4. Mathematical models used in engineering
structural analysis

In this chapter we pursue a formidable task — to present the most important
mathematical models in structural mechanics. In order to best situate our
present objectives, let us review some previous developments.

In Chapter 1, the hierarchical modeling process was introduced. The cen-
tral idea of this process is to provide a rational framework to select appro-
priate mathematical models to address well defined questions of engineering
interest. For structural analysis, there are a number of mathematical models
and there is the need to “know” these models to perform the hierarchical
modeling process (see Chapter 1).

In Chapter 2, we discussed fundamental conditions that should be met
whichever structural mechanics mathematical model is established and solved.

In Chapter 3, we motivated the need for a 3-D formulation of structural
problems and presented the highest hierarchical mathematical model for an
isotropic material and linear analysis — the 3-D elasticity model. In the cur-
rent chapter, based on our earlier discussion of the 3-D elasticity model, we
present the remaining most relevant mathematical models of structural me-
chanics. We start with plane elasticity and then move on to bars, plates and
shells.

4.1 Plane elasticity

We refer to plane elasticity as the set of mathematical models which describe
the behavior of a body using only displacements in a plane. The out-of-
plane behavior is assumed or inferred from the in-plane behavior. In the
following, we present the plane strain, the plane stress and the axisymmetric
mathematical models.

4.1.1 The plane strain model

The plane strain model could have been discussed at the end of Chapter 3 as
an example of a model which leads to the exact solution of the 3-D elasticity
problem when some geometric and loading restrictions apply.

In order to motivate the plane strain assumptions let us consider the dam
schematically shown in Figure 4.1. The dam corresponds geometrically to a
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prismatic solid. The loading due to the water and gravity is the same for
every cross-sectional plane. Now, suppose that at the end sections the out-
of-plane displacements w(x,y) are prevented but the in-plane displacements
u(z,y) and v(z,y) are free. At the base all displacements are prevented.
Under these conditions, by symmetry, the displacements are clearly the same
for every section of the dam. Hence, the complete behavior of the dam can
be described by the displacements u(x,y) and v(x,y) at a typical section.

Much aligned with the semi-inverse method, which was introduced for
the torsion problem, we formulate the plane strain problem by introducing
displacement assumptions for a prismatic solid.

Y,v

zZ,Ww T,

Fig. 4.1. Schematic representation of a dam

Kinematics

Formally, let us consider a prismatic solid as shown in Figure 4.2, whose
cross-sections are parallel to the xy plane. Motivated by the above discussion,
we introduce the following displacement assumptions

u = u(z,y) (4.1)
v = v(x,y) (4.2)
w = 0. (4.3)

Strain compatibility
Using the compatibility relations
ou v Ju  Ov

Ezz—% Eyy—@ 'me:aiy'i‘%

we obtain



4.1 Plane elasticity 181

Az

\/ﬁtop surface

\_,_\//

generic S
transverse —| e

Y lateral surface
cross-section <

-1/

€T T T T T TN <

/ y botom surface

Fig. 4.2. Generic prismatic solid

Exx = €x£(x7 y) (44)
gy = eyyl,y) (4.5)
Yzy — Yaxy (gja y) (46)

due to the assumptions implicitly given in equations (4.1) and (4.2). Still

considering the strain compatibility relations and equations (4.1) to (4.3), we
obtain

T2 TG, oy
_ow
Tz = dr 9z
ow
Ery = %—0

Constitutive relations

Let us consider next the constitutive equations, i.e., the generalized
Hooke’s law (recall equation (3.110)). Starting with the component ¢,

v
€., =0= B *E(Tm“‘Tyy)

which leads to
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Toz = U(Taz + Tyy) (4.7)
and considering the in-plane normal strain components, we can write
. v 1—0v? v(l+v
Cow = % — E(Tyy +Ton) = ( I )Txx — ( Z )Tyy (4.8)
T v 1—0v? v(l+v
Eyy = % - E(Tm +7..) = ( = )Tyy vl = )Tm. (4.9)

Of course, we have used (4.7) to derive the final forms of equations (4.8) and
(4.9) . Considering the shear strains and stresses, we obtain

Ty 2(14+v
Yoy = ?y = %Tmy (410)
and
Ter = 0 (4.11)
Ty = 0 (4.12)

since 7,, = 0 and 7,, = 0. It is convenient to define the following column
matrices

TII 8$$
T= Tyy |> E=| ey

Therefore, from (4.8), (4.9) and (4.10)

e=Dr (4.13)
where
(1-v) v 0
Dz(lgy) v (1-v) 0
0 0 2

which can be inverted leading to

T=D"'e=Ce (4.14)
where
1 = 0
E(1-
. EG-v |, .

O+n)i-2 | v !
—2v
0 0 21(1—u)
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We note that the same notation (7, £, D and C) was used for the 3-D
problem for which we have, in general, all non zero stress and strain com-
ponents and additional entries in the constitutive matrices. Of course, the
correct meaning of these matrices is implied by the context. We also note
that 7,., €,, were not considered in the above definitions, since €,, = 0 and
T, is obtained from 7., and 7,, by equation (4.7). Therefore 7 and ¢, as
defined, fully characterize the stress and strain states. We remark that equa-
tions (4.14), (4.4), (4.5) and (4.6) imply that the stress components 7,5, Tyy
and 7., are functions of x, y only, i.e., Tor = Tuu(2,Yy), Tyy = Tyy(x,y) and
Tey = sz($7 y)

Equilibrium

We need to enforce the equilibrium conditions which read

aTzz 8sz aTIZ B

= 0 4.15
Ox + Oy + 0z s (4.15)
OTay N OTyy N 0Ty n ff — 0 (4.16)

Ox dy 0z

0Tz,  OTy, 0T, B
= . 4.1
B + By + 5% + f; 0 (4.17)

Introducing (4.7), (4.11), (4.12) and taking into account that 7, = 7., (z, ),
Tyy = Tyy(%,Y), Toy = Tuy(x,y), we conclude that fF = f2(z,y), ff =
ff (z,y) and fB = 0. Otherwise, we would not be able to satisfy the equilib-
rium conditions, which are then expressed by

OTex n OTay
ox oy

+f7 =0

OTey  OTyy

or y

Note that as long as fZ = 0, equation (4.17) is identically satisfied. Also,
we should interpret the conditions on f2, ff and fP as restrictions on the
loading such that the displacement assumptions given in (4.1) to (4.3) are
appropriate.

+f7 = o

Boundary conditions

We need to consider next the boundary conditions. Although, when we
introduced the plane strain problem, we did not distinguish between displace-
ment and force boundary conditions, we can now consider the most general
set of boundary conditions which would be compatible with the basic as-
sumptions expressed by equations (4.1) to (4.3). Referring to Figure 4.2, let
us consider first the lateral surface. On part of the lateral surface, S,, we can
prescribe displacements as long as S, is given by the extrusion along the z
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direction of a curve L,, defined at a cross-section boundary as schematically
shown in Figure 4.3. The prescribed displacements are defined by

u(z,y,z) = a(z,y) (4.18)

o(z,y) (4.19)

for any point on S,.

v(z,y,2) =

e 1
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Fig. 4.3. Schematic representation of S, Sy and L., Ly

Let Sy be the complementary part of the lateral surface defined by the
extrusion along z of Ly, the complementary curve to L,, as also shown in
Figure 4.3. Since the solid is prismatic, the normal unit vector at every point
on the lateral surface is given by n = n,e, + nye, and the force boundary
condition reads

Tn = f°

for every point on Sy, which in components is given by

Tew Toy O Ny f2
Toy Tyy O ny | =1 f;
0 0 . 0 fe
Hence
f = TaeNg + TayNy (4.20)
ys = TayNa + Tyyhy (4.21)
5= 0. (4.22)
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The above equations establish additional restrictions for the external load.
In fact, besides the restriction given by equation (4.22), equations (4.20) and
(4.21) imply that f5 = fJ(z,y) and f; = f?f(:c,y) since 7y, and T, are
functions of z, y only and the normal unit vector at a point on the lateral
surface does not change with the coordinate z.

The top and bottom surfaces are peculiar! with respect to the imposition
of boundary conditions. In fact, in order to be compatible with the displace-
ment assumption w = 0 we should consider that w = w = 0 at the top and
bottom surfaces. The in-plane displacements, however, can not be restrained.
For example, on the top surface n = e, and the surface tractions f° = Tn
are given by

Tex Toy 0 0 fs
Tey Tyy 0 01]= fyf
0 0 7 1 ff
Therefore
fo=0
fy =0
12 = T = (e + Ty (4.23)

which shows that there can not be any surface tractions applied tangentially
to the plane and the surface traction in the direction e, is given by (4.23).
Here f2 can be interpreted as a reactive surface traction compatible with the
restriction given by w = 0. Analogous derivations would lead for the bottom
surface for which n = —e, to

f2o=0

fy =0

s

2 = —Too = —0(Taz + Tyy)-

Hence, we may say that the top and bottom surfaces behave as if supported
on rollers, free to roll into the x and y directions.

Differential formulation

Now we can summarize the formulation of the plane strain problem. Let
us consider a prismatic solid as shown in Figure 4.3. On the lateral surface
S, we have prescribed displacements as given by (4.18) and (4.19). On the
lateral surface Sy we have prescribed forces defined by

! In fact, this is an example in which at a point on the surface the displacement is
restricted in a direction and the surface tractions are prescribed in the remaining
directions (see Section 2.1.1)



186 4. Mathematical models used in engineering structural analysis

ff = ff(xvy)
fgf = fgf(x?y)
=0 (4.24)

and on the top and bottom surfaces w is prescribed to be zero and f2 =
f5=o.

Fig. 4.4. Domain of unit thickness representing the prismatic solid, A = cross-
section, V' = volume = 1 x A, Sy, = L, x 1, Sy =Ly x 1

Under these conditions the solution of the 3-D elasticity problem can be
formulated in a plane as defined in Figure 4.4, for the indicated solid of unit
thickness.

Differential formulation of the plane strain model

Given 2 = fB(z,y) and fZ = fB(x,y) defined in V, find u(z,y), v(z,y);
Toz = Toa(T,Y), Tyy = Tyy(@,y) and Toy = Toy (T, Y); €20 = €xa(T,Y), Eyy =
5yy (1.7 y) a‘nd ’me = ’Yzy(x, y) Such that

OTze | OTay

or dy

+fp =0 (4.25)

OTyy ~ OTyy

or Qy

+f) =0 (4.26)
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Epx = % (4.27)

ey = % (4.28)

ey = %ZJF% (4.29)

7=Ce (4.30)
for every point in V;

2= By (4.31)

fyo= f@) (4.32)
for every point in Sy and

u = a(z,y) (4.33)

v = d(z,y) (4.34)

for every point in S,2.

Once the solution to this plane problem has been found, the solution for
the 3-D problem is given by appending

w = 0 (4.35)
€22 = VYaz="yz=0 (4.36)
Tez = Tyz=0 (4.37)
Tee = U(Tax + Tyy)- (4.38)

4.1.2 The plane stress model

The motivation for the formulation of the plane stress model is the analysis of
a thin plate subjected to loading in its own plane. Consider the plate shown in
Figure 4.5 with its mid-surface in the 2y plane. We assume that both £ and
5 have no component into the z direction, the top and the bottom surfaces
are free from any imposed surface tractions and the thickness of the plate,
denoted by h, is small when compared to a characteristic length dimension
on the plane of the plate that is % < 1.

2 Note that in each of the problem formulations given in Section 3.5 and Chapter 4,
we assume that continuous displacements are sought and that sufficient boundary
conditions on S,, are prescribed to make the solution possible
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Fig. 4.5. Thin plate subjected to loading in its plane

Based on this problem description, specific assumptions can now be in-
troduced regarding the stress field and the loading.

Stress assumptions
For the plate characterized in Figure 4.5, we assume that
Tzz = TZDZ = Tyz = 0 (439)

and taking into account that the plate is thin, we further assume that

Tax = Taa(T,Y), Tyy = Tyy (T, ), Tay = Tay(2,y). (4.40)
Equilibrium
The equilibrium equations given in (3.114) can be simplified and become

OTpe  OTay

W4 B = 4.41
9 oy T 0 (4.41)
Oy | OTyy B _
9 oy +fP =0 (4.42)

Therefore equations (4.41) and (4.42) are now phrased in a two-dimensional
domain leading also to the restrictions fZ = fZ(z,y) and ff = ff(m,y).
Constitutive relations

In light of the stress assumptions (4.39), the constitutive equation can be
simplified leading to
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Tew V
Cex = T T Rw
Syy = % - ng
€22 = —%(Tm + Tyy)
= =2
Yoz = ng =0
Vyz = TLGZ =0.

We can organize the constitutive relations in matrix form as given by
(4.13) and (4.14) where

1 —v 0
1
D=—| — 4.4
E v 1 0 (4.43)
0 0 2(1+v)
and
1 v 0
FE
C=—~—= 4.44
T2 |V 1 0 (4.44)
O 0 1—v

2

Note that we use the same stress and strain column matrix definitions as for
the plane strain problem.

Differential formulation

Now we are ready to characterize the plane stress problem. Let us consider
the 3-D problem described in Figure 4.5 where a plate is subjected to a field
of body forces

o= [Py
Iy o= [y
7=
Displacements are prescribed in S, according to
u(z,y,z) = a(z,y)

o(z,y)

v(x,y, 2)
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and the tractions are prescribed on Sy as
o= )
5= fly
Z o= o

The top and bottom surfaces are free from any surface tractions.

The plane stress problem associated with the 3-D problem described above
admits a formulation in a plane domain as generically described in Figure 4.4,
but now the thickness is h.

Differential formulation of the plane stress model

Given f2 = fB(x,y) and ff = ff(x,y) defined in V' = A - h, find u(z,y),
v(gc,y); Tex = Tzz(wvy)a Tyy = Tyy(xay) and Toy = Tmy(xvy); Exx = Ea:z(x,y)a
Eyy = Eyy(T,Y), Yoy = Yay(,y) such that

OTpw | OTay B
oc T oy Tl (4.45)
OTyy  OTyy B _
ot gl =0 (4.46)
ou
= 4.4
Exz o (4.47)
v
ou  Ov
7=2Cs¢ (4.50)
for every point in V;
2= By (4.51)
fyo= Ly (4.52)
for every point in Sy; and
u = ary) (4.58)
vo= 0(z,y) (4.54)

for every point in S,.
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We note that the solution of the plane stress problem appended by

Tzz = Tgz = Tyz = 0 (455)

Yoz = Yyz=0 (4.56)
1%

Ezz = 7E(Tﬂt + Tyy) (457)

and by w(z, y, z) obtained by the integration of (4.57) with respect to z is not
the exact solution of the 3-D problem just described. The reason is that we
started from some assumptions on the stress field and did not impose all the
compatibility relations (3.115). The 3-D strain field given by the €54, £y, and
Yay solution of the plane stress problem appended by (4.56) and (4.57) does
not always lead to a compatible 3-D displacement field, that is, continuous
displacements u(x,y, 2), v(z,y, z) and w(x, y, z) that satisfy the displacement
boundary conditions (with w on S, free).

Namely, in general, the solution of the plane stress problem leads to
stresses T, and 7, which vary with (x,y). Hence, from (4.57)

€22 = €2z (-Tyy)

and

ow
0z

which integrated with respect to z leads to

=Ezz (:Cay)

UI(LL', y,z) = ZE€zz (xvy) + f(x,y)

where f(z,y) is an arbitrary function of x and y. Assuming that w(z,y, 2) is
zero at z = 0, we obtain f(z,y) = 0 and

w(z,y, 2) = 2622 (2,y) -
Now, we can evaluate

ow @ O,

7yz:aiy—i_&z_z Jy

which is, in general, zero only for z = 0. Analogously

_Giw v Oe..
Yoz = O

9z "~ ox

Hence the transverse shear strains obtained from the displacement field
are not zero showing that, in general, the plane stress solution is not the
exact solution of the 3-D elasticity problem. However, it is possible to show
(Timoshenko and Goodier, 1970) that the solutions of the plane stress prob-
lem and of the related 3-D problem are “close” as long as the plate is thin.
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The 3-D solution has additional terms which are proportional to z? leading
to small differences for the solution variables when the thickness is small.

We can appreciate from the above description that the plane strain and
plane stress models represent quite distinct behaviors and they each need to
be used considering the assumptions contained in the models. In particular,
the kind of restrictions imposed on the out-of-plane displacements, i.e., w in
the notation used above, helps to identify which model reflects best the behav-
ior of the physical problem. However, although there are distinctly different
behaviors, the mathematical formulations of these models lend themselves to
a unified presentation.

Consider the differential formulations of the plane strain and plane stress
problems given by equations (4.25) to (4.34) and (4.45) to (4.54), respec-
tively. We recognize that the equations for u(z,y), v(,y), €22 (2, y), €yy (2, y),
Yoy (2, Y), Taz (2, V), Tyy(2,y) and 7, (x, y) are identical except that C, which
expresses the constitutive equation, is different. However, if we define, for
v < 0.5,

B, =— (4.58)

and

as the effective Young’s modulus and effective Poisson’s ratio and introduce
these in place of E and v in the C matrix for the plane stress model, we
obtain

1 v, 0
B,
C= T | 1 0 . (4.59)
0 0 iz

C = 1—v2 12 1
CE) ) |
( 1—v 1—-v 0 0 1-15

which gives

E(1-v)
Q+v)(1—2v) | Tv

1
1—2v
0 0 2(1—v)

C =
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i.e., the C matrix for the plane strain model.

Therefore, both the plane stress and the plane strain models can be for-
mulated with the same set of equations, for example (4.45) to (4.54), using
the definition of C given in (4.14) for plane stress and (4.59) for plane strain.
Of course, having the solution for the in-plane variables of the plane stress
model, we can readily obtain the solution for the in-plane variables of the
plane strain model by replacing F by F, and v by v, in the analytical ex-
pressions for these variables. The solution for the remaining variables is given
by (4.35) to (4.38) for the plane strain model and by (4.55) to (4.57) for the
plane stress model.

Since F, and v, are larger than E and v the plane strain model is stiffer
than the plane stress model. This fact is expected because the out-of-plane
displacements in the plane strain model are constrained to be zero.

Example 4.1

Study the solution of a thin plate subjected to its own weight as shown in
Figure 4.6. At the edge y = a a uniform distribution of surface tractions f°
= f?f e, = pgae, is applied (p is the density and g the acceleration due to
gravity) and at the three edges y = 0, x = —b/2 and z = b/2 there are
no externally applied surface tractions. To suppress rigid body motions the
displacements at point P (z = 0, y = a) are prevented and the plate is not
allowed to rotate about P.

