 op are the curvatures. Parentheses in the subscripts denote
the symmetric part of a tensor: #q8) = %(taﬂ + tgo). The resulting two-dimensional constitutive relations
are
; E v , .
N s s -
% = Ty (1—u8“f‘éw+eaﬂ>' (2-6)
Here, E and v are Young’s modulus and Poisson’s ratio respectively. Following convention in Kirchhoff
plate theory, 0, are evaluated from equilibrium rather than from the constitutive relations.
The structural reduction is performed in a variational framework, following the description in [Hughes
2000]. Special attention is paid to the reduction of distributed boundary data and body forces to their
structural equivalents.

2B. Virtual work. Consider the standard linear elastostatics boundary-value problem in the bounded
domain Q C R?, with boundary I'. The boundary of the domain consists of the top and bottom surfaces
(x3 ==£t/2) and the lateral boundary, assumed to be a cylindrical surface. The boundary I' has subregions
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'y and 'y such that ' =T, UT', and I'y NI’ = &. The data (loads) are prescribed displacements
gi : 'y — R (essential boundary conditions), tractions 4; : I', — R (natural boundary conditions) and body
forces f; : 2 — R. In general, the boundary may admit different decompositions for different components.
The procedure is formulated in terms of I'y and I'j, for simplicity of presentation. Extensions to more
general cases are straightforward and considered subsequently.

The plate equations, including expressions for structural loads expressed in terms of the original three-
dimensional data, are obtained from the standard variational formulation for the elasticity theory. This
is the principle of virtual work: find u; that satisfies u; = g; on I'y such that

/ I/_t(,"j)o’,'j dQ=/ L_t,f, dQ+/ lZ,hl dr. (2-7)
Q Q L

Here, u; is the weighting function, or variation, satisfying the homogenous counterpart of the essential
boundary conditions i#; = 0 on I'y. The stress o;; is defined in terms of the displacement u; via strain in
the usual way.

To fix ideas, consider applied displacements and tractions on corresponding parts of the lateral bound-
ary, whereas only tractions are specified on the top and bottom surfaces (x3 = =£¢/2). (This configuration
is common in practice.) The lateral boundary has a unit outward normal vector n = n,e, and a unit
tangent vector § = sye,, such that n x s = e3 (Figure 1). Here, the e; are the Euclidean basis unit vectors.
On part of the lateral boundary (I"y) we consider essential boundary conditions specified by the transverse
displacement g3 and the normal and tangential in-plane displacements g, = gon4 and g5 = gqS». On
the remaining part of the lateral boundary we consider natural boundary conditions specified by the
transverse traction /3 and the normal and tangential in-plane tractions h, = hyny and hy = hgs,.

The boundary of the midplane A, denoted S, is subdivided into two non-overlapping regions S, (such
that S, x [—1/2, /2] =T,) and S, = §\ S,. If § is not smooth, the corners, where the normal vector
n suffers a discontinuity, are denoted 0S5 = {xC}Z:"l", where x. € S is a corner location and 7oy, 1S the
number of corners.

The boundary I'y, is partitioned in such a way that

t/2
/...dl“:f(...)dA+// ...dx3dS. (2-8)
Iy A Sp J—t/2

Here, dS is the arc length along S, and the (. ..) operator is defined by

(f(x1, x2,x3)) = f(x1, %2, —=t/2) + f(x1,x2,1/2).

Replacing the displacements u; and stresses o;; in (2-7) by their structural counterparts u; and ogﬂ
(since o33 = 0 by the constitutive assumption (2-4) and “@,3) = 0 by the kinematic assumptions (2-2)
and (2-3)) yields

/Qﬁfa,,s)%s[ﬂ dQZ/Q(L_tifa+ﬁ3f3)d9+/f‘((ﬁiha)+(ﬁ§h3))dA

t/2
+/ / (uyhy + uhg + uihs) dxzdS.  (2-9)
Sy J—1)2 i
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Here, u; are variations of the structural displacements. The explicit dependence of the structural quanti-
ties on x3 (from the kinematic assumptions) simplifies the domain integration

t/2
/...dQ:// ...dx3dA. (2-10)
Q AJ—1/2

This leads to the principle of virtual work for the thin plate. Data for the plate essential boundary
conditions, prescribed boundary deflections W; and rotation ® defined in Table 1, are obtained by the
procedure outlined in Section 2C. The statement of thin-plate virtual work is: find w; that satisfies
w; = W; and w3 , = © on S, such that

/ (We,pNap — W3,qpMap) dA = / (We Fy —w3,4Coy +w3F3)dA
A A

+/ (wnNn'i‘wst_w&nMn_w3,sMs+w3Q)dS- (2'11)
Sh

Here, w; is the weighting function, or variation, satisfying the homogenous counterpart of the thin-plate
essential boundary conditions w; = 0 and w3, =0 on S.

The applied structural loads, distributed forces and couples F; and C,, along with boundary forces
and moments N,, Ny, Q, M, and M, defined in terms of the underlying three-dimensional data in
Table 1, result from integration through the thickness. The thin-plate constitutive relations are obtained
by substituting the relations (2-5) and (2-6) into the definitions for the in-plane force tensor n,4 and the
bending moment tensor mqg (Table 1). For constant plate thickness we have

Et v
nep = o= (T aptorr + W) (2-12)
map = —D[v8apw3,yy + (1 — vV)w3 ap]. (2-13)
3
Here, D = ﬁ is the isotropic bending stiffness.