AY
“\ .
77 5 tractions pga
g
a
h: thickness
h<<a, b
v @ z

b/2 b/2

Fig. 4.6. Plate subjected to gravity
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Solution
We consider a plane stress model and derive the solution. Due to gravity

Since there are no externally applied surface tractions at the three edges
z = —b/2 and x = b/2 the stress components 7., and 7, should be zero at
these edges. Taking

Tze = 0 and 75, =0

for any point in the domain, the equilibrium equation

OTpw | OTyy B _
e b

is identically satisfied and

0wy | OTyy B _
D +78y +fy =0

leads to
Tyy = pgy + f(x)
where f(z) is a function of x only. The boundary condition at y = a implies
£y =pga=myly=a)=pga+flx) =  fla)=0
and, hence
Tyy = PYY- (4.60)
The free edge condition at the lower horizontal edge
ff(x,()) =0=17yy(z,0)

is verified by the 7, given in (4.60).
We can obtain the strains using the constitutive equations

Tew VU v v
S = [ T EWT TR

T v

T

where F, v and G = 2(17311) are respectively, as usual, the Young modulus,
the Poisson ratio and the shear modulus.
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To obtain the displacement field, we need to integrate the compatibility
relations. Consider

_ Ou

Ezz—%

which leads to

ou v v
@z =2 4.61
o= gl = ulmy)=—peeey+ fily) (4.61)
where f1(y) is a function of y only. Also
L
leading to
@ — @ = U(IL‘ y) = pgy2 —+ fZ(x) (462)
Oy E ’ 2F

where fo(x) is a function of x only. The shear strain is given by

ou Ov dfi . dfa pg
oy = — + — =0=—vk “— 2 k=22, 4.63
Ty 8y+8x Vz+dy+dx E ( )
Let us define

df> _dh (4.64)

g1(v) = —vkz + e 92(y) = ay

Rewriting equation (4.63) using the definitions given in (4.64), we obtain

91(x) + g2(y) = 0. (4.65)
We note that (4.65) has to hold for any (z,y) in the domain. Therefore
g1 =Ca, go=—Ch

where Cy is a constant. Using (4.64) yields

—vkz + L = Cy
dz

which by integration leads to

vka?

fg(I) = 021‘ +

+ Cs

and from (4.64)

d
diyl =—Cs = fily) = —Coy + Cy.
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Therefore

u = —vkzy— Coy+ Cy (4.66)

k ka?

Vo= S+ Car+ YRY L . (4.67)
Let us impose the kinematic boundary condition at point P

u(O, (I) =—-Coa+Cs4=0 (468)
and

k 2
v(0,a) = % + 05 =0. (4.69)

In order to impose that there is no rigid body rotation about point P, we
enforce that the horizontal infinitesimal fiber with origin at point P remains
horizontal. This condition is given by

v

%(0, a) =0.

From equation (4.67)

%(O,G) = (Y = Cy =0.

Therefore equation (4.68) gives
Cy=0
and from (4.69)

ka?
Cg - —7
Introducing all the determined constant values into (4.66) and (4.67) leads
to
vpg

u = ——
g Y

_ P9 2 2 2
vo= 2E(y +vx a).

We note, as physically expected, the thickness h of the plate does not enter
the solution.
O
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Example 4.2

Consider now that Figure 4.6 defines the section of a 3-D prismatic solid
of length L in the z direction. At the end sections z = L/2 and z = —L/2
the displacements w(x,y) = 0 and the surface tractions f2 = yS = 0. The
rotation about the line (z = 0,y = a, 2) is prevented and the displacements u
and v of points on this line are also prevented. At the lateral surfaces y = 0,
x = —b/2 and & = b/2 there are no surface tractions. Find the displacement
field and the tractions at the end sections z = L/2 and z = —L/2 when the
solid is subjected to its own weight and to a uniform distribution of surface
tractions f% = f?fey = pgae, at the surface y = a (p is the density and g the
acceleration due to gravity).

Solution

Under the stated conditions, we have a plane strain situation with the same
load and boundary conditions as for the plane stress problem of Figure 4.6.
Therefore, the in-plane solution is directly obtained from the plane stress

solution using the effective elastic constants F, = % and v, = 1:/ in
place of F and v. Hence
v(1+v)
u = ———>pgx
E Py
(1 - ’/2) P ([ o voo9 2
VT TTeE <y tior e )

and, of course, w = 0. At the end section with normal e,, we obtain
£ = T22€2 =V (Tmm + Tyy) €, = vpgye,
and at the opposite end section

fS = —Tzz€; = —Vpgye,.

4.1.3 The axisymmetric model

Cylindrical coordinate system

For the definition of the axisymmetric model a cylindrical coordinate system
is commonly used and effective. In Figure 4.7, a Cartesian and a cylindrical
coordinate system are given. As long as the z axis, the horizontal plane and
the line from which the angle 6 is measured are defined, the location of
every point in 3-D space is uniquely given by the coordinates r, § and z.
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Associated with every point, we define orthonormal base vectors e,, ey and
e,. The unit vectors e, and e, have the direction of r and z, respectively, and
ey is orthogonal to the plane of e, and e,. Therefore, from point to point, e,
and ey change directions, different from using a Cartesian coordinate system
for which e,, e, and e, are always the same for every point.

Fig. 4.7. Definition of a cylindrical coordinate system

The stress components in a cylindrical system are referred to the local
system (e, ey, e,) which changes from point to point.

Equilibrium

A differential element of a solid at a given point corresponding to infinitesimal
increments dr, df and dz and the stress components are shown in Figure 4.8.
Further, in Figure 4.9 a top view is given. We have also in this system that
Tro = Tor, Tro = Tor and Ty, = T,9. Equilibrium in the direction e, requires

(Trr + 0T d7"> (r+dr)dfdz — 1,,rdfdz

or
57‘99 df
— <2T99 + 89d6> deZ?
aTTG

+ (Tr0 + d@) drdz — Tredrdz

06

+ (w e dz) (r + dr) dodr — .., <7" + dr) dodr
0z 2 2
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Toz +a;z(7z dz T, + %dz
Tz

dz

r

Fig. 4.8. Stresses on a differential element described by cylindrical coordinates.
Stresses are shown only on visible faces

Fig. 4.9. Stresses on a differential element described by cylindrical coordinates.
Stresses are shown only on visible faces

+fE (r + d;) dfdrdz = 0.

Neglecting infinitesimals of fourth order, we obtain

87'7«»,‘ 1 (97}9 87—rz
+ =

Trr — THO B _
87’ r 89 62 + r + fr = 0. (470)

Equilibrium in the direction ey requires
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(Tgr + agordr) (r+ dr)dfdz — 1o, rd0dz
r

+ (7'99 + 079 d@) drdz — Tgedrdz

00

o, do do
+ (Tre 5‘0 ) drdz — T,»gd’f‘dz?

+ (7—92 + 85-92 dz) (r dr ) dfdr — 1y, (r + dr ) dfdr
2z
B dr
+f9 r—+ ? d@drdz = 0

leading to

87—97‘ 1 87'99 6ng Tro
o T a0 P + Do +—+f9 =0. (4.71)

And for the direction z

<m + ag” dr> (r + dr)dfdz — 7,,rd0dz
'S

8’7’29
00

0T, dr dr
+<7'ZZ+ azd)(r—i—z)cwdr (T+2>d9dr
B dr
+f7 | r+ 5 dfdrdz =0

which leads to
OTr n 18729 n 0T,
or r 00 0z

Summarizing, the equilibrium conditions in the cylindrical coordinate system
are

+ (Tze + d0> drdz — Ty9drdz

+ B o (4.72)

oT, 19 oT, Trr — T
rr + r0 rz + rr 60 + frB
or r 00 0z r
Otgr 10199 079  ,Tor | .p
or r 00 0z
OTyr 10729 0Ty Tor
or r 00 0z
Let us now introduce axisymmetric conditions, i.e., we consider a solid of

revolution which is subjected to an axisymmetric load distribution. A typical
situation is presented in Figure 4.10. We note that under these conditions

Il
o
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eZ
Lz ’_’_’_’ _____ X i_»er
€

Fig. 4.10. A typical solid with an axisymmetric geometry and loading

f& =0
()

—~ = ( for any stress component

00

Trg = T2 = 0

and the equilibrium conditions simplify to

aT’!"I‘ aT’!‘Z Trr — TOO B
= 0 4.73
or 0z * r +r ( )
87-27" 8Tzz Tar B
=T = 4.74
or 0z + r + 0 (4.74)

and, of course, equation (4.71) is identically satisfied.

Y,
A

Fig. 4.11. Displacement of a generic point under axisymmetric conditions

When we have axisymmetric conditions, the displacements, stresses and
strains are the same for any plane which contains the axis of symmetry.
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Therefore, the problem can be formulated in a plane and it is customary to
use a Cartesian coordinate system for that plane, as shown in Figure 4.11.
Here y is now the axis of symmetry. In the coordinate system of Figure 4.11,
the equilibrium equations (4.73) and (4.74) are

OTps n OTay n Tex

— Tzz B
= 4.

OTzy  OTyy Tay
or oy x
Note that these equilibrium equations are the plane stress and plane strain

equilibrium equations with *+—== added in the first equation and % in the
second equation.

+f7 = o (4.76)

Strain compatibility

Due to the axisymmetric conditions, the displacements for material par-
ticles in the xy plane in Figure 4.11 are given by

u = u(z,y)
v o= v(r,y)
w = 0

and the strains

B
=T o
ov
Eyy = ﬁiy
o
T T By T o
Yz = ’)/yz:()

Figure 4.11 also shows that a displacement u(z,y) actually means that a cir-
cumference of radius x of material points of the solid deforms into a circumfer-
ence of radius x + u as shown. Therefore, we can evaluate the circumferential
or hoop strain €., by

27 (z + u) — 2wz

oy = —t =
# 2rx

u
e
Constitutive relations

It is convenient to define stress and strain column matrices without in-
cluding the zero stress and strain components, i.e.,
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TIZL’ €CEZ

Tyy Eyy
T= , £=

Txy Yy

TZZ EZZ

1 = 0 5
C— E(1—-v) i 1 0 =7 _ (4.77)
(14+v)(1-2v) 0 0 21(1—_25) 0
= 15 1

which is obtained from the C for 3-D conditions given by (3.113).

Differential formulation

Let us consider a solid of revolution for which a generic cross-section A
is shown in Figure 4.12 subjected to axisymmetric loads and displacement
boundary conditions. The volume V of the solid corresponds to revolving A
about the y axis. Usually one radian is considered, see Section 5.2.4. On the
lateral surface S,,, which corresponds to revolving the boundary line L,,, the
displacements are prescribed. On the lateral surface Sy, which corresponds
to revolving the boundary line L, surface tractions are applied. Body forces
fB are also present. Under these conditions the solution of the 3-D elasticity
problem can be formulated in the plane domain described in Figure 4.12.

Fig. 4.12. Domain representing a generic cross-section of the solid of revolution



204 4. Mathematical models used in engineering structural analysis

Differential formulation of the axisymmetric model

Given fF = fP(x,y) and [P = fP(z,y) defined in V, find u(z,y), v(z,y);
Tex = Ta:m(xay)v Tyy = Tyy(xay)7 Toy = Tmy(xay) and Tzz = Tzz(xvy); Exx =
€2a(T,Y), €yy = Eyy(T,Y)s Yoy = Vay(z,y) and €., = €..(z,y) such that

aTzz 8sz Tox — Tzz B
= 0
Ox + Oy + T AL
0Ty  OTyy = Tay B
lzy - 0
Ox + Oy + T oy
Lo
Cu v
Yoy = 6y oz’ zz =

T =Ce¢

for every point in V' and for the C given in (4.77). The boundary conditions
are

=@y, 15 =F (=)
for every point in Sy and
u=i(z,y), v="=0,y)

for every point in S,.

We note that this solution gives the exact solution of the 3-D problem
with

w=20

and
Tez — Tyz = 0

Yoz = VYyz = 0.
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Example 4.3
Consider a disc with a central circular hole. The disc is subjected to internal

pressure p; and external pressure p.. The problem description is given in
Figure 4.13. Determine the stress distribution and the displacements.

ANNNNNNN h

(\
Ziﬂ»l T
b

Y

< »
-«

Generic Transverse Section

Top view

Fig. 4.13. Schematic description of disc problem

Solution

The disc is a solid of revolution subjected to axisymmetric loading. Consid-
ering the load given and that the disc is thin, plane stress conditions also
apply.

Therefore

Toy = 0, Tyy =0

and the equilibrium condition given in equation (4.75) simplifies to

dT:E:v Tex — Tzz

=0. 4.78
dx + T ( )
Since there are no body forces, Equation (4.76) is identically satisfied. The
relevant strain components are

du



206 4. Mathematical models used in engineering structural analysis
and
U
€z = —. 4.80
zz T ( )

The plane stress constitutive equation with the shear strain (stress) zero can
be directly used, i.e.

Tew = % (Ezz +VvE2) (4.81)

Te: = % (£22 + VEga) - (4.82)
Introducing (4.79) and (4.80) into (4.81) and (4.82) yields

. = % (Z + ”f;;) (4.84)

and substituting (4.83) and (4.84) into the equilibrium equation (4.78) leads
to

Pu  1ldu u

dz? " xdr 2
The above ordinary differential equation has a general solution given by

u=Ciz+ % (4.85)

where C7 and Cs are constants to be determined. The general expression
for the stresses can be obtained by introducing (4.85) into (4.83) and (4.84)
leading to

_ _E {01(1”)—02(1_”)} (4.86)

Tfl:fl:
1—0v2 2

Tee = % l:CI(l +v) +Cz(1;2”)} : (4.87)

We are now ready to impose the force boundary conditions. At the internal
surface of the disc we have

Ta:a:|z:a = —Di (488)
and at the external surface
Taw|pmp = —Pe- (4.89)

Equation (4.86) subjected to the conditions given by (4.88) and (4.89) leads
to
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1 - vapi — bp.

Cr = FE b2 — a2
o - 1+ v a®v*(p; — pe)
2 - FE b2 _a2

Hence, the stresses are given by

a’p; — b*pe  (pi — pe)a’b?

Tex = b2 — a? z2 (b2 — a?)

a?pi — V’pe (i — pe)a®h?

T T b? — a2 22 (b2 —a2)
Note that
2 2
a’p; — b
Taw + Toz = 2 (H)

is a constant, i.e., independent of the point where it is evaluated. Therefore
Eyy = —V (Tax + T22) (4.90)

is also a constant. Hence, the out-of-plane displacements v are independent
of x and any horizontal plane remains horizontal after deformation (this also
means that the distortion v,, is indeed zero and, of course, v,, = vz, = 0
due to the axisymmetric conditions). Hence, we conclude that we obtained
the exact 3-D solution and the assumptions of the plane stress model in this
case did not lead to an approximate solution.

We also note that, since horizontal planes remain horizontal after defor-
mation the derived solution is also valid for any thickness of the disc, i.e.,
it is valid not only for a thin disc but also for long cylinders, as long as the
out-of-plane displacements are not restricted. In case we prevent the out-of-
plane displacements, a plane strain condition develops and the solution can
be readily obtained by using the effective material constants, i.e., by replac-
ing E by E, and v by v, in the solution of the in-plane variables, that is,
Tez (), 722 () and u(x). Note that €, is not an in-plane variable for the plane
stress problem considered here and hence it is not obtained by replacing v
by v, in (4.90) . Of course, €,, = 0 for plane strain conditions.

To conclude this example solution the radial displacements can be eval-
uated by substituting the value of the constants C; and Cs into equation
(4.85) leading to

() I*VCLQPZ'*Z)ZP@:E 1+l/a2b2(pi*pe)
u(x) =
E 2 _a2 E (B —a?)x

O
Before we move to the next section and embark on the discussion of
the mathematical models of bars, it is timely to place such bar models and
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the forthcoming plate and shell models in the larger context of structural
mechanics mathematical modeling.

If we look at the developments presented in this section and compare, from
the hierarchical modeling perspective, the 2-D models with the 3-D elasticity
model — our highest order mathematical model in linear analysis — there is an
important point. As long as the geometric, loading and boundary condition
restrictions are satisfied, the plane strain and axisymmetric models lead to
the exact solution of the 3-D elasticity problem. Therefore, the modeling
considerations should only focus on judging whether the assumptions used
in the plane strain or, respectively the axisymmetric model, with respect to
the 3-D model are (sufficiently) satisfied in the actual physical problem.

Such situation contrasts with the plane stress model. In such model even
if the geometric, loading and boundary condition restrictions are exactly sat-
isfied , its solution is not, in general, the solution of the associated 3-D model,
i.e. that for which the plate is modeled as a 3-D solid. Hence, the plane stress
model is what we refer to be a structural model. In what follows we will be
formulating bars, plates and shell models which considering the interpreta-
tions given above are characterized also as structural models. We summarize
these observations in Figure 4.14.

4.2 Bar models

There are a number of bar models which are associated with different geo-
metric, loading and kinematic boundary conditions. Also, there are different
nomenclatures in the technical literature associated with bar models, and
hence we adopt a terminology which best fits the aim to use the models in
the hierarchical modeling process.

Generically, a bar can be understood to be a slender 3-D solid which has
one dimension much larger than the other two dimensions, which are of the
same order of magnitude. We could say that if a, b and ¢ are characteristic
dimensions of a solid in three orthogonal directions, such solid can be assumed
to be a bar if a is of the order of b, i.e., % < % < 5 and m > 10. Then,
it is usual to characterize the bar’s geometry from the definition of a curve
called the bar axis. At any point of the bar axis, a plane region, orthogonal
to the bar axis, is defined. Such plane region is referred to as the transverse
cross-section of the bar at this point. The collection of these transverse cross-
sections characterize the bar’s geometry, where the bar axis is taken to pass
through the centers of gravity of the cross-sections. In Figure 4.15, a generic
bar is shown.

We can identify a number of different situations. For example, the bar
axis can be a three-dimensional curve, a planar curve or a straight line. The
cross-sections may have a constant or varying shape. Moreover, of course,
the bar can be loaded by various different external forces. Depending on the
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the full 3-D mathematical model

( Physical problem modeled with )

Restrictions on
geometry
and loads

Consider all 3-D equilibrium,
compatibility and constitutive

requirements

The 3-D equilibrium,
compatibility and constitutive
requirements are considered in

an approximate manner

I

I

Simplified mathematical models
(e.g. plane strain, axisymmetric

and uniform torsion models)

Simplified mathematical models
(e.g. plane stress, bar, plate and

shell models)

|

I

Predictions for 3-D variables

correspond to the exact solution

of the 3-D model as long as
restrictions on geometry and
loads are observed

‘ Solid Models '

Predictions for 3-D variables
are, in general, only an
approximation to the exact
solution of the 3-D model even
if the restrictions on geometry
and loads are observed

I

( Structural Models )

Fig. 4.14. Summary of mathematical modeling in solid and structural mechanics

center of gravity
(centroid)

Fig. 4.15. A generic bar geometry

generic cross section

combination of the geometric and loading characteristics of the problem, the
bar structural behavior may be different. Therefore, there are a number of
mathematical models for bars which are associated with specific geometric
and loading conditions.
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As a first approach to formulate bar models, we consider the bar as a
3-D solid and impose geometric and loading restrictions. Also, we introduce
assumptions for the stress and displacement fields. Then, the 3-D elasticity
equations are used to obtain the differential formulation of the bar model.

This is the approach that we followed to obtain the plane elasticity models
and which we now use to derive the bar models. The approach gives insight
into how well the bar solutions satisfy the 3-D equations.

4.2.1 Prismatic bar subjected to axial loading

The assumptions used for the mathematical model are (see also Figure 4.16):

e Geometry: The solid is a prismatic bar (a bar of constant cross-section and
straight axis).

e Kinematics: The cross-sections remain plane and displace only in the axial
direction (they do not rotate). The section displacements are given by
u = u(x).

e External loading and boundary conditions: The body forces per unit of
volume are given by £ = fZ(z)e,

At the section x = 0 either fJ = fO or u=ug, and f = f7 =0.
At the section z = L either f2 = f7 or u = ur, and fS 2 =o.
On the lateral surfaces of the bar £ = 0.
e Stresses: The normal stress 7., is the only nonzero stress component.