Remarks. (1) The principle of virtual work for thin plates, (2-11), incorporates applied distributed
couples C,, engendered by in-plane components of three-dimensional loads. This is rarely done in
the context of a Kirchhoff plate model. There are three-dimensional load configurations for which
distributed couples constitute a significant portion of the resultant structural load. In such cases,
omitting these terms in the structural model will disregard a substantial part of the response.

(2) The virtual work equation (2-11) represents two uncoupled two-dimensional problems, an in-plane
problem weighted by w, and a plate bending problem weighted by ws.

(3) Assuming sufficient regularity of the prescribed boundary twisting moment M along smooth parts
of Sy, the term representing the external work it exerts within the virtual work equation (2-11) may
be integrated by parts, yielding for the bending terms

(—w3 My, —w3 Mg +w3Q)dS 2/ (—W3.0 My +W3(My s + Q) dS — (W3 M D lasns,- (2-14)

Sh Sh

Here, [M;] = lim,_,o M;(x. + ¢s) — Ms(x, — €s) represents a corner force. On the right-hand
side of (2-14) are the conventional terms that appear regularly as part of the thin-plate virtual work
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Quantity Description
Nep = fiﬁz 0,543 in-plane force tensor
Map = fi/iz agﬂm dxs bending moment tensor
F, = fiﬁz fadxs+ (hy) applied in-plane force
153 =F+4+Cya effective applied transverse force
F; = fi/iz f3dxs+ (h3) applied transverse force
Co = [")7, fux3dxs+ (hax3) applied couple
W, = % f i/t% gndxs prescribed normal boundary deflection
Wy = % fi/jz gs dxs prescribed tangential boundary deflection
Wi = % fi/iz g3dxs prescribed transverse boundary deflection
O = —}—32 1/32 gnXx3dx;3 prescribed tangential boundary rotation
N,= /[ iﬁz hy, dxs prescribed normal boundary in-plane force
Ny= /[ 1/52 hg dxs prescribed tangential boundary in-plane force
M, = f i/iz hp,x3dxs prescribed boundary bending moment
0=0+M 55— C effective prescribed boundary shear force
0= f iﬁz h3dxs prescribed boundary shear force
M, = fiﬁz hgxs dxs prescribed boundary twisting moment

C,(x)=limg_, C,(§),x €S the edge trace of applied couple

R =[M,] prescribed boundary shear force at corner x,

Table 1. Structural nomenclature. We have set [M,] = Ms(x:r ) — Mg(x.), where
Ms(x;t) =limg_ 0 My(x.E8); fu= fala, fs = faSasand x. € S, forc=1,2, ..., neom,
is a corner location.

equation in the literature [Bauchau and Craig 2009; Solin 2006], though both forms are mentioned in
[Zienkiewicz and Taylor 2000]. The right-hand side indicates the source of the Kirchhoff equivalent
(modified shear) force and the corner forces. Indeed, this form appears in the Euler—Lagrange equa-
tions (2-15) below and is essential for the strong form of the boundary-value problem. However, the
two forms are equivalent statements of virtual work, subject to the higher regularity requirement on
the prescribed boundary twisting moment. We prefer the formulation (2-11) as it is simpler and less
constrained, compatible with the variational statement of higher-order plate theories, and obviates
the use of the Kirchhoff equivalent force and corner forces (thereby allowing lower regularity of
the data and facilitating implementation) in methods based on virtual work such as finite element
analysis.
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(4) All of the loading terms on the right-hand side of the virtual work equation (2-11) may be incorpo-
rated by users into commercial finite element computations without re-programming of the software
by using the usual definitions of consistent nodal loads.

Integration by parts yields the Euler—Lagrange equations for the thin plate:

O=fwa(_naﬂ,ﬂ_Fa)dA+/w3(_maﬂ,aﬁ_F3_Ca,a)dA+/.wn(”nn_Nn)dS"i_/ws(”ns_Ns)dS
A A Sh

A

+/ w3(m0(/3,,3n0( + (mns),s + C; -0- Ms,s)dS + (w3[[—mys + Ms]])|BSﬂSh

Sh

+f w3,n(_mnn +Mn)dS (2-15)
Sh

Here, (*)un = (*)apnang and (-),s = (- )apnasg denote the normal and tangential components of the
stress resultants. Similarly, (-), = (+) «fe and (-) s = () oS¢ are used for normal and tangential
derivatives, respectively.

The three-dimensional boundary value problem of linear elasticity is reduced to a set of two uncoupled
two-dimensional boundary-value problems: an in-plane problem and a plate bending problem. Thin plate
equilibrium equations are obtained from the area integrals of (2-15) and the thin-plate natural boundary
conditions are obtained from the line integrals of (2-15), along with the discrete corner conditions.