. B LA
5 k [ \
]:'J _ L (‘) - o -

’
/)
Z »

A

Fig. 4.16. Schematic representation of the model. Either displacement or force
boundary conditions should be specified at the end sections. Bar cross-sectional
area A

Now let us consider the 3-D elasticity equations.

Equilibrium
Considering the differential equilibrium equations (3.114), the first equa-
tion leads to



4.2 Bar models 211

OTea

ox

+fE=0 (4.91)
and the remaining equations are identically satisfied.

Constitutive equations
Considering the generalized Hooke’s law given in (3.116), we obtain

Torq 1% 14
Exx = %7 Eyy = _E'racafa €22 = _E'rzcac (492)

Strain-displacement relations

Introducing (4.92) and (4.93) into (3.115) we obtain

% _ % (4.94)
% =Y e (4.95)
% _ _%Tm (4.96)
%Z . % o (4.97)
% . %} o (4.98)
% . %1: o (4.99)
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Boundary conditions

On the surface given by = =0
either f§' = —7,.(0) or u(0) = ug
fys =Ty =0, f¥=—7., =0 (identically satisfied).

On that given by x = L
either f7 = 7,.(L) or u(L) = ur,
f§ =7ya =0, f2 =7.p =0 (identically satisfied).

On the lateral surface

Tn=0
or
Tew 0 O 0 0
0 0 0 ny | =10
0 0 0 n, 0

which is identically satisfied.
We can obtain a solution solving (4.91) for 7, and then (4.94) for u(z).
Note, however, that when fZ(x) # 0, we obtain 7., = 7..(z) and from (4.92)

ov v

ow v
Ezz = a - _ETTr(I) (4101)

which for varying x means a varying Poisson effect with x, unless v = 0.
Since this induced extension/contraction of the fibers in the plane of the
section is different for neighboring sections, the sections have to warp to keep
the transverse shear strains (7,. = 7,. = 0) equal to zero. Then, of course,
u = u(x) is violated, that is, the kinematic assumption “the cross-sections
remain plane and displace only in the axial direction (they do not rotate)”
is violated. However, in the bar model this effect is neglected and, hence,
using this model we in essence assume that the physical link between two
neighboring sections is given by rollers i.e. the contraction/extension of the
fibers in the section does not affect the deformation of neighboring sections.
More formally, integrating of (4.100) with respect to y leads to

v
v = —Erm(m)y + F(x,z2)
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where F(x,z) is a function of z and z only. This equation substituted into
(4.97) gives

Ou _ v Oy _67F(xz)
oy E or 7" Bz

which can not be satisfied if v = w(x) unless v = 0. A similar conclusion
would arise if (4.101) and (4.99) were considered.

Now the 1-D bar model can be detailed.

Let 7 = 7, and f = fB A be the distributed axial force per unit of length.
Also let N = 7A be the axial force. Hence, the equilibrium equation (4.91)
can be re-written as

dN
—_— =0.
dx +f

Defining ¢ = €,,,, the strain compatibility relation is given by

_du

T

and the constitutive relation by

7= FEe.

The boundary condition at x = 0 is either a displacement boundary condition
u(0) = ug

where ug is the prescribed displacement, or a force boundary condition
NO)=71(0)A=—f5A=—Ry

where Ry is the prescribed concentrated force with positive sense given by
the x axis. Analogously, at x = L, we have either

u(L) = uy,
where uy, is the prescribed displacement at L, or
N(L)=1(L)A= ffA=Ry

where Ry, is the prescribed concentrated force at x = L with the same sense
convention as that adopted for Ry. The differential formulation is summarized
below.
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Differential formulation of bar subjected to axial loading

Given the axial distributed loading f(z), find N (), e(x), u(x) such that

dN
- = 4.102
=0 (4.102)
du
= 4.1
€= (4.103)
N = EAe (4.104)

for all x within the bar. At x = 0 we have either
u(0) = ug or N(0)=—Ry
and at x = L, either

u(L) = ur, or N(L) = Ry.

It is usual to write the differential formulation in terms of displacements
only, by introducing (4.103) and (4.104) into (4.102) and using that

N(0) = EA£(0) = EAZ—Z(O)

and

N(L) = EAe(L) = EAZ—Z(L).

Differential formulation of bar subjected to azial loading in terms of displace-
ments only

Given f(z), find u(z) such that

d*u
FA— = 4.1
72 +f=0 (4.105)

for all z within the bar. At x = 0, we have either

d
UO RO

=) =75 (4.106)

u(0) = ug or

and at x = L, either
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du RL

u(L) = uy, or @(L):ﬂ

(4.107)

Of course, when the problem is solved for u(z), we can obtain e(x) and
N (x) using equations (4.103) and (4.104).

Once the 1-D differential formulation is solved, the solution for the 3-D
problem based on the 1-D solution can be obtained:

u = u(x)

Tex =Ty Tyy = Tzz = Tay = Toz = Tyz = 0

du v v

T Sw =TT E =g
VYzy = Vzz = Vyz = 0

and the displacements associated with the extension/contraction of the fibers

in the cross-section can be evaluated using

Exg =€ = T

vz—%w (4.108)
w:—%m (4.109)

which satisfies (4.95), (4.96), (4.98) and the condition that the bar axis has
no transverse displacements.

Note that when fZ(z) = 0 or v = 0 the 1-D model leads to the exact
solution of the 3-D problem.

Example 4.4

Consider a steel bar subjected to its own weight as shown in Figure 4.17.
The solution of the 3-D elasticity problem is given by

_ P9

Y= 9E

(2Lx — 2% — v(y* + 7))
v = —V%(L —x)y
P9

w = —VE(L —z)z

(i) Find the solution for the bar using the 1-D model.
(ii) Compare the solution obtained in (i) with the exact solution.
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s
f'=—pgL e,
)\ ﬁ = 1,V

E = 21x10° kN/m’
L=1Im P v =10.3

p="7.8x10" kN/m’

= 4x10" ot

" Z,u

Fig. 4.17. Bar problem definition. Point P is fixed and the bar cannot rotate with
respect to P

Solution

(i) The differential formulation for the 1-D model in terms of displacements
is given by

P

EA
dx?

+pgA=0

u(0) =0

du
ey

Solving, we obtain

u(x) = g

=55 (2Lz — z?) (4.110)

and the axial stress in given by
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= B = pg(L —
T o pg(L — )

using equations (4.108) and (4.109), we obtain

v = fz/@(L—;v)y (4.111)
E
w= —u%(L —x)z. (4.112)

(ii) Comparing the 1-D solution with the exact solution, we observe that the
predictions for v and w are exactly the same. The u displacements differ
by the warping of the cross-section. In fact, we can write

Uezact = Uone—dimensional T Uwarp

where Uone—dimensional 15 the solution of the 1-D bar model and

Uwarp = _V%(yQ + 22)

is the warping displacement. Of course, when v = 0 the solutions of both
models coincide. We note that for bar problems the warping displacements
are small when compared to those predicted by the 1-D model. For exam-
ple, considering the square cross-section for the bar in Figure 4.17, the ratio
between the maximum warping displacement and that of the 1-D model at
x=Lis6x107°.

4.2.2 Prismatic bar subjected to transverse loading; the
Bernoulli-Euler beam model.

This model plays a fundamental role in the formulation and understanding of
mathematical models for structural analysis. The model serves as a reference
for many structural models.

The external loading and geometry are selected to lead to bending in one
plane only and to not induce torsion. The term beam is used to describe a
bar when there is transverse loading that is transferred to the supports by
bending.

The assumptions used for the mathematical model are (see also Figure
4.18):

e Geometry: The solid is a prismatic bar (a bar of constant cross-section and
straight axis). The plane xz is a plane of symmetry.
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e Kinematics: The cross-sections remain plane and orthogonal to the de-
formed bar axis. The bar axis goes through the centroid of the section,
remains in the zz plane and the in-plane deformation of the cross-sections
is neglected.

e FExternal loading and boundary conditions: The load is transverse to the
bar, that is, in the z direction and we choose to model it as body forces
per unit of volume given by fZ = fB(z)e,.

At the end sections either displacements or surface tractions are prescribed.
On the lateral surfaces of the bar 5 = 0.

e Stresses: The normal stress 7., and the transverse shear stress 7., are the

only nonzero stress components.

We choose a bar of rectangular cross-section (see Figure 4.18) and consider
the 3-D elasticity equations.

Fig. 4.18. Bar subjected to transverse loading

Equilibrium
Considering the differential equilibrium equations (3.114), the first and
third equations lead to

OTpe  OTzs

oz | 1B (z) = 0 (4.114)
or z B '

and the second equation is identically satisfied.

Constitutive equations

Considering the generalized Hooke’s law given in (3.116), we obtain
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Exx — f, Eyy = _ETmm, Ery — —E’Tzz (4115)
T(EZ

Yoy = Oa Yyz = 07 Vzx = G (4116)
Strain-displacement relations
Introducing (4.115) and (4.116) into (3.115) we obtain

ou  Tey

= 4.117
ox E ( )
v v

— =—-= 4.11
dy B ( 8)
ow v

- 4.11

0z e (4.119)
ou  Ov

du v _, 4.120
oy + Or ( )
Jv  Ow

ov  ow _, 4.121
2: "oy (4.121)
ou  Ow Ty

— 4+ — = 4.122
9: " or G (4.122)

Let us now consider the kinematic assumptions which are pictorially de-
scribed in Figure 4.19. Since we are assuming infinitesimally small displace-
ments and we neglect the in-plane deformation of the cross-sections

w=w (x) (4.123)

and from the hypothesis “the cross-sections remain plane and orthogonal to
the deformed bar axis”, we obtain

dw
bt
dz
where we have also used that the displacements are infinitesimally small.

Considering that “the bar axis remains in the zz plane” and again that “the
in-plane deformation of the cross-sections is neglected”

u =

(4.124)
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. ~ dw
U =-sina z=-z2—
dx
-------------------- P - —
T,u

Fig. 4.19. Kinematics of beam sections

v=0.

Note that considering the kinematic assumptions, equations (4.118),(4.119)
and (4.122) can not be exactly satisfied. In fact, the violation of (4.118) and
(4.119) means that we are neglecting the contraction/extension of the fibers
in the plane of the cross-section due to Poisson’s effect. And from (4.123) and
(4.124)

ou  Ow dw  dw
o ou dw dw dw 4.125

B 0z * Ox dx + dz ( )
which corresponds to a violation of (4.122) . This means that we are neglecting
the induced shear strain v,, due to the shear stress 7, .

We also note that the displacements are fully determined once w (z) is
known.

From (4.117) and (4.124), we obtain

d*w

which substituted into (4.113) yields

d?’iw + Oz
dx3 0z

—zF =0.

Integrating the above equation with respect to z, we obtain

22 _d3w
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where f (z,y) is a function of x and y only. Since the top and bottom surfaces
of the bar are free of surface tractions, we have

Txz <I7ya }2L> =0 (4128)

Txz (%% _}2L> =0. (4129)

Considering (4.128), that is, the condition at the top surface and (4.127),
we obtain

h? _dBw
gE@ + f(z,y) =0
which leads to
W dPw
f(xy)=g(x)= *gEﬁ

and with this f (z,y) = g (x), (4.127) also satisfies (4.129) . Hence

Edw( , [(h\’
_& (™)) 4.1
Te: =5 73 <z <2> ) (4.130)

Substituting (4.130) into (4.114) yields

4 2
Ly (—(Z)) 12 (@) =0

which can be satisfied pointwise only at z = 0, that is, at the bar axis. We can
integrate the above equation over the cross-section to impose that it should
be satisfied in average to obtain

d*w  fB(x)A
B (4.131)

where A = bh is the area of the cross-section and I = % is the moment of
inertia of the cross-section with respect to the y axis. The boundary condi-

tions at the lateral surfaces (y = +2) are satisfied since there are no surface

tractions applied and 7,y = 7,, = 0.

We still have to consider the boundary conditions at the end surfaces
given by r =0 and z = L.

Since the only nonzero stress components are 7, and 7., the surface
tractions at z = 0 are f5 = —T.,, fyS =0, f° = —7,,and at @ = L
fxs = Teaz, fys =0, fZS = 7T.,. Note that the stress components 7., and 7., are

given in (4.126) and (4.130), and they are fully determined when the values
dBw

o3 have been obtained.

Pw
of &—7 and
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Hence, the differential formulation of the Bernoulli-Euler beam model is
based on the solution of (4.131) for w(z) subject to boundary conditions at
x = 0 and x = L. Before we detail this differential formulation we define the

section stress resultants

M(z) = /A—Tmz dA (4.132)

V(z) = /A Ty, dA (4.133)

where, of course, M(z) is the bending moment and V'(x) is the shear force.
Using (4.126) and (4.130), we obtain

d2

M(z) = EId—;; (4.134)
dS

Viz) = Eld—;g (4.135)

and, hence,

aM

> v

dx

Also, we can define the transverse loading per unit of length
plx) = f7 (x) A
which using (4.131) and (4.134) yields

d2M B
dz P
‘We summarize below the differential formulation of the beam mathemat-

ical model.

Differential formulation of the Bernoulli-Euler beam model in terms of dis-
placement only

Given the transverse distributed loading p(z), find w = w(z) such that

d*w _ p(z)
T 4.1
dzt EI (4.136)
for all  within the bar. At x = 0, we have either
d3
w(0) =wy  or Eld—;:(()) = Qo (4.137)
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and either

dw d?w

— = FEI———(0) = M,. 4.138

7p =90 or dxg( ) 0 ( )
At x = L, we have either

w(L) =w or EIdS—w(L) =-Q (4.139)

-t de? T '

and either

dw d>w

—(L) = ElI— (L) = —Mj. 4.14

Y=g or  BITH(L) =M, (4140)

where My and M;j are externally applied moments measured positive as
moments about the y-axis, and @y and @ are externally applied forces
measured positive into the z-direction.

We note that

Moe, = </A ff (0,y,2) 2z dA> ey

that is, Mpe, is the moment which is equivalent to the surface tractions
£2(0,y,2). Note the since f2 (0,y,2) = =74z (0,9, 2)

dPw
My = —Tuz (0,y,2) 2 dA = M (0) = EI—2 (0)
A dﬂf

which gives the second equation of (4.138).
Also

Qoe, = (/A fZS (0,9, 2) dA) e,

that is, Qpe, is the force which is equivalent to the surface tractions
ff (Oa Y, Z) . Note that since f.f (Oa Y, Z) = ~Tzz (ana Z)

o
da3

Qo = /A 1 (0,3,2) dA = V(0) = EI-2(0)

which is the second equation of (4.137). Analogous interpretations hold for
z = L. In summary, at the bar end sections we should prescribe either a
displacement or a force and either a rotation or a moment.

Note that once the differential formulation is solved and w (z) determined,
we can obtain the 3-D predictions of the bar mathematical model using

(4.124), (4.126), (4.130) and the assumptions w (z,y, z) = w (z), v (z,y, 2) =
0, Tyy = T2z = Tay = Ty. = 0. If the in-plane extension/contraction of
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the fibers are of interest, we can improve the predictions for w (z,y, z) and
v (z,y, z) substituting 7., given by (4.126) into (4.118), (4.119) and consid-
ering (4.121).

The approach we used to derive the 1-D differential formulation for the
Bernoulli-Euler beam model, and also for the bar subjected to axial loading
only, in which we considered the 3-D elasticity equations, permits to clearly
identify what the model assumptions are and how they affect the satisfac-
tion of the 3-D equations. However, as we consider more complex structural
mathematical models such as curved beam, plate and shell models this ap-
proach becomes difficult to follow and we consider for the formulation of the
remaining models a classical approach.

In this classical approach we also start with a 3-D solid and consider
geometric, kinematic and mechanical assumptions. Then, we enforce equilib-
rium, constitutive and compatibility conditions. These conditions are related
to the analogous 3-D elasticity conditions but are not exactly those. For ex-
ample, equilibrium is imposed in terms of stress resultants and constitutive
and compatibility conditions are selectively enforced. We exemplify the use
of this classical approach with the Bernoulli-Euler model considered already.

We start from the same geometric and kinematic assumptions given above
and consider a load p (z) per unit longitudinal length acting into the z direc-
tion. Then, we use (4.124) and (4.117) which implicitly consider the compat-
ibility relation

ou

and the constitutive relation

(4.141)

TZ{L’

Exx = f
to obtain (4.126). Note that in using the above constitutive relation, we
implicitly assumed that 7, = 7., = 0.

Then we consider equilibrium in terms of the stress resultants of a differ-
ential element as summarized in Figure 4.20°.

We note that to represent the actions of the rest of the beam on the
end cross-sections of this differential element we have introduced the bending
moment M (z) and the shear force V' (x) which are necessary to equilibrate
the transverse load as detailed below.

Equilibrium of the differential element in the z direction yields

V—-(V+dV)+p(z)de=0
av
de
3 Note that this sign convention for the transverse shear V for the beam models

(see also Section 4.2.8) is quite common but is opposite to the convention used
for plates and shells

p(z) (4.142)
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o P(x)

N AAAA
o N I S v Vi dv
J I 1 - MCTA l)MﬂlM
X

z | dr

<
=

Fig. 4.20. Equilibrium of a generic differential element

and moment equilibrium, which is enforced about point A for instance, gives
d
—(V +dV)dz + p(x)dxg — M + (M +dM) = 0.

Neglecting infinitesimals of higher order, we obtain

dM
—— =V 4.143
g (4.143)

Equations (4.142) and (4.143) are the bar equilibrium conditions. Of course,
equilibrium in the axial direction is trivially satisfied since we are considering
transverse loading only and the axial forces are zero.

Taking derivatives of (4.143) with respect to z and substituting the result
in (4.142) yields

M
dx?

Using (4.126) and (4.132) , we obtain (4.134) which substituted in (4.144)
yields (4.136) . Now we could write the same differential formulation obtained
above and given in (4.136) to (4.140). Hence, both approaches lead to the
same differential formulation.

We state below some classical equations and definitions for the beam
model. From (4.126) and (4.134), we obtain

= p(x). (4.144)

M
Tox = ——% (4.145)
1
which gives the linear normal stress distribution at the beam cross-section.
We note that, since z is measured from the bar axis going through the centroid
of the section,

/ Tew dA = 0.
A

Indeed, we want this property and have chosen the location of the bar axis
correspondingly. We also define
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d*w
= — 4.146
K= (4.146)
where k gives the curvature of the bar axis since we are considering infinites-
imally small displacements. Then, (4.134) gives

M

- 4.147

K
which leads to the important physical interpretation that the bending mo-
ment M (z) induces curvature of the beam axis. The product ET is called the
bending rigidity of the section (or of the beam, when the beam has a con-
stant cross-section). It gives the stiffness of the section for bending induced
curvature.

We can rewrite the differential formulation given in (4.136) to (4.140),
now considering (4.144), (4.146) and (4.147) to obtain:
Differential formulation of the Bernoulli-Euler beam model

Given the transverse distributed loading p(z), find M(z), x(z), w(z) such
that

d2M
— = 4.14
dPw
_ M(x)
K(z) = o7 (4.150)
for all x within the bar. At x = 0 we have
aM
w(0) = wy or —(0) = Qo (4.151)
dx
and
dw
d—(O) = o or M(0) = M,. (4.152)
T
Atz =1L
M
w(L) =wg, or Cfi—(L) =—-Qr (4.153)
T
and
dw
—(L) =y, or M(L)=—-My. (4.154)
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Of course, the solution of both differential formulations leads to the same
transverse displacements and, hence, the same model predictions. We note
that the differential formulation given by (4.148)—(4.154) explicitly shows
the conditions of equilibrium, compatibility and constitutive behavior. In
fact, (4.148) is the equilibrium equation, (4.149) the compatibility relation
and (4.150) the constitutive equation.