2C. Essential boundary conditions. Structural essential boundary conditions are imposed on the quan-
tities associated with a variation in the boundary integrals of (2-15). The data are specified by a through-
the-thickness averaging procedure [Cowper 1966; Prescott 1942] suggested by the definition of the force
resultants. The kinematic assumptions (2-2) and (2-3) yield

1 [
Wit x0) =1 / ! (x1. 2. x3) dxs, (2-16)
—t/2
2 t/2 '
w3, (X1, X2) = 7 uj (X1, X2, X3)x3 dx3. (2-17)
—t/2

Averaging the prescribed three-dimensional displacements on I', yields the thin-plate essential boundary
conditions

wi=W,  w;, =0  onS,, (2-18)

in terms of the prescribed boundary deflections W; and rotation ® (Table 1).

Remark. The common view of deflections as displacements of the midplane
w; (x1, X2) = u; (x1, X2, 0) (2-19)

may also be used to specify the plate essential boundary conditions (except for the boundary rotation). If
the prescribed displacements g; conform to the kinematic assumptions, the two approaches are equivalent
for the boundary deflections. In general, we prefer to interpret deflections as displacements averaged
through the thickness.
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2D. Strong form of Kirchhoff plate problems. As noted, the three-dimensional linear elasticity bound-
ary value problem is reduced to two uncoupled two-dimensional problems:

(1) An in-plane problem for wg (x1, x2);

(2) A plate bending problem for w3 (x1, x7).
The differential equations and natural boundary conditions are Euler—Lagrange equations emanating from
(2-15). Essential boundary conditions are obtained by the through-the-thickness averaging procedure.

The features of the in-plane problem are conventional, and included here for completeness. The in-
plane boundary-value problem is

—Nap,p = Fa in A,
wy, =W, wy =W, on Sgy (2-20)

Npn = Ny, nps = N;  on Sp.

The structural data are expressed in terms of the original three-dimensional data (Table 1). Boundary
conditions are designated in terms that refer to the homogeneous case. For example, a “fixed” boundary
condition means that all kinematic quantities are specified (but not necessarily zero). In these terms,
(2-20) represents a body fixed on one portion of the boundary and free on the rest. Other possible
combinations of normal and tangential boundary conditions are shown in Table 2.

Our formulation of the plate bending problem contains several noteworthy features. The plate bending
boundary-value problem is

—MyB,af = ﬁ3 in A,
w3:W3 w3, =0 on S,,
o ¢ (2-21)
Mpy = M, Myp,pN + (mns),s =0 onS,
[m,sIT=R onaSNS,.

For constant plate thickness, the equilibrium equation reduces to the well-known equilibrium equation
of Kirchhoff-Love plate theory in terms of the transverse deflection

DV*ws;=F; inA. (2-22)

Again, the structural data are expressed in terms of the original three-dimensional data (Table 1). The

fixed (or clamped) w,=W, w;=W;

free N = Ny Nps = N
symmetric wy =W, s = Ny
skew symmetric ws =Wy npp =Ny

Table 2. In-plane problem: common boundary conditions. The designations refer to
homogeneous boundary conditions.
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distributed loading on the plate is an effective transverse force
Fy = F3+ Coa. (2-23)

The standard term is modified by the in-plane divergence of applied couples C,, engendered by in-plane
components of three-dimensional body forces and tangential tractions on the top and bottom surfaces.
Similarly, the shear load is an effective boundary shear force

0=0+4+M,,—C;. (2-24)

The celebrated Kirchhoff equivalent force Q + M; ; [Kirchhoff 1850] is modified by the edge trace of
applied couples. It would be difficult to derive these terms intuitively. Such terms are rarely accounted for
in the literature [Niordson 1985], and presented in an ad hoc basis [Madureira 2004; Sutyrin and Hodges
1996]. Their origins from in-plane components of three-dimensional loads have not been reported in
the literature, to our knowledge. When the boundary is not smooth, shear boundary conditions include
discrete corner forces R defined in terms of the prescribed boundary twisting moment, emanating from
tangential tractions applied on the lateral boundary (Table 1).

Remarks. (1) The treatment of corner forces in the literature is not uniform. In many instances they
are defined as boundary conditions accompanying shear boundary conditions at discrete points, part
of the problem statement, as described in (2-21) [Bauchau and Craig 2009; Wells and Nguyen
2007; Grossi and Lebedev 2001; Nayfeh and Pai 2004; Reismann 1988; Tsiatas 2009]. However,
corner forces also appear only as reaction forces that are part of the solution [Szilard 2004]. In
some descriptions there is no mention of corner forces whatsoever. As outlined above, consistent
variational derivation of the plate problem formulation gives rise to the corner forces in the Euler—
Lagrange equations, and therefore they should appear explicitly as natural boundary conditions in
the problem statement.

(2) Both corner forces and the Kirchhoff equivalent force can be derived from a constrained continuum
of grade two material [Forte and Vianello 1988].

In terms that refer to homogeneous boundary conditions, (2-21) represents a body fixed on one portion
of the boundary and free on the rest. In general, there should be two boundary conditions at each point:
either transverse deflection or shear force, and either tangential rotation or bending moment (Table 3).

Possible combinations of three-dimensional data specified at a lateral boundary point with the corre-
sponding type of structural boundary conditions are listed in Table 4. Due to the presence of the Kirchhoff

fixed (or clamped) wz = W; w3, =0

free Mup =M,  (Mpa) o + (mns),s = Q [m,sl =R
simply supported w3 = W3 Mpp = My

Symmetric w3 p = ) (mnoz),oz + (mns),s = Q [[mns]] =R

Table 3. Plate bending problem: common boundary conditions. The designations refer
to homogeneous boundary conditions (“simply supported” = “skew symmetric”).
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Three-dimensional In-plane Bending
8n 8s 83 Fixed Fixed
gn & h3 Fixed —
gn hs g3 Symmetric Fixed
hy 85 83 Skew symmetric ~ Simply supported
gn hy h3 Symmetric Symmetric
h, gs h3 Skew symmetric —
h, hg g3 Free Simply supported
h, hg hj Free Free

Table 4. Possible combinations of data on the lateral boundary. The designations refer
to homogeneous boundary conditions.

equivalent force in thin-plate bending, tangential tractions 4y must always accompany transverse trac-
tions i3 on the lateral boundary. The thin-plate flexure does not distinguish between the specification
of tangential displacements g, and tractions /i, along with transverse displacements g3 on the lateral
boundary (for fixed and simply supported boundary conditions).

3. Analytical model validation

The use of structural theories for analysis of bodies subject to intricate loading brings up questions about
the validity of reduced models. The validity of different plate theories is usually justified by geometric
considerations in terms of relative thickness. Nevertheless the validity of a plate model is affected also by
the loading conditions. In this context, we reiterate the importance of the rigorous reduction procedure
of the loads on one hand and the importance of the model validity examination on the other hand.

In the following sections we demonstrate the implementation of the structural reduction procedure
using examples of torsionless axisymmetric elasticity problems with analytical solutions. In order to
focus on the more interesting bending problem, we consider such loading for the elastic body that results
in structural, thin-plate, load resultants for which the in-plane problem has a trivial solution. Validation of
reduced structural solutions is performed through comparison with the solutions of the elasticity problem.
Before proceeding with the comparisons, we discuss different approaches to error evaluation.

3A. Error of the model. The natural error norm for elasticity is the energy norm
Julfy = [ o @y w)dee (3-1)
The thin-plate energy norm is
lwlls = fA (NapWa,p — MapW3.ap) dA, (3-2)

where w; is the structural deflection.
The elasticity norm (3-1) is inappropriate for measuring the errors of the plate model considered, due
to the constitutive assumption, (2-4). A tight bound on the error in stress for Kirchhoff theory is available
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[Simmonds 1971]. However, for the purpose of validating the reduction procedure proposed for the loads,
we use a simpler error measure, namely, the relative error in the energy

(Il — w]3) "

el £

(3-3)

In the case of isotropic torsionless axisymmetric elasticity, the elastic strain energy norm (3-1) is
expressed in terms of the radial and transverse displacements (u, and u,, respectively) as follows:

t/2 u 2
zr
= [ ey |2 (v )

+2 )2+ (B ) +<uz,z>2]+<ur,z+uz,r>2}rdrdz. (3-4)

The energy norm for the circular thin-plate ||w]||s is the sum of a membrane part associated with the
in-plane forces and of a bending part associated with the transverse forces

i = 27 [ [mr) () m@}w
0
in-plane
’ 1 2 We,r W, rr
21 [ D (werr+Lwe,) =200 — oo gy
0

transverse

(3-5)

3B. Simply supported circular thin plate under uniform normal load.

3B.1. Elasticity solution. Consider a solid of revolution which is free of body forces and is loaded
axisymmetrically by uniform normal tractions i, = g applied at the surface z = —¢/2, 0 <r < a as
shown in Figure 2a. The essential and natural boundary conditions corresponding to simple support on
the lateral boundary r = a, —t/2 < z < t/2 are as follows:

gt 4 2 2

a NI K
gzz—ﬁ{80(1+2v+v) [120v(1—v)t—2—24(5+2v+v )]t—2

+80§ — 10v(1 — v)c;—z+9+2v+v2}, (3-6)

3z
hy = — -\ = .
q2+v) ( 07 )
In addition, axial symmetry conditions are enforced at the center r =0, —1/2 <z < t/2:
gn=0, h,=0. (3-7)

Note that in all examples considered hereafter the prescribed body force and boundary loads are consistent
with the desired analytical solution obtained by the semi-inverse method.
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Figure 2. (a) Torsionless axisymmetric thin flat elastic solid under uniform normal trac-
tions. (b) Simply supported circular thin plate under effective uniform transverse force.

The analytical solution, in terms of stress, of the torsionless axisymmetric elasticity problem obtained
using Love’s stress function is

oz 33 +v)a? r? 2 3
o,,_q;[Tt—z(l—a—) (2+U)<t—2—%>i|,

7 [3(3+v)a? (14+v)r? 2 3
=¢g- ————— |1 ———— 2 ——— ), 3-8
o60 qt{ PR Grma | TET 220 -8)
3 2
q z Z 3gr [z
O’ZZIE(—4I—3+3;—1), O'rz:I;(é‘-t—z—l)

3B.2. Thin-plate solution. Using the definitions in Table 1 (with x3 replaced by z) we obtain the axisym-
metric thin-plate load resultants and boundary conditions (thin-plate data) derived from the boundary
loads and displacements of the original three-dimensional problem:

F.=F.=q (0<r<a), (3-9)
WZ=05 Mn:O (r=a)9
0 =0, 0=0 (r=0).