Considering the variables in the formulation of this bar model and the
variables of the bar under axial loading model, we recognize that some of
these variables are quite different from those of the 2-D and 3-D elasticity
models. For example, in the bending bar model we have stress resultants
and curvature variables. This is usually the case for structural mathematical
models.

In order to give a unified framework for the presentation of the structural
mathematical models, let us make some definitions. There are always kine-
matic variables which fully characterize the kinematics of the model. The
kinematic variable for this model is w = w(x). Note that all displacement
components for any point in the bar can be obtained from w(z). In fact,

dw
u(x, Y, Z) - —Z%
v(z,y,2) = 0
w(z,y,2) = w()

There are strain type variables which are linked to the straining of the
beam fibers. They are referred to as generalized strain variables. The curva-
ture k(z) is the generalized strain variable for this model.

There are variables which are linked to the internal actions and are re-
ferred to as generalized internal force variables or generalized stress variables.
The moment M (z) is such variable for the beam model.

We note that there is a correspondence between the above defined gener-
alized strain and the usual strains of the 2-D and 3-D elasticity models. Both
are obtained from the kinematic variables and are related to the straining of
the material fibers.

The correspondence also holds for the generalized internal force or gen-
eralized stress in the beam model and the stresses for the 2-D and 3-D elas-
ticity models since both reflect the internal transfer of forces. Finally, the
generalized strain and internal force are related by a generalized constitutive
equation (see equation (4.150)).

The kinematic, the generalized strain and the generalized stress variables
are called primary variables of the model since they completely characterize
the model and its mathematical formulation can be fully stated considering
these variables. Also, the primary variables are used to express the conditions
of equilibrium, compatibility and constitutive behavior.
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Note that the shear force does not enter directly in the differential formu-
lation of the problem and can be obtained by equation (4.143) after M (x)
has been found. It is termed an auziliary variable.

Example 4.5

Obtain the transverse shear stress distribution at a generic cross-section of a
beam.

Solution

Due to the kinematic assumptions of the Bernoulli-Euler beam model the
transverse shear strain +,, is zero, see (4.125). Therefore, the constitutive
relation would lead to 7,, = 7., = 0. However, considering the equilibrium
condition (4.143) a nonzero shear force V is in general required. Of course,
the shear force is the stress resultant associated with the distribution of 7.
At a given cross-section

V:/A(fm) dA (4.155)

where the minus sign is a result of the sign convention. Equation (4.155) shows
that 7., can not be zero throughout the cross-section when V is different from
zero. This apparent inconsistency is resolved when we recognize that in the
Bernoulli-Euler model the shear deformations which would be induced by 7.,
are neglected. This assumption is increasingly appropriate as h/L becomes
smaller, because for slender beams this shear deformation contributes very
little to the overall beam deformation. However, the contribution of 7,, for
equilibrium can not be neglected.

Tl'z
S S e
\ R

A
Yy — e
dx T,

‘T2

a) b) c)

Fig. 4.21. Transverse shear stresses in beams
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In order to evaluate an approximate distribution of 7., (approximate when
compared to the 3-D elasticity solution), consider the part of the beam shown
in Figure 4.21a which is obtained by cutting the beam at two cross-sections
dx apart. In Figure 4.21b, the equilibrium in the x direction of the highlighted
part of Figure 4.21a is shown. Of course

M
F=/ Taw dA:/ Moga=M [ aa (4.156)
A .1 I Ja

Note that a constant distribution of 7,, is assumed at the horizontal plane
defined by the cut. Recalling a result for shear stresses acting on orthogonal
planes, we note that the shear stress acting on this horizontal plane defines
the shear stress acting on the beam cross-section as schematically shown in
Figure 4.21c. Considering Figure 4.21b the equilibrium in the z direction
leads to

dF = 7,,bdx
or
1dF
Let us define
m, = z dA (4.158)

A*

which is the static moment of the area A* with respect to the y axis. From
equations (4.143), (4.156), (4.157) and (4.158) we obtain

_ MydM VO,

o =T =TT dn bl (4.159)

In order to obtain insight into the shear stress distribution, consider a beam
of rectangular cross-section. Referring to Figure 4.22a, we can write

h/2  b/2 h/2 22
m, = / sz:/ / zdydz:b/ zdz=b—
A* z* —b/2 z* 2
b [ h? .
- 5(5-e)

where z* is the z coordinate associated with the cutting horizontal plane as
shown in Figure 4.22a. Then, from (4.159) we obtain

re= g (- ) =30 (1 - (;2)2) (1.160

h)2

P
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z
‘ TZ.’I,'
P 4* parabola
h/2 4
i E
s 3V
hy/2 24

a) b)

Fig. 4.22. a) Geometric definitions; b) Transverse shear stress distribution for a
rectangular cross-section

where we used that I = bh3/12. Of course, we note the agreement between
(4.130) and (4.160) .

As summarized in Figure 4.22b, the shear stress distribution for a rect-
angular cross-section is parabolic with the maximum value at the centroid
given by 3/2 times the average shear stress V/A. Note that the condition of
zero shear stresses at the top and bottom surfaces of the beam is satisfied.

O
Demonstrative solutions

We give below some example solutions. These examples, besides giving
some insight into the use and behavior of the beam model, present solutions
in a convenient form to introduce the matrix method of analysis for frames.

Example 4.6

Find the solution of the beam problem described in Figure 4.23.

w T p(z)=p, = constant

Alllﬂllﬂﬁ

L »
| |

FEI = constant

Fig. 4.23. Built-in beam subjected to constant transverse load
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Solution

We use the differential formulation

d*w  po
—_—= 4.161
dz*  EI (4.161)
with the following boundary conditions
dw dw
= 2(0)=w(l) = —(L) =
w(0) = Z2(0) =w(L) = 2 (5) =0

to enforce the kinematic restraints to displacements and rotations at both
ends. Integrating equation (4.161) with respect to x yields

(@) = 2T
24E71

where C7, Co, C35 and C, are constants to be determined. Imposing the
boundary conditions gives

+ 01333 + 021‘2 + Csz + Cy (4162)

p0$4 poL 3 p0L2 2
- + x° — x©.
24FE1  12FE1 24FE1

The end-forces and moments are obtained by using (4.134) and (4.135)

(4.163)

w(z) =

_ polL?
12

_ bk
>

, V(0) = -V(L)

Example 4.7

Find the solution to the beam problem subjected to an imposed end-
displacement as summarized in Figure 4.24.

deformed
{ \

\undeformed
- L >

Fig. 4.24. Built-in beam subjected to imposed end transverse displacement



232 4. Mathematical models used in engineering structural analysis

Solution

We use

d*w

with the following boundary conditions

_dw

dw
w(0) =5, 22 (0) = w(z) = W) = 0 (1.165)
Integrating (4.164) leads to
w(z) = C1a® + Coa® 4+ Csx + Cy. (4.166)

The constants can be determined by imposing the boundary conditions given
in (4.165) leading to

2x3 32
w(z) = (LS -5yt 1) 5 (4.167)
where
23 322

The function hgo(x) gives the transverse displacement of the beam axis
when a unit transverse displacement is imposed at the left end and the re-
maining end-displacement and rotations are fixed. The corresponding end-
forces and moments are

6E1 12E1
T2 V(O) = V(L) = I3

M(0) = —M(L) =

O

Proceeding as in Example 4.7, we can derive the solutions of the beam
model for other unit end displacement /rotation conditions as summarized in
Table 4.1. The h; functions are referred to as the beam Hermitian functions.
These solutions are very useful since they can be used to find solutions to
arbitrarily chosen end displacement/rotation conditions. In fact, let us con-
sider the beam without transverse loading but with imposed end displace-
ment /rotation conditions given by

Z—Z(O) = w; and d—w(L) =wh. (4.168)

’LU(O) = Wo, w(L) =wp, dz

The solution to this problem is given by



4.2 Bar models 233

Table 4.1. Exact solution for unit end displacement/rotation conditions

Problem description

Bar end-forces and solution for w(x)

6EI ‘ 6EI
L> \p12E1 1261 | ) L
L:i Lﬁi

w(0) = 1; w(L) = 0; 420 — ; dul) _ ho(z) = 25 — 322 41
AE] \2}51
L N6kl 6EI
1 I2 I?

—0- — . w0 _ q. dw(L) _
w(0) =0; w(L) =0; &~ =1, == =0

GEI 6EI
LZ ( 2
/ . L12EI 12EIT
L$ Li}
w(0) = 0; w(L) = 1; 440 — ¢ du) _ hs(z) = — 28 + 327
2E1 \3 AEI
1 L T 6EI @L L
L2 LQ
w(0) = 0; w(L) = 0; 42 — g; dull) _ he(z) = 25 — 2
w(x) = ho(x)wo + ha(x)wy + hs(2)w, + he(x)wp,. (4.169)

The w(z) defined in (4.169) satisfies (4.136) for p(x) = 0 since ha(z),
hs(x), hs(x) and hg(z) also verify (4.136) for p(x) = 0, and the w(x) satisfies

the boundary conditions given in (4.168) since the h;(z),

dh;
;ém) assume the

value of 1 for the corresponding end displacement /rotation conditions (see
Table 4.1) and the value of zero for the other end conditions. The solution in
(4.169) represents of course an application of the principle of superposition

(See Section 2.3.6).

Example 4.8

Assume that the end conditions for the problem in Figure 4.23 are those
stated in (4.168). Find the solution of the problem.
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Solution

Denoting by wi(z) the solution for the transverse load with zero end dis-
placements/rotations derived in Example 4.6 given by (4.163) and by wa(x)
the solution for the specified displacement/rotation end conditions with no
transverse load given by (4.169), the function

w(z) = wi(2) + wa ()
is the solution sought. In fact

dw  d* dtw, | d'w, _ dhwy _ p(x)
wi@(wl(x)erz(x))* Ao + det  dzt  EI

and since wy (z) corresponds to the zero end conditions (it is the solution to
the problem of Example 4.6) w(x) satisfies the given boundary conditions.

O

Note that we can obtain the solution to the problem of a beam subjected
to a transverse load p(x) and imposed end displacements/rotations by solv-
ing a beam clamped at both ends subjected to the p(x) (see Example 4.6)
and adding to this solution the response due to the imposed end displace-
ments/rotations (see (4.169)).

In the next example, we examine a situation in which at one end we have
a prescribed displacement and no restriction on the section rotation.

Example 4.9

Solve the problem described in Figure 4.25. We note that there is no restric-

§ rundeformed
| ‘Q“Ia
deformed

B L |
| |

Fig. 4.25. Beam subjected to imposed end transverse displacement. Section rota-
tion at right end is left free

tion on the rotation at the end x = L.
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Solution

Although we do not have a prescribed rotation at the end x = L, we can still
take advantage of the general solution for p(z) = 0 which is given by (4.169).
Of course wy = w, = 0, wy, = —0 and w}, is to be determined. The condition
of leaving the section rotation at x = L free is represented by imposing that
the bending moment at that section is zero. Hence the solution can be written
as

w(z) = hs(x)(=0) + he(x)wp,

with M (L) = 0. This condition corresponds to

d*w
M(L)=FEI—(L) =
(£)= 1% 5 (1) =0
and hence
d2w( ) = d?hs(x) (=5) d*he(z) " — o
dx? drz? |, dz? |, L
to give
, 30
U}L = —E

Therefore the final solution is

w(z) = — <h5(as) + 23Lh6(x)> a.

The principle of superposition used in the above solutions is employed
abundantly, and we choose to detail it further in the next example.

Example 4.10

Consider the problem described in Figure 4.26a. Show how the principle of
superposition can be used to solve this problem.

Solution

In Figure 4.26b we show four simpler problems whose solutions superimposed
give the solution to the original problem.

We note that for each problem the restraints are those of the original prob-
lem and an external action — either a part of the total loading or a support
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settlement /rotation — is introduced. Of course, when considered together,
the external actions in the simpler problems should represent all external
actions on the original structure.

The validity of the principle of superposition rests on the linearity of the
differential formulation of the problem. Referring to the differential formu-
lation of the Bernoulli-Euler beam model, we summarize in Table 4.2 the
differential formulation of each simple problem. Due to the linearity of the
differential formulation

w(z) = wi(x) + w2(z) + ws () + wa(w)

is the solution of the original problem.

Fpl(x) fpo

YYyvy

-«

b)

Fig. 4.26. a) Original problem; b) Simpler problems used for the superposition

In fact,
dw  d'w n d*w, . d*ws  d'wy  pi(x) " p2(z)  p(z)
dzt  daf dx? dz* dz*  EI EI ~— EI

w(0) = wi(0)+ w2(0) + w3(0) + w4 (0) =0
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Table 4.2. Differential formulations of simpler problems

(1) (2)
= P o = gy
w1 (O) = 0, 7_U1(L) =0 U_)Q(O) = 0, wz(L) =0
dwi(0)=0, EI%L%(L)=0 dwz(0) =0, EI%L%(L)=0
(3) (4)
d4w3 _ d4w4 -0
Azt T Tdz® T
U/3(O) = O, ’LU3(L) =0 w4(0) = O, 1U4(L) = —(5
W) =g, BIGH@L)=0 | 420)=0, BITH(L)=
dw - dw1 dU}Q dw3 dw4 -
d*w d?w; dPws d?ws d?wy
EFl— (L) = EI—(L)+ El——(L)+ EI——(L)+ EI———(L) =0

which show that w(x) satisfies all field and boundary conditions of the original
problem. The solution of the seemingly complex problem has therefore been
reduced to the solution of the four simpler problems.

O

Bars subjected to axial and transverse loading

In Section 4.1 we examined the solution of bars subjected to axial loading
only and in this section we obtained the solution of bars subjected to trans-
verse loading only. In the linear analysis considered, the axial loading does
not induce any rotations of the bar sections and the transverse loading does
not induce any axial displacement at the bar axis. Therefore, in the context
of infinitesimally small displacements, the solution of a bar subjected to the
simultaneous actions of axial and transverse loadings can be obtained by the
superposition of the solutions to the axial and bending problems.

Example 4.11

Find the solution of a bar of length L and cross-sectional area A subjected
to imposed axial end displacements ug at * =0 and uy, at x = L.
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Solution

Considering the differential formulation of the bar problem subjected to axial
loading given by (4.105) to (4.107), we have

d*u

FA—
dx?

=0
where F is Young’s modulus. Hence,
u(z) = Cox + C1

and imposing 4(0) = up and u(L) = uy, we obtain
x x
u(@) = uo ( L) T

u(x) = hy(z)up + ha(z)ur,.

We note that h;(x) gives the solution for an imposed unit axial displace-
ment at © = 0 with the other end fixed. Analogously, the function h4(z) gives
the solution for an imposed axial unit displacement at x = L with the end
x = 0 fixed.

|

Let us consider a generic bar and number the end degrees of freedom as

schematically shown in Figure 4.27.

Uy Us

S ™~

Uy Uy

Fig. 4.27. Numbering of end section degrees of freedom. Young’s modulus FE, the
moment of inertia I and the cross-sectional area A are all constant

Consider that these end displacements are imposed and that there is no
distributed axial and transverse loading. Using Examples 4.7 and 4.11, the
solution can be written as*

u(z) = hi(z)ur + ha(z)ua (4.170)

4 Note that u(x) in (4.170) represents a uniform section displacement (independent
of z used in (4.124)) and w(z) in (4.171) results in an additional u-displacement
as given in (4.124)
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and
w(z) = ho(x)uz + ha(x)uz + hs(z)us + he(x)ue (4.171)

and the numbering used for the functions h; is now obvious. If in addition
a transverse or axial loading is applied, the solutions can be obtained by
superposition (see Example 4.10).

4.2.3 Bar models obtained by an assemblage of bars

We have studied so far bar models of only one bar. When bar models are
used in structural engineering to model real structures, the resulting models
almost always involve an assemblage of bars.

In Chapter 2, we studied truss structures made of several bars. The truss
models are simpler than those we consider next since in truss structures each
bar only carries an axial force due to pin end conditions. However, the same
concepts can be used to analyze structures made of an assemblage of bars
carrying bending and axial forces.

Consider the structure in Figure 4.28a. The structure is clearly properly
supported since, due to the clamped condition at section A, the structure can
not undergo any motion when considered rigid.

a) b)

Fig. 4.28. a) Three-bar structure model. Bars AB, BC and C'D have constant EI
and EA; b) External actions on the structure with reactions included

This structure is statically determinate since the suppression of any of its
restraints would yield a structure that is no longer properly supported.

Associated with each restraint, a reaction force is introduced as schemat-
ically shown in Figure 4.28b. Since the structure is statically determinate the
reactions can be determined using the global equilibrium conditions below

> Fx = 0 = X,=-P

SR

I
o

= Yoa=P
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Mpy—P-2a=0 = My = 2Pa.

- B
%am i !

Fig. 4.29. Definition of section E/

Let us discuss how to determine the internal forces and moment at any
section by examining the section E shown in Figure 4.29. The structure
is conceptually cut at this section and we introduce the section forces and
moments acting onto the two resulting parts as shown in Figure 4.30.

%‘_lj}[) (j'iﬂv——ﬂ’
R r

(1)

Fig. 4.30. Internal forces at section E

Of course, the internal forces and moments at section E can be evaluated
by enforcing equilibrium of either part (I) or (II). Since in part (IT) we
have only known external actions, its equilibrium directly gives these internal
forces and moments. We obtain

N = P

Vv = P
_3Pa
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In this way, we can determine N, V and M for any section and obtain
the axial, shear and moment diagrams which are shown in Figure 4.31. For
a generic point on the bar axis, the magnitude shown orthogonal to the
axis indicates the value of the particular internal force/moment at that bar
section. For the axial and shear force diagrams the sign convention is indicated
next to the diagrams. For the bending moment, the convention is to draw
the diagram on the side where the fibers are tensioned due to the action of
the bending moment.

S

]

P[]

t$¢

¢ (LG

M

/

Paﬁ/

Fig. 4.31. Axial, shear and bending moment diagrams

To illustrate how displacements can be evaluated for an assemblage of
bars, we consider the example below.

Example 4.12

Calculate the section displacement indicated in Figure 4.32.

Solution

We need to consider the contributions due to the axial force and the bending
moment. Note that the displacement dc depends not only on the deforma-
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=

ol

Fig. 4.32. Section displacement to be evaluated

tion of bar BC but also on that of bar AB. Since we know the displace-
ments/rotation at A and the internal forces of bar AB, we can evaluate the
displacements/rotation at point B by solving the applicable differential equa-

tions for bar AB.

For every bar we adopt a local coordinate system such that the x axis is

always axial as described in Figure 4.33a.

The differential formulation for the bending problem of bar AB reads

dw _ M) 1
a2 = EBI  EI

w(0) = 0; w'(0) =0

(Px — 2Pa)

and for the axial problem

du  N(x) P

de ~ EA ~ EA
u(0) = 0.
Solving equations (4.172) and (4.173), we obtain for section B
e Pa

BT EA

_ 5Pa?