Equation (3-9) suggests that the problem corresponds to a thin plate which is simple supported at r = a
as shown in Figure 2b. The normal tractions /3 on the surface z = —¢/2, 0 < r < a of the elastic body
contribute to the effective applied transverse force I:"Z.

The in-plane reduced problem has a trivial solution. Solving the transverse reduced problem with the
data (3-9), we obtain the transverse deflection of the plate

3ga* (1 -2 5 2
wFM 1—— LA (3-10)
16E13 +v @

The approximate displacement field u® is obtained from w using the kinematic assumptions (2-2) and
(2-3). Full displacement fields are given in the Appendix. The components of the corresponding thin-
plate stress field are as follows — compare (3-8):

.5 z23@B+v)a* l_f and of 233+v)a® 1_(1+v)ﬁ
N a2 o0 =T 2 T G a2

(3-11)
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Figure 3. Simply supported circular plate (¢ /a = 0.5, v = 0.3) under uniform normal

load: transverse displacements, z = 0.

3B.3. Error evaluation.

Relative error of displacement. Figure 3 represents the normalized midplane transverse displacements
u;/u;(0,0) (solid line) and u3 /u, (0, 0) (dashed line) for ¢ /a = 0.5 and Poisson’s ratio v = 0.3. Even for
this relatively large thickness the error in the structural displacement is relatively small. Recalling that
0<z<t,(z/a) <(t/a) and 0 <r < a one observes that the relative error of the transverse displacement
for the circular thin plate in this case tends to zero as t/a — 0 (see also (3-8) and (3-11) for stresses o,
and opp where the first term in the parentheses is dominant for a/¢ > 1).

Relative error in energy. The Taylor series expansion of relative error in the energy with respect to the
relative thickness 7/a up to order five yields

(Il — w]?)"?

llall £
/ t 165242596V + 1502 —6v° —v* | 1 1
:2 30 L + v+ 1ov 1% v 30 “io(L). G
5V (7+v) a 2100 (1 —v) (7+v) (7+v) a3 a’
One observes that the expression of the relative error in the energy for the simply supported circular thin

plate under uniform normal load, (3-12), tends to zero as the ratio of the thickness to the radius of the
plate tends to zero (Figure 4).

3C. Simply supported circular thin plate under linearly varying tangential load. We now consider a
different elasticity problem that reduces to the same thin-plate problem as in Section 3B.

3C.1. Elasticity solution. A solid of revolution is loaded now by linearly varying tangential tractions
h, = jzzir (where ¢ is a constant) applied at the surfaces z = +¢/2, 0 < r < a, as shown in Figure Sa.
The essential and natural boundary conditions corresponding to simple support on the lateral boundary
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Figure 4. Simply supported circular plate under uniform normal load: relative error in
the energy.

(r=a,—t/2<z<t/2)are

9 leo(1+2v + 2)Z4+[120 (1 )a2 8(5+6v+3 2)]Z2
= — V V7)— V —V)— — v V -
82 160E 4 12 12

2
— 10v(1 —u)‘t’—2 +1 +2v+v2}, (3-13)

3
(3 Z2
hy=—q (2 “N=—5
q(+v)t(20 t2)

while the axial symmetry conditions are satisfied at r =0, —¢/2 <z <t/2:
gn =0, h,=0. (3-14)

Note that while here &, is identical to that given in (3-6), g, is different.

(a) L qr (b)

g,=01 Midplane

- — — ——— ———————
qr
h =2
2t

z le
4 a

Figure 5. (a) Torsionless axisymmetric thin flat elastic solid under linearly varying
tangential tractions. (b) Simply supported circular thin plate under effective uniform
transverse force.
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The solution of the elasticity problem is as follows:

_ z[3@+v)a? r? 2 3
2 [33B+wa’ (14+v) r? 2 3
"99—%{Tﬁ[l‘ma—z}“““)(ﬁ‘%)}’

3 2
q z z 3gr [z 1
Uzz=§<—4t—3+;), Ore =", 7 (4t_2_§)

3C.2. Thin-plate solution. The thin-plate data are

A 19

Fzz—g(rcr):q O<r<a),
) M}’l:O (r:a)7

: 0=0 (r=0).

(3-15)

(3-16)

The definitions of F,, W,, ®, M,, and Q are given in Table 1 (with x3 replaced by z). Equation (3-16)
suggests that the problem corresponds to a thin plate simply supported at r = a, as shown in Figure 5b.
Only the applied couple C, that originates in the tractions 4, on the top and bottom surfaces of the elastic

body contribute to the effective applied transverse force F. 2

One observes that the linearly varying tangential tractions are reduced to the same load resultants
as for the circular thin plate under uniform normal load derived in Section 3B.2. Thus the transverse
deflection of the simply supported circular thin plate is identical to that given by (3-10). The thin-plate

stress field is given in (3-11).

3C.3. Error evaluation.

Relative error of displacement. Figure 6 represents the normalized midplane transverse displacements

...

0.8l u
us s
) )
o 0.67 N
N ~
2 )
S A
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N
=} R\
0.2-
O L L L L
0 0.2 0.4 0.6 0.8 1

r/a

Figure 6. Simply supported circular plate (¢ /a = 0.5, v = 0.3) under linearly varying

tangential load: transverse displacements at z = 0.
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Figure 7. Simply supported circular plate under linearly varying tangential load: rela-
tive error in the energy.

uz/uz(0,0) (solid line) and u? /u;(0, 0) (dashed line) for #/a = 0.5 and Poisson’s ratio v = 0.3. Full
displacement fields are given in the Appendix. Once again one observes that the relative error of the
transverse displacement for the circular thin plate in this case tends to zero as t/a — 0 (see also (3-15)
and (3-11) for stresses).

Relative error in energy. The Taylor series expansion of relative error in the energy with respect to the
relative thickness 7 /a up to order five yields

2)1/2

(Il = lwlg

/ t 56+368v 44507 — 183 —3p* 3 t°
=2 > -+ il ald 0 2 > —+0|—=<). (3-17)

5V (74+v) a 1050 (1 —v) (7 +v) (7+v) a3 a’
We can see that the expression of the relative error in the energy for the simply supported circular thin
plate under linearly varying tangential load, (3-17), tends to zero as the ratio of the thickness to the
radius of the plate tends to zero (Figure 7). Although the structural reduced problem is identical to the
one considered in Section 3B.2, both the relative error in displacements and the relative error in energy

are consistently smaller in the case of a plate loaded by a linearly varying tangential tractions (Figures 6
and 7). The reason is the difference in the data of the underlying three-dimensional elasticity problems.

3D. Central point supported circular thin plate under linearly varying tangential load. We now con-
sider an elasticity problem with the same linearly varying tangential tractions on the top and bottom
surfaces of the plate as in Section 3C but different boundary conditions at the center and on the lateral
boundary, giving rise to an effective boundary shear force of the thin-plate problem.

3D.1. Elasticity solution. The loading applied at the top and bottom surfaces is identical to that consid-
ered in Section 3C.1, as shown in Figure 8a. The natural boundary conditions on the lateral boundary
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(r=a,—t/2<z<t/2)are

3 2 _qa 22
h, =— -\ = , h 125 1 3-18
q2+v) (20 t2> T 4 ( 12 ) (3-18)

The essential boundary conditions at the center (r =0, —¢/2 < z < t/2) are

gl’l = 07
gt 4 2 2

2. % a n12
2. = W{ ~80(1+2v+v) 5 + [—120v(3+v)t—2+ (120 + 144v + 72 )]t—2

ar 7 2
+1003+ )% — £ =20 —v } (3-19)
The stress distribution for this elasticity problem is the same as that of the previous problem, (3-15).

3D.2. Thin-plate solution. Considering the thin-plate data
1

F.=- 8—(rC L) = 0<r<a), (3-20)
r

WZ=O ®=0 (r=0),

Q =—-C, = qa, M,=0 (r=a),

one observes that the transverse load }7} is identical to the one considered in Section 3C.2 whereas an
effective shear force Q is applied now at the boundary r = a. Equation (3-20) suggests that the problem
corresponds to a thin plate which is free at » = a and fixed (central point supported) at » = 0, as shown in
Figure 8b. Only the applied couple C, that originates in the tractions £, on the top and bottom surfaces of
the elastic body contributes to the effective applied transverse force F. > and effective prescribed boundary
shear force O on the edge of the plate.

The transverse deflection of the central point supported circular thin plate is

3 4 1— 2\ .2 3 2
W, = — qa’ (1=v) 2 ([ 34v Y (3-21)
16E3 42 1+v a2
(a) ! qr
) n=-2"
? : " 2t

e e e e

E | ¢ Midplane
y

- — —— —
r
j =4
2t

<
<
4

a

Z N

Figure 8. (a) Center-supported torsionless axisymmetric plate-like elastic solid under
linearly varying tangential tractions. (b) Central point supported circular thin plate under
effective uniform transverse and boundary shear forces.
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Figure 9. Central point supported circular plate (¢/a = 0.5, v = 0.3) under linearly
varying tangential load: transverse displacements at z = 0.

The approximate three-dimensional structural displacement field #® is obtained from the kinematic as-
sumptions (2-2) and (2-3). Full displacement fields are given in the Appendix. Note that the thin-plate
stress field for the last load case is identical for both previous ones and is given in (3-11). The reason is
that the problem considered here is self-equilibrated and the resultant of the distributed transverse load
F is equal to the resultant of the effective shear force Q applied at the boundary r = a. As a result, the
reaction at the center r = O of the plate is zero (see Figure 5b) making the stress field of two problems
to be identical.

3D.3. Error evaluation.

Relative error of displacement. Figure 9 represents the normalized midplane transverse displacements
uz/uz(a,0) (solid line) and u3/u;(a,0) (dashed line) for #/a = 0.5 and Poisson’s ratio v = 0.3. In
accordance with Figure 9, the midplane displacement at the center of the plate-like solid (solid line) is
not zero whereas the thin plate deflection (the structural problem solution, dashed line) is zero at this
point. The reason is in the definition of the structural deflections as displacements averaged through the
thickness of the plate-like body rather than the displacements of the midplane (see remark on page 772).
The difference between the two solutions corresponds to the rigid body translation and rotation of the
plate and does not affect the stress field.