P T TeERT

P _E’)Pa2
BT TRED

For bar BC, we have

Pw M) __Pa

dz2  EI =~ EI

_ Pa. 3Pa?
2FT

(4.172)

(4.173)
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A = .. ﬁ]
Tz
C D —
Yz
a) b)

Fig. 4.33. a) Choices of local axes; b) Magnified deformed shape

du _ N(z) P
dr = EA ~ EA

5Pq?
u(0) = —wp = GBI
Of course, the end conditions at x = 0 for bar BC have been obtained from
the displacements and the rotation at section B considered as the end section
of bar AB.

Solving the above equations, we obtain

" _&+5Pa375Pa3 14 6/

T FEA T G6EI ~ G6EI 5Aa2
and

_ 2P Pa_ 2Pd’ I

Ye=""gr TEAT T EI 24a2 )

Therefore
2Pa3 I
(SC = —wg¢g = El <1 - 2Aa2> . (4.174)

A magnified deformed shape of the structure is shown in Figure 4.33b.

We compare the relative contribution of the axial and bending defor-
mations to the calculated displacement. Assuming that the bars are of a
rectangular cross-section of height h, expression (4.174) becomes

2Pa? 1 /h\?
b¢ =51 <1Q4<a)>
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and we see that for a usual range of values for A and a the contribution of
the axial deformation is negligible when compared to that of the bending
deformation.
O
Although the methodology used in the above example to find displace-
ments/rotations for an assemblage of bars provides insight into the kinematics
of the deformation, it is not efficient for a structure of many bars. Moreover,
the solution would become even more cumbersome for statically indetermi-
nate structures. Consider, for example, the structure described in Figure 4.34
which was obtained by adding a support at point C' to the structure of Figure

4.28.
% B
A p FEI = constant

FEA= constant

S

c @ D

Fig. 4.34. Modified three-bar structure

=

(D) (1)

Fig. 4.35. Superposition for three-bar structure

Before we can solve for the displacements we need to find the reaction
at C. For that purpose we can use the superposition of effects as shown in
Figure 4.35 and impose the compatibility relation

oc, +90¢c,, =0

If we define 65, as d¢,, for X =1 then
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_ 501
-
5011

X =

Of course, ¢, is the é¢ evaluated above and (%H can be calculated in a
similar way.

The discussion above reinforces the need for a systematic approach to
solve engineering structures made of many bars and provides the motivation
for the next section.

4.2.4 Matrix displacement method for frames

In this section we introduce a systematic approach to solve structures made
of several bars. The methods described in the previous section, which are
very useful to obtain insight into the behavior of simple bar structures, are
not adequate for solving structures made of several bars.

Analogous to the developments for truss structures, presented in Chapter
2, the matrix method provides a very efficient approach to analyze frame
structures of arbitrary complexity.

The main ingredients of the matrix method have already been presented
in Section 2.3 and using Table 4.1 we can now directly assemble the bar
element stiffness matrix including bending effects.

Stiffness matrix for a bar in a local system

The stiffness matrix of a bar in the local system of axes and corresponding
to the nodal degrees of freedom shown in Figure 4.36 is given by the equation

Fig. 4.36. Bar local axes and degrees of freedom

:f

=
=1}
Il
—ht

(4.175)

where
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(4.176)

The elements in the matrix k corresponding to bending are, of course, the
forces and moments listed in Table 4.1. To illustrate this observation, consider
that we impose 1o = 1 and @ = ug = U4 = us = ug = 0. The solution to

this problem is given in Table 4.1. and is summarized in Figure 4.37.

1I 6EI

)Gﬂ
wer)! I
L3

(f12ﬂv

Fig. 4.37. Solution that leads to the second column of k

Of course, from (4.175), we obtain

0
12E1
L3
6E1
= =~ 2
ko] =] *

0
_12EI
L3
6E1
12

exemplifying how the second column of k is obtained.
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Stiffness matrix of bar in the global system

The stiffness matrix of an arbitrarily inclined bar is now obtained in the
global system as for a truss element in Chapter 2. Using the nodal displace-
ment /rotation and force/moment conventions in Figure 4.38, we obtain

ug = U3, ug = Ug, f3 = f3, fo = fe-

Uy, fo
Uy, fl

global

Fig. 4.38. Local and global degrees of freedom of an arbitrarily oriented bar ele-
ment

‘We have
f =ku
with

k = TTkT
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S U
I2 U2
. I3 7 o | U8
Ja Uyq
Is Us
| fe ] | us |
and

ch
I
H
£
—ht
Il
H
)

where

cosa sina 0 0 0 0

—sina cosa 0 0 0 0

0 0 1 0 0 0

T = (4.177)

0 0 0 cosa sina 0

0 0 0 —sina cosa O

0 0 0 0 0 1

Formulation of the matrix method for frames and a demonstrative
example

From this point onwards, the formulation of the matrix method is as in
the analysis of truss structures. In other words, we can define F(™), U™ and
K (™) in an analogous manner considering that for the frame bar we have six
degrees of freedom per element. Then equilibrium at all degrees of freedom
is enforced by

R = i F(m
m=1

where n, = number of elements in the structure. Element equilibrium, com-
patibility, the stress strain behavior, and the nodal compatibility are enforced
by using

F™ = KMU.
Hence, we arrive at

KU =R
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with

Ne

K=>) Km.
m=1

The assemblage process is implemented using the LM(™ array which, for
this case, has six entries instead of four. In the next example we explore the
definitions above.

Example 4.13

Consider the bar structure defined in Figure 4.39. Find the nodal displace-
ments, the reactions and draw the internal force diagrams for the structure.

3m

!: 4m ‘|‘ 4m

[ I

E—20X10kN/m A =0.12m? I 36x10m
P = 50kN, M =100kN.m, 6—5X10m<p—10 rad

Fig. 4.39. Problem description. E = Young’s modulus, A = cross-sectional area
and I = moment of inertia. The ¢ is a vertical settlement and ¢ is an imposed
support rotation

Solution

The matrix method will be used and, since the objective of this example is
to illustrate this method, the solution is presented in detail.

Step 1 — Number nodes and bars. Also number degrees of freedom,
numbering first the free ones. Establish bar orientations.
The result of this step is summarized in Figure 4.40.
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6
-
>3] =5

©)

Fig. 4.40. Numbering definitions for the structure and bar orientations

Step 2 — Evaluate k and T for every bar.

Note that the k matrix has always the form given in (4.176). The only
changes from bar to bar are due to different geometric and material properties
of the bars, i.e., E, A and L.

The matrix T is defined by (4.177) and for each bar the angle « has to
be introduced. The bar orientation is used to arrive at the correct a where
the first bar node defines the origin of the T axis. We obtain

[ 480000 0 0 —480000 0 0 ]
0 6912 17280 0 —6912 17280
Lo _ 0 17280 57600 0 —17280 28800
—480000 0 0 480000 0 0
0 —6912 —17280 0 6912  —17280
0 17280 28800 0 —17280 57600 |
and
[ 08 06 0 0 0 0 ]
—-06 08 0 O 0 0
() _ 0 0 1 0 0 0
0 0 0 08 06 0
0 0 0 —-06 08 0
0 0 0 0 0 1

where we have used a; = arctg(3/4). For bar 2
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0
—13500
—27000

0

13500
—27000
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0
27000
36000

0

—27000
72000

where we have used oy = 0. T is the identity matrix, since the global and
local axes are coincident for this bar.

Step 3 — Evaluate k for each bar using k = TTKT.
We obtain

kD —

309688
227082
—10368
—309688
—227082
—10368

600000
0
0
—600000
0
0

227082
177224
13824
—227082
—177224
13824

0
13500
27000

0

—13500
27000

—10368
13824
57600
10368

—13824
28800

27000
72000

—27000
36000

—309688
—227082
10368
309688
227082
10368

—600000
0
0
600000
0
0

—227082

—177224
—13824
227082
177224
—13824

—13500
—27000

13500
—27000

—10368 ]
13824
28800
10368

—13824
57600

27000
36000
0
—27000
72000
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Step 4 — Construct the LM array for each bar.
Referring to Figure 4.40

MY = |78 9 1 2 3]

IM® = |12 35 6 4]

Step 5 — Assemble the structure stiffness matrix K, given below.

From the element stiffness matrices, k™), we obtain K using the LM
arrays as discussed in Chapter 2. We construct explicitly only the upper part
of the matrix and take advantage of symmetry to obtain the lower part.

We note that since there is no direct physical connection between nodes
2 and 3, i.e., no bar linking nodes 2 and 3, the stiffness terms coupling the
degrees of freedom of node 2 (4, 5, 6) and node 3 (7, 8, 9) should be zero, as
obtained. The solid lines shown in the matrix below identify the partitions
associated with the free and restrained degrees of freedom. Since we have
first numbered all free degrees of freedom, there is no need to exchange rows
to arrive at Ko, Kap, Kpe and Kpp.

Step 6 — Construct the load column matrix for the free degrees of free-
dom R, .
Considering the load given, we obtain

R 0
R, — Ry _ —50

Rs 0

Ry —100

Step 7 — Construct the displacement column matrix for the restrained
degrees of freedom Usy,.

Us 0

Us —0.005
Uy=| U, | = 0

Us 0

Uy | | 0.001 |



253

4.2 Bar models

009.¢ VC8ET 89¢0T— 0 0 0 00882 Ve8ET— 89€0T
VZ8ET VeTLLT ¢80L¢C¢c 0 0 0 Ve8ET  Veclll—  ¢80LCC—
89€0T— ¢80.L¢ce 88960€ 0 0 0 89€0T—  ¢80LcC—  88960€—
0 0 0 00G€T 0 000Lc— 000Lc—  00SET— 0
0 0 0 0 000009 0 0 0 000009—
0 0 0 000LC— 0 0002 0009€ 00042 0
0088¢ Ve8¢ET 89€0T—  000LC— 0 0009¢€ 0096¢T 9LTET 89€0T
Ve8€T—  Peclll— ¢80Lcc—  00GET— 0 00042 9LTET ¥cL06T ¢80.L¢Te
89€0T ¢80LcC—  88960€— 0 000009— 0 89€0T ¢80.L¢ct 889606




254 4. Mathematical models used in engineering structural analysis

Step 8 — Construct and solve the linear system of algebraic equations
given by

KaaUa = Ra - KabUb

[ 909688 227082 10368 0 Uy 0
227082 190724 13176 27000 Uy | | =50
10368 13176 129600 36000 Us | 0 -
0 27000 36000 72000 Uy —100
— i 0 ]
—600000 0 —309688 —227082 10368
0 13500 _2om0s2 _177aa4 _13saa | | OO0
0 —27000 —10368 13824 28800 0
0 —27000 0 0 0 0
- 0.001
Uy 2.192 x 10~®
U, = Us _ —1.144 x 1074
Us —4.172 x 104
Uy -3.012 x 1073
Step 9 — Evaluate the reactions given by Ry using
Ry = Ky U, + Ky Uy
[ Rs ] [ 600000 0 0 0o |
Rg 0 —13500 —27000 —27000 .
Ry = —309688 —227082 —10368 0 U2 +
Re —227082 —177224 13824 0 Vs
| Ry | | 10368 13824 28800 0 | Vs
[ 600000 0 0 0 o [ o ]

0 13500 0 0 0 —0.005
0 0 309688 227082 —10368 0

0 0 227082 177224 13824 0

0 0 —10368 13824 57600 0.001
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—13.15
26.64
13.15
23.36
47.39

R,

Step 10 — Evaluate the nodal forces in each bar.

From the nodal displacements of the structure, we extract, for each bar,
the bar nodal displacements. This can be systematically accomplished using
the LM arrays. In fact, for bar 1

up =Uz, ux="Us, u3z="Uy
ug =Uy, us=Uz, ug=Us.

Therefore, with u(") determined, we can evaluate f() using f() = k(Wu®)
which yields

£O7 = [ 13.15 23.36 47.39 —13.15 —23.36 6.58 |.
For bar 2, using LM® we directly write
u®’ = [ 2192x107% —1.144x 1074 —4172x107% 0 —5x 1073 —3.012x 1073
and considering f?) = k@ u®) we arrive at

f(2>T:[13.15 ~96.64 —658 —13.15 26.64 —100 |.

Step 11 — Evaluate bar nodal forces in the bar’s local system.

Although we could find the internal force diagrams from the bar nodal
forces in the global system, they are more easily determined from the bar
nodal forces in the local system.

We have

24.54
10.79
47.39
—24.54
—10.79
6.58

F) — pp) —
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Analogously

13.15
—26.64
—6.58
—13.15
26.64
—100

F2) _ p2)p2) _

Step 12 — Construct the internal force diagrams. _
These diagrams can be constructed bar by bar using £(™ and they are
shown in Figure 4.41. Only as a verification, we can check that the equilibrium

13.15
N\ ©) 113.15
\_94 54
) N (kN)
o 26.64
& 26.64
V (kN)
10.79
100
6.58
M (KN.m)
47.39

Fig. 4.41. Internal force diagrams

of node 1 holds. Figure 4.42 summarizes this situation.

Regarding the units, although we did not show these explicitly, all ob-
tained displacements are in meters, rotations in radians, forces in kNN and
moments in kN - m. These units are those used in the physical problem, see
Figure 4.39, and were used throughout the solution.
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5 3

13.15 13.15
[} -+ 10.79 -
13.15 *J N\ ?J
_C$ 26.641 —6.58 AN gl 658
6.58"~123.36 6.58°=24:54
a) b)

Fig. 4.42. Equilibrium of node 1. a) bar end forces in the global system acting
onto node; b) Internal forces at “node” sections

External loads applied to the bars

So far, the matrix method was formulated considering external loads ap-
plied only to the nodes. However, in practice we frequently find structures in
which loads are not applied to the nodes. Therefore, we need to extend our
formulation to consider loads applied to the bars.

The central idea behind the procedure to be presented is to take advantage
of the superposition of effects and construct a solution strategy based on the
formulation of the matrix method which considers loads applied to the nodes
only.

For that consider that the solution will be obtained by superimposing the
solutions for two problems: (I) and (IT). Problem (I) is defined considering the
external loads which are applied directly onto the bars (i.e. not to the nodes)
and restraining all degrees of freedom to have zero displacements/rotations.
The external reactions which should be introduced to guarantee that all dis-
placements/rotations are zero when we consider the loads applied directly
onto the bars are given by Ry with Ry, being the partition associated with
the degrees of freedom that are free in the original structure and Ry with
those that are restrained.

Since the loads given by Ry do not exist in the original structure, they
are introduced in problem (IT) with the reversed sense, i.e., —Rg. In problem
(IT), we consider in addition the external loads of the original structure which
are applied directly to the nodes.

We note that problem (II) can be solved in the usual way since the external
loads are applied to the nodes only. The nodal displacement /rotation solution
for problem (II) is already the solution for the original structure since for
structure (I) all degrees of freedom were fixed.

Now the solution strategy is apparent. The solution of problem (IT) will
lead to the displacements/rotations and reactions of the original problem.
The matrix equation for problem (II) can be written as
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Kaa Kab Ua Ra - RO,a
Ky K U, Ry —Ro,

The first set of equations

K..U, =R, ~ Roo — Ko Uy (4.178)
can be solved for U, and the second set leads to the reactions, i.e.,

Ry = Rop + KpaUa + Kpp Up. (4.179)

We emphasize that
v~ [v. u]

is the solution for the original problem. Note that, if there are imposed nodal
displacements/rotations they should be introduced in problem (II) only and
the above equations are already taking into account this possibility. We also
assumed that no external concentrated forces and moments are applied at the
restraint degrees of freedom. These concentrated forces/moments would have
to be added (with appropriate senses) to the reactions calculated in (4.179).

Regarding the calculation of the bar nodal forces, we need to be partic-
ularly careful. We note that, although there are no nodal displacements for
problem (I), in general, the bar nodal forces are not zero since the external
loads applied to the bars should be equilibrated by these bar nodal forces. Let
us denote by f‘ém) the bar (m) nodal forces in the local system for problem
(I). Therefore, the bar nodal forces for bar (m) for the original problem are
given by

Fom) — Em) oy gOmgm),

Fig. 4.43. Generic situation to evaluate f

Let us show how to obtain Ry from the bar nodal forces f'ém) of the

structure. We first note that f}gm) can be obtained by considering bar (m)
clamped at both ends subjected to the external load applied to bar (m). A
generic situation is shown in Figure 4.43. In the bar global system these forces
are given by
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£(m) = pOm)™ m), (4.180)

Now we define Fém) as the N x 1 column matrix, N being the total

number of degrees of freedom of the structure, which is obtained from fém)
in the same way as F("™) is obtained from £("™) | i.e., using the correspondence
between the local and global numbering. Then we can enforce equilibrium of
every node of problem (I) by

Ro =Y Fy" (4.181)
m=1

which shows how to obtain Rg from Fém). Of course, since F(()m) has many
zero entries, the summation given in (4.181) is efficiently performed directly
from the nodal force column matrices ?ém) using the LM arrays.

Typical examples of f'ém) are given in Figure 4.44 and Figure 4.45 for
which

HOM P Pa P P

fo *[0 7 % 0 3 —%
and

TN _ 2 2
B =0y 5 0y —a ]

%ii¢§ N (Tg

Fig. 4.44. Evaluation of féi)

2|~

2HH3HH§ p_muﬂuu)p_a?
12\ pa bl 12

|l a |
< >

Fig. 4.45. Evaluation of féj)
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Example 4.14

Consider the structure defined in Figure 4.39 with the addition of the loads
applied to the bars as summarized in Figure 4.46. Find the nodal displace-
ments, the reactions and draw the internal force diagrams for the structure.

2P

4m 2m 2m

Fig. 4.46. Problem description with the added load. The data given in Figure 4.39
remains unchanged and p = 60 kN/m

Solution

We need to evaluate Ry and use the superposition detailed in this section.
We keep the same definitions of Example 4.13.
Using the solutions summarized in Figures 4.44 and 4.45, we can write

~(1)T N r
fs = |0 150 125 0 150 —125}
~ T r
£ = |0 50 50 0 50 —50}
and using (4.180)
o _
£ = | —90 120 125 —90 120 —125}
. i
£2° = |0 50 50 0 50 —50]

Taking advantage of the LM arrays already defined in Example 4.13, we
write
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Ri, = [ -00 170 75 —50 |

R{, [0 50 —90 120 125]

Now U, can be evaluated using (4.178) which is written as

909688 227082 10368 0 U, 0 —90
927082 190724 13176 27000 | | Uy 50 170
10368 13176 120600 36000 | | Us o | | -
0 27000 36000 72000 | | Us 100 50
S
600000 0 —300688 —227082 10368
0 13500 _2om0s2 _177aa4 _izsaa | | OO
0 —27000 —10368 13824 28800 0
0 —27000 0 0 0 0
0.001
(4.182)

Of course, the stiffness matrices are the same as for Example 4.13. Solving
(4.182) , we obtain

UZ = [ 5.396 x 107* —1.810 x 1073 —2.222 x 107® —1.880 x 1073 } .

The reactions Ry, can be obtained using (4.179)
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[ 0 ] I —600000 0 0 0 ]
50 0 —13500 —27000 —27000 v
R, = —90 | + | —309688 —227082 —10368 0 U2 +
120 —227082 —177224 13824 0 v
125 10368 —13824 28800 0 Ui
[ 600000 0 0 0 0 11 0 ]
0 13500 0 0 0 —0.005
0 0 309688 227082 —10368 0
0 0 227082 177224 13824 0
0 0 —10368 13824 57600 0.001
leading to
R; = | —323.72 5828 143.72 331.72 212.57 } .