Relative error in energy. Since constants in the relative error in energy corresponding to an axial rigid-
body translation may be discarded, the relative error in energy of the central point supported plate is
identical to that of the simple supported plate considered in Section 3C.3.

4. Numerical efficiency

Finite element computations illustrate the implementation, as well as the accuracy and efficiency, of
the plate formulation proposed for general loading configurations. A comparison of the problem size
required to attain a certain level of accuracy by solid elements and thin-plate elements subject to the
resultant loads proposed demonstrates the efficiency of the structural model. The load configuration
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that is considered would pose a formidable challenge to many conventional approaches to plate loading.
Trilinear hexahedral elements with incompatible modes [Taylor et al. 1976] are used for the elasticity
solution. Bicubic Hermite Bogner—Fox—Schmit rectangular elements [Bogner et al. 1966; Zienkiewicz
and Taylor 2000] are used for the thin-plate problem. This element is restricted to rectangular shapes,
limiting the numerical tests to rectangular geometries. It bears emphasis that our structural procedures
are subject to no such restriction.

Consider an a x a plate of aspect ratio #/a = 0.025 centered at the origin, undergoing constant rotation
 around the normal axis (Figure 10). The isotropic elastic material has a Poisson ratio v = 0.3. The
density varies linearly through the thickness

p=p0(1+;—j). (4-1)

The three-dimensional loading due to the rotation is represented by an applied body force in the radial
direction of magnitude pw?r. The transverse structural loading in this problem results solely from dis-
tributed couples that arise from the variation of the radial body force. In order to focus on the bending
response, we consider only the variable part of the distribution:

2
Pow
foc = 2 XaX3. 4-2)
The resultant structural loads are applied couples, computed from the definition in Table 1:
2,2
Pow~t
Cy = o e (4-3)

Clearly, thin-plate formulations that don’t account for applied couples are incapable of representing this
type of load configuration.

By symmetry, only one quarter of the body is considered in the computation (see Figure 10). We
impose free boundary conditions on the outer edges x; = a/2 and x, = a/2, and symmetry boundary
conditions on the edges x; = 0 and x, = 0, and fix the axis of rotation. For the plate problem, consistent
nodal loads are computed from the applied couples C,, as indicated by the principle of virtual work (2-11).

X3

A

|

—

X, $ w
F\
2 > N
w’r
p L
a

7\
t
v

Figure 10. Rotating square plate with varying density: problem statement, the depicted
solid mesh is 2 x 2 x 1 (due to symmetry, only one quarter is discretized).
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Figure 11. Rotating square plate with varying density: Deformed shape and von Mises
stress distribution; 32 x 32 x 16 solid mesh.

Thus, no effective boundary shear force or corner forces are required. Accounting for applied couples is
essential for the thin-plate modeling of this problem. Figure 11 shows representative results for the 32
x 32 x 16 solid mesh.

Remark. The applied couples appear explicitly in the variational statement of this problem. In contrast,
the loading in the strong form would be expressed in terms of an effective distributed transverse force
and effective boundary shear force, both emanating from the applied couples, as well as homogeneous
corner force boundary conditions.

A comparison of the number of degrees of freedom in the numerical models of the continuum and
structural problems required to attain a certain level of accuracy provides an estimate of the computa-
tional efficiency of the structural representation. Let u” and w” be the three-dimensional and thin-plate
finite element solutions, respectively. The accuracy of both is measured relative to #™f, a converged
three-dimensional finite element reference solution obtained on a highly refined mesh (64 x 64 x 32),
accounting for the combination of modeling and discretization errors in the thin-plate computations.
Since the elastic energy norm (3-1) is inappropriate for measuring errors of the plate models due to the
modification of the constitutive law, we use the relative errors in the energy

£12 hy2\1/2 £12 ny2\1/2
(Il 1% — Nu11%) (™% — Nw"15)
lluref|| g ’ lluref|| g

Results of the comparison are presented in Table 5 and Figure 12. The coarsest plate mesh, 2 x 2 with
24 degrees of freedom, attains a level of accuracy that is comparable with the 16 x 16 x 8 solid model
with incompatible modes, that contains 7344 degrees of freedom. The 0.7% error of the converged plate
computation is the modeling error of the plate theory for this high aspect ratio (1 /a = 0.025), leading to
the high efficiency of the structural representation.

5. Conclusions

The present work describes a systematic conversion of general loads of the classical problem of three-
dimensional elastostatics to their thin-plate counterparts. We provide formulas for all types of resultant
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Elasticity Thin plate
mesh 2x2x1 4x4x2 8x8x4 16x16x8 32x32x16 | 2x2 4x4 8x8 16x16
degrees of freedom 36 180 1080 7344 53856 24 80 288 1088
relative error [%] 25.7 14.8 7.6 3.8 1.8 32 23 07 0.7

Table 5. Rotating square plate with varying density: relative error in the energy of the
finite element solutions, 3D elasticity with incompatible modes versus thin plate.

10
—e—Elasticity
—&—Thin plate
s
O,_' 101 F
o
o)
(0]
>
E 0
(0] L
2 10
10" : : :
10’ 10° 10° 10 10°

Number of degrees of freedom

Figure 12. Rotating square plate with varying density: relative error in the energy of
the finite element solutions, three-dimensional elasticity with incompatible modes ver-
sus thin plate. Reference solution is converged elasticity solution in both cases. The
converged plate computation still exhibits a modeling error.

structural loads and boundary conditions in terms of the original three-dimensional data, in forms that are
readily incorporated into computational tools, without entailing re-programming of existing software.

The kinematic and constitutive assumptions of Kirchhoff plate theory are substituted into the prin-
ciple of virtual work for linear elastostatics, leading to a statement of virtual work for the thin plate.
This formulation incorporates applied distributed couples engendered by in-plane components of three-
dimensional loads, which are rarely accounted for in the context of a thin plate. Disregarding this type
of loading may neglect a significant portion of the overall structural response in some cases.

We advocate the treatment of the twisting moment in virtual work in a form that seldom appears in the
literature. This simpler form is compatible with the variational statement of higher-order plate theories,
and obviates the use of the Kirchhoff equivalent force and corner forces in methods based on virtual work
such as finite element analysis, thereby allowing lower regularity of the prescribed boundary twisting
moment and facilitating implementation.

Structural essential boundary conditions are imposed on the quantities associated with a variation
in the boundary integrals of the Euler—Lagrange equations. The data are specified by a through-the-
thickness averaging procedure suggested by the definition of the force resultants. This interpretation of
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the structural deflections as through-the-thickness averages of the continuum displacements, rather than
their values on the midplane (the more conventional notion), yields explicit formulas for the thin-plate
essential boundary data.

In-plane components of three-dimensional body forces and tangential tractions on the top and bottom
surfaces engender applied distributed couples, modifying the transverse loading of the plate bending
problem. The distributed loading in the equilibrium equation is an effective transverse force. The standard
term is modified by the in-plane divergence of the applied couples.

Similarly, the shear loading is an effective boundary shear force. The celebrated Kirchhoff equivalent
force is modified by the edge trace of the applied couples. These terms, which are rarely accounted for
in the literature, would be difficult to derive intuitively.

When the boundary is not smooth, shear boundary conditions include discrete corner forces defined
as jumps of the prescribed boundary twisting moment emanating from tangential tractions applied on the
lateral boundary. Corner forces appear in the literature only as reaction forces that are part of the solution
in some cases, and in other descriptions there is no mention of corner forces whatsoever. Consistent vari-
ational derivation of the plate problem formulation gives rise to the corner forces in the Euler—Lagrange
equations, and therefore they should appear explicitly as natural boundary conditions in the problem
statement.

Overall, the formulation presented in this work facilitates the solution of problems that would other-
wise pose formidable challenges. Numerical results confirm that appropriate use of the thin-plate model
economizes computation and provides insight into the mechanical behavior, while preserving a level of
accuracy comparable with the full three-dimensional solution.

Appendix: Displacement fields of analytical problems

A. Simply supported circular thin plate under uniform normal load.

Elasticity solution.

U= 20q£t3 {20(2+v—v2)z3+[—15(1_vz)r2_|_15(3_2v_vz)az_(6+27v_3v2)t2]Z+10w3} A
uZ==4Sggt3{_240(L+2V+”ﬂ)Z4+{720V(L+v)r2—360v(3+v)a2+(360+l44v+72v2)ﬂ]zz

— 240212 +90(1 —v?) r* — [180(3 — 2v — v})a® + (288 + 36v + 36v2) 2] r?
+9m5—4v—v%a4+6m&+nu+v%a%2—@7+6u+3#ﬁ4} (A.2)

Thin-plate solution.

s 3qrz

u,=—4Eﬁﬂ1—v%r?-@—av—v%aﬂ (A.3)
s 3q 2y .4 2y..2 2 2y 4
LQ=16EﬁU1—U)r—26—2v—v)ra-+6—4v—v)a] (A4)

B. Simply supported circular thin plate under linearly varying tangential load.
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Elasticity solution.

Ur = —20q;t3 {20(2 +v =) +[ - 150 —vH)r? + 153 —2v —vH)a® — (6+Tv — 3u2)z2]z} (B.1)
u, =3 {24001 +204+1%) Y +[7200 (1 +v)r? —=360v(3+v)a* + (1204 144v+72v%)1%] 22
©7 480Er3 < z

+90(1 — vH)r* — [180(3 — 2v — v?)a? + (48 + 36v + 36v7)1*]r?
+90(5 —4v —v?)a* + 68+ 11v +v*)a’t> — (74 6v + 31)2)1‘4} (B.2)
Thin-plate solution. See (A.3) and (A.4).

C. Central point supported circular thin plate under linearly varying tangential load.

Elasticity solution.

", = 20‘1;3 {20(2 +v =)+ [ 150 = )2+ 153 =20 —vD)a® — (64 Tv — 3v2)t2]z} (C.1)
U, = 480q—Et3{ —240(142v+v*)z* +[ 7200 (1 +v)r* =360v (v +3)a’ + (120+ 144v +72v%)1?] 22

+90(1 —v?)r* — [180(3 — 2v — v)a® + (48 + 36v + 36v?)1*]r?
+ 3003+ v)a?r = (7 +6v + 37 | (C2)

Thin-plate solution.

3 3
W = —ﬁ[(l - (3—2v— vz)az], i = 16—;3[(1 23 =20 — vz)r2a2] (C.3)
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