From U we obtain the bar nodal displacements u*) and u(®, and in the local
system they are given by

_ ; . ; ;
0 0
S _ oy — 0 0.001 _ 0.001
5.396 x 1074 —6.542 x 1074
—1.810 x 1073 —1.771 x 1073
—2.222 x 1075 —2.222 x 1077

and

4@ = u®@ =

since T® =1.

5.396 x 1074
~1.810 x 1073
—2.222 x 10~°

0
—0.005
—1.880 x 1073
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The bar nodal forces in the local system can be evaluated by

314
179.14
212.57
—-314
120.86
—66.87

?(1) = ~(§1) + E(l)ﬁ(l) =

323.72
41.72
66.87

—323.72
58.28
—100

FO) _F2) L k5o =

The internal force diagrams are shown in Figure 4.47.

Additional bar end conditions

In the frame structures considered so far, continuity of rotations was implied
for the bar sections and, in particular, at the nodes. Referring to Figures 4.39
and 4.40, as an example, we can see that the rotation of node 1 (taken as a
typical node) is the same as the end section rotation of bar 1 and that of the
initial section of bar 2. This continuity is taken into account in the matrix
formulation through the compatibility condition

U3 = uél) = ugZ).

The stiffness matrix given in (4.176) has been derived to model such situ-
ations since it provides stiffness with respect to the bar end section rotations
which, by compatibility, correspond to the nodal rotations.

In engineering structural analysis we frequently also have an internal ro-
tational hinge (pin type connection) as in Figure 4.48. In this case the bar
element sections connected to the hinge no longer have to undergo the same
rotation (while the section displacements have to be the same). Hence, the
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Fig. 4.47. Internal force diagrams
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Fig. 4.48. Frame structure with a pin connection

compatibility condition for the rotation no longer exists and there is no mo-
ment transferred between the sections connected to the hinge.

There is no unique way to model the rotational hinge. For example, in
Figure 4.49a we choose a node to represent each section connected to the
hinge and enforce that the section translations are the same, that is, Uy = Uy
and Us = Ug. This could be efficiently accomplished by choosing as degrees
of freedom the translations of the hinge plus the rotations of the sections
connected to the hinge, as shown in Figure 4.49b.

An efficient modeling alternative that keeps the number of degrees of
freedom per node at three is shown in Figure 4.50. In Figure 4.50a, node 2
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Fig. 4.49. Modeling the rotational hinge

is considered attached to bar 2, i.e., the rotation of node 2 is the same as
the rotation of the end section of bar 2. Therefore, the degree of freedom 6
corresponds to the rotation of the end section of bar 2. The translations of
node 2, i.e., degrees of freedom 4 and 5, still correspond to the translations of
the sections of bars 2 and 3 which connect at node 2. The stiffness matrix of
bar 3 has to be modified, as detailed shortly, and the rotation of the section
of bar 3 at node 2 will no longer be a direct outcome of the solution of the
matrix equations.

g — Detail of
node 2
modeling

of Figure a)

c)

Fig. 4.50. Two modeling choices for the rotational hinge
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In Figure 4.50b, node 2 is chosen to be attached to bar 3, and the degree
of freedom 6 is now equal to the section rotation of bar 3 and the stiffness
matrix of bar 2 should be modified.

Consider the bar described in Figure 4.51. The rotation of node 2 of the

I~ N
[[] - Ll L»4

Fig. 4.51. Bar with built-in condition at local node one and pin condition at local
node 2

bar is free; that is, there is no bending moment at the end section of the bar.
We can construct this stiffness matrix column by column imposing unit end
displacements/rotations. Columns 1 and 4 are obtained as for the stiffness
matrix given in (4.176).

We detail the derivation of the fifth column which is obtained by imposing
us = 1, u3 = ug = uz = ug = 0. We should take into account that M (L) = 0.
The axial displacements are trivially zero as given by equation (4.170), i.e.,

W@ =0 — N(&) =0.

For the transverse displacements, we refer to the solution derived in Example
4.9 which gives the solution sought when we take 6 = —1 leading to

N 3 . 73 332
Therefore
- N EI -
M(z) = FIuw"(z)= 55 (3L — 3%)
3ET
EI
V(E) = Elw"(F) = _373'

The results are summarized in Figure 4.52. In analogous manner the re-
maining columns are obtained and we summarize the results in Figure 4.53.
Therefore, the stiffness matrix is given by
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Fig. 4.52. Solution that leads to the fifth column of k
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Fig. 4.53. Bar end forces for unit end displacements
EA 0 0 _EA 0 0
o B E 0 - o
B 0 3EI 3EI 0 _3EI
k= L L L (4.183)
B0 0 B g o
0 _ 3[?3[ _ 3[1/52[ 0 3[?3[ 0
0 0 0 0 0 0

Note that the degree of freedom 6 no longer exists for the beam element; hence
column six has all zero entries. Of course, there is an explicit understanding
that when such a bar is used in an assemblage, the rotational stiffness of node

2 must come from other bars.

When the local node 1 is pinned as shown in Figure 4.54 the stiffness

matrix can be obtained analogously and is given by
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£4 0o o0 24 o 0
E 3E 3ETI
0 3L3 0 0 L3 2
i 0 0 0 0 0 0
~£4 o9 o £4 0 0
0 _3[%1 0 0 3LE31 _3LE21
EI 3EI 3EI
0 B0 0 5 T |

b b

> 2]

(4.184)

Fig. 4.54. Bar with pin condition at local node 1 and built-in condition at local

node 2

Example 4.15

Consider again the structure defined in Figure 4.39, with the additional loads
introduced in Example 4.14, but now with a pin connection as shown in Figure

4.55. Obtain the displacements of the free degrees of freedom.

2P

3m

4m 2m 2m

Fig. 4.55. Problem description having a pin connection.

Considering the numbering choices given in Figure 4.40 evaluate the nodal
displacements. The rotation of the section of the inclined bar adjacent to the

pin is to be predicted.
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Solution

The modeling choices are shown in Figure 4.56. Note that the rotation of

Fig. 4.56. Model definitions

node 1 given by Us is the rotation of the section of the inclined bar adjacent
to the pin.

There are two modifications that should be introduced. The end con-
ditions of bar 2 should be pinned — built-in (see Figure 4.54) and can be
obtained using (4.184)

[ 600000 0 0 —600000 0 0 |
0 3375 0 0 —3375 13500
co) 0 0o 0 0 0 0
—600000 0 0 600000 0 0
0 =3375 0 0 3375 —13500
0 13500 0 0 —13500 54000

The other modification refers to the evaluation of féz). Since, in the superpo-
sition, the pin has to be taken into account. The condition that leads to f(§2)
is shown in Figure 4.57 and therefore

Féz)T:[O 0P o (g 222 _6Pa

16 16 16

Introducing the modifications above and following the same solution steps
which have been used, we obtain

Uf = { 4481 x 107%  —1.501 x 1073 1.229 x 1073 —1.338 x 1073 } .

d
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/ /
16
ARTENRTR for - ur)

Fig. 4.57. Solution required for evaluation of %2)

4.2.5 Bars subjected to 3-D actions

In this section we study the behavior of a straight prismatic bar subjected to
arbitrary transverse and axial loads. The objective is to derive the stiffness
matrix of the bar for these conditions.

Bending and axial actions

In Section 4.2.2 we introduced the Bernoulli-Euler beam model for planar
conditions, i.e., we assumed that the bar has a vertical plane of symmetry,
that the transversely distributed load was acting in the plane of symmetry
and that the bar axis remains in the plane of symmetry.

Now consider the situation summarized in Figure 4.58. The z axis is taken
along the section centroid® and since there are no section symmetries, the y
and z axes are arbitrarily chosen. The transverse load is decomposed into
py and p, acting along directions y and z respectively. The axial loading is
denoted by f,. The stress resultants are shown in Figure 4.58 for a generic
section with outward normal given by e,. Actually, there are many ways in
which these stress resultants may be defined. In order to obtain analogous
differential equilibrium equations to those of the planar beam problem, we
choose the conventions of Figure 4.58.

The differential equilibrium equations are

dN
A f=0 (4.185)
av, dv,
M, M,
= V., =V (4.187)

The strain compatibility relations can be obtained considering the rota-
tions of fibers on the cross-section which are aligned with the y and z axes
as shown in Figure 4.59.

Note that

5 We assume that either the shear center coincides with the centroid or it is close
enough to the centroid that the induced warping displacements can be neglected
(see Section 4.2.6 for the definition of the shear center)
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Fig. 4.59. Rotation of fibers aligned with axes y and z

v(z,y,z) = v(x) (4.188)
w(z,y,z) = wx). (4.189)
The kinematics summarized in Figure 4.59 leads to
dv dw
— y— — y— 4.190
where ug(x) is the displacement in the 2 direction of points on the bar axis.

Note that for a given cross-section uyg, g—; and 3—‘;’ are constant values and

equations (4.188), (4.189) and (4.190) show, as assumed, that the cross-
section remains plane. Orthogonality to the deformed axis, corresponding
to the Bernoulli-Euler hypothesis, can be directly inferred from Figure 4.59.
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The longitudinal strain is given by
__u_dw o
0 de Yiz? dx?
and Hooke’s law leads to
(i
oz = dr  Yda? dz? )’

The stress resultants can be evaluated by integration of the stresses over the
cross-sections. The axial force is given by

N(z) = /ATM dA = EA% (4.191)

since the z axis passes through the centroid.
The moment M, is given by

dug d*v d*w 9
M, = wa (—2) dA = —FE— dA+E— dA+E— dA.
Y /AT (=2) dx AZ + dx? Ayz + dz? /AZ
(4.192)
We can define
I, = / 2dA, I, = / yzdA (4.193)
A A

where I, is the moment of inertia of the section with respect to y and I, is
the product of inertia of the section with respect to y and z.
Introducing (4.193) into (4.192) we obtain

d2w d?v

M, = Elyw + Elyzﬁ. (4.194)
The moment M, is given by
dug d?v dPw
M, = —y) dA=E— dA+E— | y*dA+E— dA
P /Afm( Y) i /Y tEo S Y + dxz/Ayz

which upon the definition of the moment of inertia with respect to z as

Iz:/y2dA
A

leads to

d?v d*w

73 (4.195)
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We note that the equilibrium equations (4.185) to (4.187) and equations
(4.191), (4.194) and (4.195) which represent the compatibility and constitu-
tive relations give all the required conditions for the model and can be used
to find solutions when appropriate boundary conditions are specified.

Equations (4.194) and (4.195) can be placed in a simpler form if a par-
ticular set of axes is chosen. It is possible to show that we can always find
a position for the y and z axes by rotating them about the centroid of the
section such that the product of inertia vanishes, that is

I,. =0. (4.196)

The axes y and z for which (4.196) holds are the principal azes of inertia of
the cross-section. For these axes, equations (4.194) and (4.195) become
d*w d?v
My:Elyﬁa MZ:EIZE

Comparing the above equations with equation (4.147) which is applicable for
planar situations, we can see that the solution for 3-D bars in bending can be
obtained as the superposition of two planar bending problems, as detailed in
Section 4.4.2, which should be defined for the planes zy and xz with y and 2
being the principal axes of the cross-section.

Torsional actions

In Section 3.6 we studied the torsion problem of a prismatic bar. The
formulation led to the exact 3-D elasticity solution as long as the torsional
actions are introduced at the end sections as a specific field of shear surface
forces which is mechanically equivalent to a torsional moment only. Addi-
tionally, the cross-sections should be free to warp.

These conditions are frequently violated in practical problems. For exam-
ple, the bar is not free to warp at the bar ends where it is either connected to
other bars or its section is restrained. However, as long as the cross-sections
are not thin walled, these end perturbations affect the solution only in a small
region close to the bar ends (see Timoshenko and Goodier, 1970) and we can
assume that the bar section rotations are governed by

do, M,

where, referring to Figure 4.58, the end section torsional moments are given
by M = M,e, and —M, 6, is the section rotation about the x axis and I; is
the torsional moment of inertia of the cross-section (see Section 3.6).

Matrix formulation for a 3-D bar

We can obtain the stiffness matrix of a bar subjected to 3-D actions in an
analogous manner to the 2-D bar solving the applicable differential equations
for unit end displacements.
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oo o

8 10

Vo M

Fig. 4.60. Degrees of freedom for a 3-D bar

In Figure 4.60 the end section degrees of freedom are summarized. The
local reference system is chosen such that Z is taken along the section centroid
and g and Z are the principal axes of the bar cross-section.

We do not detail the evaluation of the stiffness coefficients since the bend-
ing solutions in planes £z and yZ are identical to that of the planar beam.
The axial solution is the same and for the torsion, we use (4.197) with unit
end rotations. Therefore, the stiffness matrix is given on the next page.

We note that we can solve 3-D bar structures of arbitrary complexity
with the matrix formulation. Of course, all the matrix procedures that were
detailed for truss structures and for planar frames are directly applicable for
3-D bar structures.

4.2.6 Thin walled bars

Thin walled bars are used widely in engineering practice due to their efficient
load carrying capabilities. In this section, we discuss some basic behaviors
which are important for the modeling of thin walled bar structures. These
behaviors, besides being essential for the modeling of thin walled bars, can
be used to establish low-order models of complex structures. For example,
the gross structural behavior of some buildings can be represented by an
equivalent thin walled bar.

Bending behavior

A thin walled bar may be naturally obtained as a result of modifying the
distribution of material over the cross-section to improve the bar stiffness
with respect to bending. In Figure 4.61a, we show a highlighted region of
a rectangular cross-section for which the normal stresses due to bending are
significantly smaller than in the outer regions (refer to equation (4.145) for the
linear normal stress distribution in bending) and, hence, in the highlighted
region the material is not being used as effectively as in the outer regions.
In Figure 4.61b, we show an I section whose area is the same as that of the
rectangular section of Figure 4.61a. Let I, and I, be the moments of inertia
of the rectangular and of the I section, respectively, and let us compare the
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displacements and stresses obtained for the choices of cross-sections of Figure
4.61 due to bending in the plane of symmetry. Referring to equation (4.136),
the ratio between the induced maximum displacements is
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Wmax)y _ 1o _ ) 634 (4.198)

(wmax)a N Ib
and due to equation (4.145) the ratio between the maximum normal stresses
is

n,max I(l h
Cnmar)y _ Taho 476 (4.199)

(Tn,max)a N Ib ha
where h, = w and hy, = h+t;. Although these evaluations are very basic, the
values given in (4.198) and (4.199) quantify the effectiveness of the I section
to resist bending when compared to the rectangular section.
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a) b)
Fig. 4.61. Rectangular and I section of same area whose geometric data is given by

a=6.615in, w = 13.229 in, b = 16.655 in, h = 35.06 in, £, = 0.945 in, t; = 1.680
in

The shear stress distribution due to bending for the I beam and, in fact,
for any open thin walled section can be evaluated as detailed in Example 4.5.
However, the “plane sectioning” (refer to Figure 4.21) should be taken orthog-
onal to the midlines of the flange/web and the shear stresses are assumed to
be constant at these sections. We exemplify the sectioning in Figure 4.62a,
and in Figure 4.62b we show the distribution of shear stresses where

bhV bht sV <btf h) Vh
_ — s

= T T o te | 4) oI
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Of course, I is the moment of inertia and V' the shear force. For every point

%
b I it ] ettt |
! \2 Tun
| =
sectioning |1 midline ‘
planes | T
N f
1 I
i ]
i S —
fooooo--- Aot | Nk yvl
K
a) b)

Fig. 4.62. a) Typical sectioning planes; b) Distribution of shear stresses

of the midline of the flange/web we define the shear flow as

fs =75t

where 7, is the magnitude of the shear stress and ¢ is the thickness of the
flange/web.

Shear center

An important concept associated with the distribution of shear stresses
due to bending in a thin walled bar is the shear center. Consider a bar with
the cross-section described in Figure 4.63a subjected to bending induced by
a transverse vertical force distribution. The distribution of shear stresses is
shown in Figure 4.63b where

bhV bht V <btf h) Vh
_ — ]

T T T o, tw | 4) oI

The resultants at the web and at the flanges can be evaluated by integra-
tion of the shear stresses and are shown in Figure 4.64a.

If we reduce these forces to a generic point D on the horizontal axis of
symmetry, we obtain the vertical force R,, which is equal to the shear force
V and a moment given by

Mp = Ryd — Ryh.
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Fig. 4.64. a) Shear resultants; b) Location of the shear center

There is a position of point D for which Mp =0, i.e.,

_ Rsh
=5

d=¢e

The value e determines the position of point D referred to as S — the shear
center of the section.

Note that the shear center gives the position through which the resultant
force — associated with all external loading to the section — should pass in
order for there to be no twisting; that is, the resulting shear stress distribution
is induced by bending alone. In Figure 4.63b, we summarize the situation for
which only shear stresses induced by bending are developed.

Hence, if the resultant associated with all external loading does not pass
through the shear center, shear stresses associated with torsion are induced.

We also note that, in general, the shear center and the center of gravity
do not coincide. They coincide when there is a vertical plane of symmetry
for the section.
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Torsional behavior

The modeling of the torsional behavior of thin walled bars can be quite del-
icate. This behavior is drastically different depending on whether the cross-
section is open or closed. Also, for open sections the restrained warping may
affect the stress distribution in the whole bar. We first discuss the Saint
Venant approach for open and closed sections and then introduce the mod-
eling of restrained warping.

Open sections

The membrane analogy discussed in Section 3.6 is extremely useful to
determine the shear stress distribution at an open® thin walled section which
is free to warp.

Consider, for example, the C section (“C” for channel) discussed above.
In Figure 4.65, we show schematically the deformed shape of the membrane
for this section. Except for the end regions and the corners, the membrane
deforms as for the thin rectangular section studied in Example 3.9 and we
obtain

bt} htd

and the maximum shear stress at the flange and web are given respectively
by

s _3M 1] o 3M LY
A A

In Figure 4.65b, we show schematically the shear stress distribution. We
note that the methodology above can be applied for a thin walled section of
n segments of length b; and width ¢;. In such a case

N
L=>) 2 (4.200)
=1

and the maximum shear stress for segment 4

M, I M,
= b = —t;. 4.201
Tmax Itl ZIt It T ( )

5 When the midline of a thin walled section is a closed curve we say that the
section is closed, otherwise the section is open
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Fig. 4.65. a) Deformed shape of membrane; b) Distribution of shear stresses

Closed sections

We recall that in Section 3.6 we studied the uniform torsion of bars of
arbitrary cross-sections. However, we made the implicit assumption that there
were no holes in the cross-sections, i.e., the cross-sectional region is simply
connected.

The uniform torsion theory can be extended to be applicable to the more
general cross-sections having holes. An interesting approach is to use the
membrane analogy placing a rigid plate to cover each hole”. For example,
consider the elliptical section with an elliptical hole as shown in Figure 4.66a
where the elliptical hole is highlighted to emphasize that a rigid plate is placed
there and in Figure 4.66b we show a side view. For thin walled sections we
can assume that a section of the deformed shape of the membrane between
the outer boundary and the rigid plate is a straight line.

/\ L (—rigid plate
h A BN
It J
deformed membrane
t

a) b)

Fig. 4.66. a) Elliptical cross section with hole; b) Deformed membrane

7 In the general case, additional conditions should also be enforced to use the
membrane analogy. However, it suffices to introduce the rigid plate for the thin
walled closed sections (see Timoshenko and Gere, 1961)
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The distribution of shear stresses can be directly inferred from the prop-
erties discussed in Section 3.6. In Figure 4.67a, a generic level curve of the
membrane is shown and therefore the shear stresses are tangent to this curve
and of constant magnitude (see equation (3.152)) and it is easily shown (see
Timoshenko and Goodier, 1970) that

24t

(4.202)

Ts
where A,, is the area enclosed by the midline of the wall as shown in Figure
4.67b. It can be shown that

My 4(A)%t
Ithglf T (4.203)

where L,, is the length of the midline.

a) b)

Fig. 4.67. a) Distribution of shear stresses; b) Geometric definitions

It is very interesting to compare the behavior of closed and open thin
walled sections with respect to torsion. For that, we choose the simplest
closed section — a thin walled circular tube. The open section is obtained by
cutting the wall as shown in Figure 4.68b. For a given moment M;, we can
evaluate the I; and the 7,5 for both situations. Using (4.200) we obtain for
the open section

2mrt3

I° =
¢ 3

and (4.203) gives for the closed section

4 (7rr2)2t _ Ar2rit

= 27r3t.
2rr 2rr m

If =
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Therefore, the ratio between the torsional moments of inertia is
I7 7\ 2
Lea)
I? t

This ratio is very large for usual sections. For example, considering a tubular

Fig. 4.68. Thin walled circular tubes: a) “closed” and b) “open”

section of r = 12.375 in and ¢ = 0.375 in we obtain a ratio of 3267. Therefore

the torsional stiffness of the closed section is much larger than that of the

open section. This result could have been anticipated using the membrane

analogy since I; is proportional to the volume under the deformed membrane.
The maximum shear stress for the open section is given by (4.201)

and for the closed section by (4.202)

c _ M,
L —
leading to
Tmax _ L1
Toax OT

which is a small ratio. For the tubular section described above we obtain for
this ratio 0.01.

In Figure 4.69 we summarize the distribution of shear stresses for both
cases. Note that the closed section resists torsion very efficiently, because
the shear flow has a lever arm of r for the resisting moment. On the other
hand, for the open section, the shear flow is interrupted as the cutting plane
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a) b)

Fig. 4.69. a) Shear stresses for closed section; b) Shear stresses for open section.
The magnitude of 75 is not shown to scale

partially separates the section, and the shear flow has only a lever arm of the
order of the wall thickness.

The differences in behavior with respect to torsion of closed and open
sections were examined above for a particular case. However, they are rep-
resentative of the qualitative behavior of general closed and open sections.
Hence, for structural problems where torsion is an issue, closed sections are
very efficient. For example, in bridges for which both bending and torsion are
relevant, box sections are effective.

Warping effects

The modeling of torsion discussed so far is based on Saint Venant’s uni-
form torsion model introduced in Section 3.6. In this theory it is assumed that
the cross-sections are free to warp, i.e., there are no kinematic restrictions
preventing the out-of-plane displacements.

AN
z \::-
-~
Mt =
SN

a) b)

Fig. 4.70. a) Built-in bar of elliptical cross section subjected to torsion; b) Isolines
of warping displacements predicted by Saint Venant’s theory
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Consider, for example, the case of a bar of elliptical cross-section subjected
to a torsional moment at one end and built-in at the other, as summarized in
Figure 4.70a. In Figure 4.70b, we show the isolines of warping displacements
derived in Section 3.6 based on Saint Venant’s theory. Of course, at the built-
in end the warping displacements are kinematically prevented giving rise to
a field of normal stresses with zero resultant. It can be shown (Timoshenko
and Goodier, 1970) that for the elliptical section these normal stresses result
in a perturbation of the Saint Venant solution which rapidly diminishes in
magnitude as we move away from the built-in end. This is the case for solid
and thin walled closed cross-sections, but not for thin walled open sections.

In order to obtain insight into the behavior of open sections consider the
situation summarized in Figure 4.71. A top view of the deformation of the
bar predicted by Saint Venant’s theory is shown in Figure 4.71b. Of course,
such deformation is incompatible with the built-in end. In Figure 4.72a we
show qualitatively the distribution of normal stresses at the built-in section.

| 0,

a) b)

Fig. 4.71. a) Built-in bar of I section subjected to torsion; b) Top view of the
deformation predicted by Saint Venant’s theory

Although the overall resultant of this stress distribution at the cross-
section is null, the stresses give rise to bending moments of intensity M
acting on the upper and lower flanges as summarized in Figure 4.72b. In
fact, these bending moments acting at the rectangular cross-sections of the
flanges induce the required deformation to counter, at the built-in end, the
warping of the Saint Venant solution shown in Figure 4.71b. The quantity

B=Mh

is called the bimoment. To illustrate the interaction between the bimoment
and the part of the torsional moment acting at a section we show in Figure
4.73 the equilibrium of an element of infinitesimally small length extracted
from the I beam. We note that shear forces V are induced in the flanges
associated with the variation of M. Of course,
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a) b)

Fig. 4.72. a) Distribution of normal stresses at flange at built-in section; b) Moment
resultant at flanges

Fig. 4.73. Stress resultants at flanges

dM
V=—.
dx

Note that the shear forces acting at a section are equivalent to a torsional
moment
dM  d(Mh) dB

M) =Vh=h— = e
( t)“’ v dx dx dxr

i.e., the variation of the bimoment induces a twisting moment distribution
(My),, referred to as warping torsional moment since it is associated with
restrained warping. The total torsional moment at a section can be written
as

My = (My),, + (M),

where (M), is the moment of the Saint Venant part of the solution.

The complete formulation of the torsion problem of open sections with
restrained warping is out of the scope of this book. For that, we refer the
reader to Murray, 1985.
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Our objective was to give some insight into the effect of restraining the
warping for bars of open sections and how it influences the overall solution.
This insight can be important when solving models and when establishing
higher-order 3-D models.

4.2.7 Curved bar model

In this section we present the curved bar model and discuss basic behaviors of
curved structures. The fundamental concepts introduced serve as a reference
for many curved structural forms such as shell structures.

Basic facts

Referring to the straight bar model, transverse loads, such as those shown
in Figure 4.74, are transferred to the supports by the beam through bending.

P p
l [ Y Y Y Y VYYY

S S
©oori3 /g ! L

a) b)

v

Fig. 4.74. Sample transverse loads applied to straight bars

Bending is not an efficient way of transferring load. We recall that the
normal stress distribution due to bending at a bar cross-section is linear with
the extreme values occurring at the outer fibers. Since the stress magnitude
that can be supported by a given material is limited, in the case of bending
this limit value is attained first at the outer fibers and there is a significant
portion of the cross-section, around the centroid, for which the stresses are
much lower than the limit values.

In contrast, when we have an axial load on the bar, the stress distribution
is constant over the cross-section and all fibers simultaneously attain the
stress limit value.

Suppose we consider the supports and the load of Figure 4.74a and that
we would like to transfer such load to the supports without bending. We
could try to do so with a cable, since cables can not sustain any bending.
Although everyone has an intuitive understanding of what a cable is, in our
context a cable can be understood as a very slender bar which is so flexible
that it can not sustain any bending. If we place a cable linking the supports
of Figure 4.74a we can not find an equilibrated position since as the section of
the cable under the load starts moving downwards the right support moves
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left horizontally. However, if we modify the right support to be fixed, the
cable will find an equilibrated position as shown in Figure 4.75a and the
axial forces in the cable can be evaluated by equilibrium. In fact equilibrium
in the horizontal direction leads to

Ticosa=Tocosf=H
and in the vertical to
P=Tsina+ Tysin 3

and we obtain
P P

= T = .
(sina + tan Bcos )’ 2 (sin 8 + tan acos 3)

Of course, to find the value of h (or a or 3) we need to consider the section

a) b)

Fig. 4.75. Cable equilibrated configuration for a transverse concentrated load

properties and the material of the cable®.

An important observation which is always valid is that, to be able to equi-
librate a vertical load with axial forces only, a horizontal reactive component
at the supports is required which is called the thrust, in Figure 4.75b given
by H. The equilibrated shape of the cable is called a funicular shape and h,
the largest vertical displacement, is referred to as the sag. Let us find the
funicular shape for the cable subjected to a uniformly distributed transverse
load, see Figure 4.74b. Taking advantage of symmetry, an equilibrated con-
figuration is shown in Figure 4.76. Of course, if this shape is funicular the
bending moment at a generic section has to be zero. Hence,

M) =~ (o) S + 2o~ Hy(a) = 0

8 The value of h may be relatively large compared with the span for a rubber like
cable and also for a steel cable when it is loose before the application of the load,
that is, its length is greater than the span
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Fig. 4.76. Cable equilibrated configuration for a uniformly distributed load

which leads to

y(z) = % (zL — 2?). (4.204)

Therefore the funicular shape of a cable subjected to a uniformly dis-
tributed pressure is parabolic. We note that the sag is related to the value of
the thrust. In fact, from equation (4.204)

heo(E\_ o (L* L*\ _pL?
“Y\2) 72w \2 1) ’H

pL?
H=2=
8h

or

Consider the funicular shape developed by the cable either in Figure 4.75b
or 4.76. Instead of the very small cross-section of the cable, let us consider
bars with a much larger cross-section whose axes coincide in its initial con-
figuration with the funicular shape considered. Of course, in this case the
cross-section is assumed to be large enough such that the displacements are
small and, therefore, equilibrium is imposed in the undeformed configuration.

Now suppose we turn these bar structures over with respect to a horizontal
line at the support level. In Figure 4.77 we summarize the resulting structures
which are now referred to as arch structures. The structure of Figure 4.77a
is called a polygonal arch since it consists of straight bars. The structure
of Figure 4.77b is simply referred to as an arch; it is actually a curved bar
structure.

The fundamental change that occurs when we turn the structures of Fig-
ure 4.75 over is that the axial forces developed in the bars go from tension to
compression. This is a crucial distinction since structural materials behave
differently in tension than in compression, especially with respect to their
ultimate strength. In fact, historically, arches have had a tremendous impor-
tance in constructions since, for centuries, many construction materials have
had a very low strength in tension.

The shape that leads to compression only in arch structures is referred to
as “the line of pressure”. We note that the line of pressure is load dependent.
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a) b)

Fig. 4.77. Arch structures

For example, if we change the position of the concentrated load acting onto
the arch of Figure 4.77a, bending is induced. Similarly, if a concentrated
load acts onto the arch of Figure 4.77b bending is also induced. Here, cable
structures behave differently, since when the load changes the cable changes
its shape in such a way that the funicular shape for this new loading is always
reached.

Consider the arch of Figure 4.77b whose bar axis is the line of pressure
for the uniformly distributed load and is given by equation (4.204). A con-
centrated load is now applied as shown in Figure 4.78a. Of course, the axis of

| |

Fig. 4.78. Arches subjected to a concentrated load

this arch does not correspond to the pressure line for the concentrated load,
since for this load the line of pressure is given by a polygonal arch defined by
two straight bars from the point of load application to the supports.

We realize that we cannot solve this arch problem directly and find the
internal forces since the structure is statically indeterminate. Therefore, to
solve this problem we need to first discuss the formulation of the curved bar
model which is addressed later in this section.

Let us for now transform the arch of Figure 4.78a into a statically deter-
minate arch by introducing a pin type joint or hinge as shown in Figure 4.78b.
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This kind of arch is called a three hinged arch and represents an important
structural arrangement with wide engineering applications. We discuss the
three hinged arch below, since insight into the behavior of arch structures is
gained by means of this simple statically determinate structure.

<—~U

Yoa Yo

Fig. 4.79. a) Three hinged arch; b) Straight beam

Although we analyse the particular structure shown in Figure 4.78b, the
solution procedure used applies for three hinged arches in general. In Fig-
ure 4.79a, we introduce the reactions taking into consideration that, as the
external load is vertical, the horizontal reactions at the supports need to be
self-equilibrated. To obtain insight into how the loads are transferred by an
arch when compared to a straight beam, we consider the straight beam of
Figure 4.79b.

To evaluate the vertical reactions for the arch we use equilibrium in the
vertical direction

> F,=0 = Ya+Yp-P=0

and moment equilibrium about A
L
> Ma=0 = Yp:L—Po=0.

These equations are the same that lead to reactions of the straight bar of
Figure 4.79b. Therefore, in general,

Ya = Yoa
Y = YoB.

The additional condition to be considered is

Mc =0
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which is given by
Me = Myc — Hh =0

where Myc is the moment at the section of the straight beam corresponding
to the hinge, that is, Myc = YB.%. Therefore,

Mo

H =
h

The moment at a generic section of the arch is written as
M(z) = My(x) — Hy(x) (4.205)

where My (z) gives the moment distribution for the straight beam. Therefore,
the moment for the arch is diminished with respect to that of the straight
beam by the amount Hy(x). In Figure 4.80a we graphically show the super-
position given by equation (4.205) and in Figure 4.80b the moment diagram
of the straight beam. The decrease in moment magnitudes in the arch with
respect to the straight beam is clearly seen.

PL PL

(I (H.y(x) a4

( 4
7 W
M(z)

a) b)

Fig. 4.80. Moment diagrams for arch and straight beam

Before we close this section, we would like to highlight some important
facts. Due to the curved bar axis, it is possible to transfer certain transverse
loads to the supports by developing axial forces only.

It is essential that the supports provide horizontal reactions which are
called thrusts. Otherwise bending is developed.

We also note that even when the geometry of the arch does not correspond
to the pressure line for a given load, the bending moment developed in the
arch can be significantly lower than that of a straight bar of same span.

Differential formulation of a curved planar bar

Consider the curved bar problem described in Figure 4.81. The bar has
a plane of symmetry and the bar axis is a curve in this plane. The bar axis
is going through the centroid of the cross-section of the bar. The externally
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applied distributed loads are applied at the bar axis in the plane of symme-
try and can be decomposed into a normal component p, and a tangential
component p,. For every point along the axis, we define a local coordinate
system xz, x being tangential to the axis and z orthogonal. At the bar ends
either prescribed displacements/rotations or force boundary conditions are
applied.

Fig. 4.81. Some definitions for curved bar problem; the axis goes through the
centroid of the cross-section

Except for considering now a curved bar, the remaining definitions are
analogous to those used for a straight bar. The basic kinematic hypothesis of
the Bernoulli-Euler beam theory that sections initially orthogonal to the bar
axis remain undeformed and orthogonal to this axis during deformations is
also adopted.

Before we present the formulation, let us recall some basic facts for a
planar curve. Consider a generic planar curve as shown in Figure 4.82. Let s
be the arc-length coordinate along the curve. For any point on the curve, say
point P, we can define a circle centered at point C' located on a straight line
defined by the normal to the curve at P. The radius of the circle and, hence,
point C are defined to make the circle coincide with the curve at and in the
vicinity of point P. A typical situation is summarized in Figure 4.82.

The radius r of the circle is called the radius of curvature of the curve at
point P and the point C' the center of curvature, and we have

ds = rdf. (4.206)
The curvature s at point P is given by
do 1
=_ =, 4.207
" ds T ( )
Kinematics

Consider a differential element of the bar, see Figure 4.83a. Since (4.206)
holds we also have
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a) b)

Fig. 4.83. Deformed and undeformed configurations for a differential element

ds, = (r+ z)dy (4.208)

where ds, is the differential arc length at a distance z from the axis.

The deformed configuration of the differential element of Figure 4.83a is
shown in Figure 4.83b. We note that the Bernoulli-Euler hypothesis is used
to characterize the deformed configuration and a prime indicates that the
quantities are associated with the deformed configuration.
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The strain in the tangential direction at the bar axis is given by

ds' —ds
Exxy = T (4209)

and as a function of z by

ds!, — ds,
pr = — . 4.210
Ex: ds. ( )
Using equations (4.206) and (4.208), we obtain
ds, = (1 + ;) ds. (4.211)

In an analogous manner, we can write for the deformed configuration
!/ z !/
ds', = (1 + —,) ds'. (4.212)
T
Taking into account that relation (4.209) can be re-written as
ds' = (14 €z, )ds
and substituting (4.211) and (4.212) into (4.210) yields

(14 2) (1+aa) — (14 2)
(i+3)

T

EZECZ‘

which can be re-written as

Exxg z 1 1
= 1 ———. 4.21
gy () 2

We now want to focus on situations where the thickness of the bar is small
compared with the ratio of curvature of the bar axis, that is, h/r << 1.0 and
also where we can neglect the stretching of the axis on the change of curvature
9 (see Timoshenko and Woinowsky-Krieger, 1959). Then expression (4.213)
simplifies to

1 1
Exx = €w10 + z (7"/ — 'r) . (4214)

Let x be the change in curvature due to deformations, i.e.,
== —-. 4.215
X= o (4.215)

9 The exact linearized expression for the change in curvature actually includes the
stretching of the axis and is given in Chapelle and Bathe, 2010a
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Introducing (4.215) into (4.214) yields
x = Exxo T 2X- (4.216)

Therefore, we see that the tangential strain can be interpreted as the axial
strain plus a term which is proportional to the distance of the longitudinal
fiber to the axis times the change in curvature.

Let us introduce the kinematic variables u and w which give the dis-
placements of points of the axis along = and z, i.e., along the tangential and
normal directions, and use small strain conditions. We would like to obtain
the strain ., as a function of these kinematic variables. Refering to Figure
4.84, the contributions for ¢,,, are given by

du+ (w+r)de—rdpy du w

BY
E dv

ATl iy < ’
A

Fig. 4.84. Displacements and displacement increments for a generic differential
arc length increment on the axis

To evaluate the change in curvature, we introduce an additional variable
which we will eliminate later, namely the section rotation ((s), see Figure
4.85. We also use the assumptions that lead to (4.214) and of small deforma-
tions and strains.

Then we have at a section the displacements

up(p, 1, 2) = u(p) — 26(p) (4.218)

and of course

ur(p,1,2) = w(p)-
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5
through
centroid

u(p)
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Fig. 4.85. Deformations of the beam

deformed

\3|§

original

~[=

Fig. 4.86. Shear component due to displacement u

The normal strain is then given by (see Section 4.1.3)
w 1 0u
Ema:(<p7 T, Z) = o ‘
r, 1, 0p

where we recognize the first term to be straining due to the radial displace-
ment, and the second term to be the usual normal strain.
Since r, = r + z, and using (4.218), we obtain

_ 1 (uwlp) 10uly) z08(p)
_1+z/r( T +; do r Bp )

ECECE

Assuming that h/r << 1.0, we thus have
w 10u z0
+ 6.

However, our assumption is that of Bernoulli-Euler theory, that the shear
strain is zero (that is, originally straight fibers normal to the axis remain
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normal to the axis during deformations). This requires that the shear given
by

1 Ow  Ou, Uy

r+z0p 0z r+z

’y:

be zero. Here the first two terms correspond to the usual shear strain com-
ponents in a Cartesian coordinate system (see Section 3.2.5). The last term
corresponds to the fact that the s-axis changes direction.

Assuming again h/r << 1.0, we obtain

10w OJu u
y==a -

rdp 0z

where we use u instead of u,, in the last term, resulting into a constant shear
strain at a section. We give an interpretation of the u/r term in Figure 4.86.
Substituting from (4.218) and using the condition that v be zero, we obtain

1
_1ow (4.219)
rde r
and hence
w ldu 2z d (ldw u
gz =—+-—-———-———|-—— — — 4.220
c +rd<p Td(p(Td(p r> ( )

where © and w, measured at the axis of the beam, are only a function of ¢.
This strain relationship corresponds to (4.216) with!?

S

e T ds
1d [1d

X=—-—2 (w —“) (4.221)
rdp \rde r

and €,4, was already given in (4.217).

We note that, both, the tangential and normal displacements contribute
to the strain along the axis (z = 0) and to the change in curvature. This fact
contrasts with the situation for the straight bar where the strain along the
axis depends only on the tangential displacement and the curvature change
depends only on the transverse displacement (analogous to the normal dis-
placement in the curved bar). As a consequence curved structures — and in
particular shell structures — are much more difficult to analyze than straight
or flat structures (straight beams and plates).

10 Note that, regarding the sign convention, the w-dependent term corresponds to
a decrease in the original curvature (corresponding to a positive moment M).
For a straight bar, a positive moment M causes an increase in curvature, but
from zero curvature (see (4.134)); hence the sign convention is consistent, and
we use the same convention for plates and shells
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Constitutive relation and stress resultants

Hooke’s law applies for the tangential direction, i.e.,

- (4222)
and using (4.216) we obtain

Toz = E (€305 + 2X) = Eegg, + 2EX. (4.223)

The axial force N is given by

N = /ATM dA = EAcyy, (4.224)
and the bending moment by

M = /A —Tep? dA = —FElx. (4.225)

We note that the linear distribution of normal stress given in equation
(4.223) is only valid when the section height of the beam is small compared
with the radius of curvature of the axis (see the derivation from (4.218) to
(4.221)). If the height of the beam is not small with respect to the radius of
curvature the distribution of normal stress will no longer be linear. Actually
we would obtain a hyperbolic distribution of normal stress along the beam
height. However, the difference in stress predictions is only significant for
situations where the ratio h/r is large. For example, when we consider the
bending of a rectangular cross-section with h/r = 1/4, the difference in stress
predictions at the extreme fibers is only about 8%.

Equilibrium

We consider the equilibrium of a differential element as shown in Figure
4.87. Equilibrium in the tangential and normal directions can be written as

—N+(N+dN)—-Vdd+pds = 0
V- (V+4+dV)—Ndi+p.ds = 0
which leads to
dN 'V
= = —p, 4.22
ds r p ( 6)
dv. N
4+ = p, 4.227
ds + r p ( )

and moment equilibrium about point ) can be written as

—M + (M +dM)—Vds =0
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Fig. 4.87. Equilibrium of a differential element

leading to

dM
—— =V 4.22
5 =V (4.228)

We note that due to the curved axis, equilibrium leads to coupled equa-
tions for the internal forces in contrast to the conditions for a straight bar
for which the equilibrium of the axial forces is independent of that of the
moment and shear forces.

Summarizing, equation (4.220) represents the strain compatibility condi-
tions, equations (4.224) and (4.225) the constitutive relations, and equations
(4.226) to (4.228) the equilibrium conditions. Therefore, when the boundary
conditions at the end sections are introduced we have the complete formula-
tion since all the requirements have been taken into account.

Of course, we could derive the stiffness matrix for a given curved bar solv-
ing the above differential formulation for unit end displacements/rotations as
for the straight bar.

Our motivation to present the formulation of the curved bar problem was
mainly to gain insight into how to tackle the analysis of curved bars including
the basic assumptions used. Therefore we will not elaborate on the solution of
the formulation, except for presenting the solution of a very simple problem
as an illustration. Note that when the kinematic boundary conditions make
the curved bar structure statically determinate, we can directly determine the
internal forces and the solution becomes much simpler. In fact, substituting
(4.217) and (4.221) into (4.224) and (4.225) respectively, we obtain

du w N
d?w d /u M
w5 = m (4230)
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with M and N known functions.

Example 4.16
Determine the displacement w for the circular cantilever beam shown in
Figure 4.88.

E Tand A
are constants

P——>

Fig. 4.88. Circular cantilever beam problem

Solution
We first determine the axial force and bending moment along the bar.
Referring to Figure 4.89

/
//
/ r
/
I 6
P__1

Fig. 4.89. Generic section of curved cantilever

N = —Psinf (4.231)
M = —Prsiné. (4.232)
Since the radius of curvature is constant, we have that

s =0r

d() _d()do _1d()

ds — df ds r do’
Hence, using (4.233) and substituting (4.229) into (4.230) yields

(4.233)
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P M N
aw? """ BT EA

and introducing (4.231) and (4.232), we obtain
d*w Pr(r? 1\ .

A particular solution of equation (4.234) is given by
= ——fcosb
wy 50 cos
where k = — £~ (? + %) The general solution of (4.234) can be written as

w = Cysinf + Cq cos b — gecosé)

where Cy and C; are constants to be determined. The two kinematic bound-
ary conditions at § = 7/2 are

o(3)=0 G(G)-0

leading to
Co=0 and Ci=—

and finally

w:—];cosﬁ(ﬂ—;T):;DEr,(7}24—2)0050(9—2).

Of course, we could now use the solution for w and equation (4.229) to
evaluate u by a simple integration considering that u(mw/2) = 0.

O

4.2.8 The Timoshenko beam model

We recall that the Bernoulli-Euler beam model was used to describe the
behavior of bars subjected to transverse loading. The model considers the
change of curvature of the beam axis induced by the bending moment. This
deformation dominates the overall bar deformation as long as the bar is slen-
der. As the height of the bar section h increases with respect to the char-
acteristic bar length L the deformation induced by shear becomes no longer
negligible and when h/L is about 1—10 shear deformations need frequently to
be included.
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The Timoshenko beam model considers shear deformations. Its fundamen-
tal hypothesis is that the bar cross-sections which are initially orthogonal to
the bar axis remain plane but not necessarily orthogonal to the deformed bar
axis.

The loading and geometrical definitions used for the Bernoulli-Euler beam
model are adopted here. The kinematic hypothesis is shown in Figure 4.90!.

dw
dx B(z)

Deformed axis

| W, 2

T, U

Fig. 4.90. Kinematics of beam sections for the Timoshenko beam model

We note that in addition to w(z), which gives the transverse displacement of
the beam axis, a new kinematic variable §(x) which gives the section rotation
with respect to the vertical direction is defined. Hence, we can write

u=—zf(x).
Hooke’s law is also adopted for the longitudinal fibers leading to
dp

Tew = Bege = —FEz—.
dxr
We can evaluate the transverse shear strain

_Ou | Ow  dw

%Z_g—i_ax_dx

and, therefore,
d
TzzG"YzzG<w—ﬂ>.
dx

According to these hypotheses the shear stresses are constant over the
cross-section. However, the shear stresses must be zero at the top and bottom
of the section, and we recall that, by static considerations alone, the Bernoulli-
Euler model predicts a parabolic distribution of the transverse shear stresses
for a rectangular cross-section.

11 This same kinematic description was used in Figure 4.85
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In order to retain the simple nature of the model while accounting for
the deformations due to transverse shear strains, the value of ~,, above is
interpreted as a constant shear strain over a shear area A,, where

kzj

and A is the actual cross-sectional area. Then the shear force is given by
dw
V= —Tpr dA = —kGA | — — (). (4.235)
Ag d{I}

The value of k depends on the stress/strain distributions over the cross-
section and therefore depends on the cross-sectional shape. There are different
procedures to evaluate k and we refer to Cowper, 1966 for a review of different
methods'2. In Bathe, 1996 a simple procedure is applied to obtain k = 5/6
for a rectangular cross-section.

The bending moment is given by

M z/ —Ez@(—z) dA = EI% (4.236)

A dx dx

and the axial force is zero.

Considering the equilibrium in the transverse direction, we obtain

v

dw 7

and from (4.235)

d (dw
—kGA— | — — =p.
¢ dz (dx ﬂ) P
Moment equilibrium leads to

dM
— =V 4.2
o V. (4.237)

Using equation (4.235), (4.236)and (4.237), we arrive at

d?p dw
EI@ = —-kGA (d;z: —ﬁ) .

Introducing the boundary conditions, we can summarize the Timoshenko
beam model formulation.

10+10v

12° A value obtained, which depends on the Poisson ratio, is k = 124110
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Differential formulation of the Timoshenko beam model

Given the transversely distributed loading p(z), find 5(z), w(z) such that

—kGA% (‘j;; - 5) = p(x) (4.238)

d?p
BIZ5 = —hGA ( - 5) (4.239)
forall z. Atz =0

B0) = By or  M(0)=—-M

w(0) = wo or  V(0)=0Qo

and at x = L
( ) = ﬁL or M(L) = ML
w(l) = w, or V(L)=-Qp

where By, 0 are imposed rotations, wg, wy imposed transverse displace-
ments, My, My prescribed moments and Qg, @ prescribed transverse
forcesl?’

Example 4.17

Consider a bar with length L modeled as a Timoshenko beam. There is

no transverse load and the following end displacements and rotations are
imposed

U)O:(S,U)L:O,,B():O,ﬁLZO

Solution

Since p(z) is zero, equation (4.238) becomes

= —B=0 (4.240)

13 The conventions for prescribed moments and forces are the same as those used
for the Bernoulli-Euler beam model, see equations (4.136) to (4.140)
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where C is an integration constant. Substituting (4.240) into (4.239), we
obtain
d*p _kGA

ce_ e 4.241
dx? 71 ( )

Integrating (4.241) twice and imposing §(0) = 0, we arrive at

kGA
=——-7"0 4.242
B(x) 5E] 122+ Cox ( )
where Cy is also an integration constant. Now, substituting (4.242) into
(4.240), integrating the resulting equation once and imposing the boundary
condition w(0) = §, we obtain

A

Considering the two remaining boundary conditions, 3(L) = 0 and w(L) = 0,
we obtain from (4.242) and (4.243)

kGAL?
2ET

Ci+LCy=0

and

KGAL? r?
( — +L>01+202

which can be solved for Cy and Cy which substituted into (4.242) and (4.243)
leads to the solution

(@) = 223 - 32 B 2xg +1)s
YT \IP(v2g)  IP(1+29) L(1+29)

B(m):< 622 6a )5

L3(1+29) L2(1+2g)

where g = kG§L2 In Example 4.7, this same problem was solved for the
Bernoulli-Euler beam model. Comparing the solution for w(x) given above
with that of the Bernoulli-Euler beam model given in equation (4.167), we
conclude that these solutions are consistent since when the shear rigidity
given by G A is made large compared to the bending rigidity, given by E1I, the
solution based on Timoshenko beam theory approaches the solution based on
Bernoulli-Euler beam theory and in the limit case, GA — oo, both solutions
are the same.

O

As before, we can impose unit end displacements to derive a stiffness
matrix for the Timoshenko beam. Using the bar nodal degrees of freedom
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convention of Figure 4.27, we can directly obtain the second column of the
stiffness matrix from the solution of Example 4.7 imposing § = 1 and evalu-
ating the end forces. In fact

dap (0) = 6ET

dr 7’ L2(1+29)

g, . 6EI
&= T 2g)

M(0) = EI

M(L) = EI

12E1

g W

V() = -—kGA (CCZZ - ,3)

=

Therefore

0
12E71
3(1129)
6E1
L2(1+42g)

0

==

2 =

_12EI
L3(1+2g)
6EI
L2(1+2g)

If we proceed in an analogous manner, imposing unit end displacements /rotations
for the remaining degrees of freedom and evaluating bar end forces and mo-
ments, we can construct the stiffness matrix for the Timoshenko beam

£4 0 0 —£4 0 0
0 12ET 6EI 0 __12EI 6ET
L3(1+29) L2(1+29) L3(1+29) L2(1+29)
0 6ET 2E1(2+g) 0 ___6EI 2EI(1—g)
k= L2(1+29) L(1+29) LZ(1+29) L(1+29)
—£4 0 0 £4 0 0
0 _ 12EI __ BEI 0 12E1 __ 6EI
L3(1+29) LZ(1+29) L3(1+29) LZ(1+29)
0 6ET 2EI(1—g) 0 __ 6EI 2E1(2+g)
L L2(1+2g) L(1+29) LZ(1+2g) L(1+29)

Of course, the axial displacements are considered in the stiffness matrix
above. We note that we can superpose the solution of the bar model under
axial loading with either the Bernoulli-Euler or Timoshenko models since the
sections do not rotate due to the axial loading.

Regarding comparisons in predictions obtained with the Bernoulli-Euler
and Timoshenko models, we refer the reader to the modeling presented in
Section 7.1.
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4.3 Plates in bending

We first recall the plane stress model discussed in Section 4.1.2. The model
was characterized geometrically as a thin plate and the mechanical loading
had to act in the midsurface of the plate. These definitions were summarized
in Figure 4.5.

The plate models we address in this section have the same geometries,
however, the loading is acting transversely, i.e., orthogonal to the midsur-
face of the plate, which induces bending, leading to a completely different
structural behavior. While in the plane stress model the stresses are constant
through the thickness, for the plate bending models, the stresses vary linearly
through the thickness of the plate.

There is an interesting analogy between the behavior of bars and plates.
The analogue of the bar subjected to axial loading is the plane stress model
and that of the bar subjected to transverse loading is the plate bending model.

Insight into the behavior of a plate resisting transverse loading can be
gained by interpreting the plate to act “like” beams in orthogonal directions
as schematically shown in Figure 4.91. Of course, only the gross behavior is
captured by this interpretation. We will return to this interpretation of the
plate behavior later on in this section.

Vi
— >
\g

Fig. 4.91. Interpretation of bending behavior by beam action

The presentation of plate models is organized as follows. In the next
section we discuss the Kirchhoff plate model which is the analogue of the
Bernoulli-Euler beam model due to the similar kinematic hypothesis adopted.
The emphasis is on model assumptions and on basic requirements. We de-
rive the differential formulation of the model and, although solutions of the
governing equations are not our primary objective, one classical solution is
presented for illustrative purposes. A section is then dedicated to plate be-
havior. We end the presentation by briefly introducing the Reissner-Mindlin
plate model which is the analogue of the Timoshenko beam model.

4.3.1 The Kirchhoff plate bending model

We restrict our discussion to the linear model. Therefore the displacements
are assumed infinitesimally small and equilibrium is enforced in the unde-
formed configuration. The plate is supposed to be thin, i.e., h, the thickness,
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is small compared to a characteristic geometric dimension L of the midsur-
face of the plate. Typically, Kirchhoff theory gives good predictions when
h/L < 1/20.

Kinematics

The fundamental kinematic hypothesis of the model is that straight ma-
terial lines which are initially orthogonal to the midsurface of the plate are
also straight and orthogonal to the deformed midsurface. Additionally, the
displacements in the transverse direction do not vary along the thickness of
the plate.

We consider a generic plate described in Figure 4.92. Let P be a generic
point on the midsurface and let P, be a point on a straight line from P
orthogonal to the midsurface. The coordinates of P are (z,y,0) and of P, are
(x,y,z). Suppose that the plate deforms under the action of the transversely
distributed load p(x,y) which is given per unit of midsurface area. In Figure
4.93a and 4.93b we show the deformed and undeformed configurations of the
plate in the zz and yz planes, respectively.

Z,W

=
<

Y

Fig. 4.92. Generic representation of a plate

Considering these definitions, the kinematic hypothesis translates into

w = wsy) (4.244)

u = —zg—zj (4.245)
ow

v o= —za—y (4.246)

where we considered that the displacements are infinitesimally small.
Using the compatibility relations we obtain the strains
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a)

Fig. 4.93. Selected intersections of deformed and undeformed configurations of the
plate with a vertical plane
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and the remaining strain components are zero. We note that since we are con-
sidering infinitesimally small displacements the curvatures of the deformed
midsurface are given by

Rg

o
Ox?
o
Oy
0w
0xdy

Ky
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Constitutive equation

The theory assumes that the plate is composed of a stack of laminae, as
schematically shown in Figure 4.94 for a part of the plate, and that each
lamina is in a state of plane stress. Therefore

Ez 0w 0w
Trx = m (53;3; + Z/Eyy) = — (1 — 1/2) (8372 +v 8y2 > (4247)
Ez 0w 0%w
Tyy — m (Eyy -+ 1/611‘) = — (1 — V2) <8y2 +v 8x2 > (4248)
2
ey = —E Ez 0w (4.249)

2(1+V)%y T (I tv)ozdy

Equations (4.247) to (4.249) show that the stresses vary linearly in the
thickness direction.

7 generic lamina

—
I
L

Fig. 4.94. Plate interpreted as a stack of laminae

Stress resultants

We extract a differential element from the plate and show in Figure 4.95a
the stress dlstrlbutlons given by equations (4.247) to (4.249)
8 w > 0.

Bway

The moment resultant M, per unit of length associated with the stress
component 7., is

+h/2
M, Tex (—2) dz
—h/2

where we use the same convention as for the beam: a positive value for the
moment is associated with tension of the lower fibers, i.e., below the midsur-
face of the plate. Using equation (4.247)
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dy dy
dx b dzx b
-
M, dy
dy dy
dzx T, dx b
M, dx,
dy dy
< T,

zy
V?ﬂix ; / M,ydx

a) x b)

Fig. 4.95. Stress and stress resultant definitions; M,, M, and M,, are positive
whereas M, is negative for stresses shown

Eh3 0w 0w
Me =900 <8x2 oy ) (4.250)
and defining
EhR?
D=——7"— 4.251
12(1—12) (4.251)
relation (4.250) becomes
0w 0w
M,=D <8 . +V8y2> (4.252)

Analogously, let M, be the moment resultant per unit of length associated
with 7, defined by

+h/2 9w 9w
M, )dz=D|—== 4.253
—h/2 Ty (= ¢ (3 z TV 8x2) ( )
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Of course, both M, and M, are bending moments. Now let

+h/2 92w
sz/ Tye (—2) dz=D (1 —v . 4.254

We note that M,, is a torsional moment per unit of length. This moment is
also referred to as a twisting moment, and a positive value corresponds to
the moment vector pointing out of the plate section on which the moment is
acting. We also define

+h/2 2w
M, :/ Tey2 dz=—D (1 —v) ——— 4.255
Yy _h)2 Yy ( )8$8y ( )

where since 7,y = 7., we obtain
Myy = —M,,. (4.256)

In Figure 4.95b we show the moments associated with the stress resultants
defined above.

Equilibrium

The last requirement to be considered to complete the differential formulation
is equilibrium. In Figure 4.96 we show the resultant forces and moments
acting on a differential plate element which is shown twice in this figure
merely for ease of visualization. We note that the shear resultants per unit
of length, @, and @, which are associated with the transverse shear stress
components 7, and 7, respectively have been introduced. As for the shear
force in the Bernoulli-Euler beam model, these shear forces do not enter
the formulation through the constitutive relations since by the kinematic
assumption the transverse shear strains are zero. However, they are required
for equilibrium.

Imposing force equilibrium®

4 in the z direction, we obtain

—Q.dy + (Qz + 88%% dac) dy — Qydx + (Qy + 8(;23’ dy) dx + pdxdy = 0.
Simplifying the equation above, we arrive at
0Q, | 0Qy
— 4.257
Ox * oy p ( )

4 Note that the sign convention for the transverse shear force of plates and shells is
here opposite to the convention used for beams. This sign convention for plates
and shells is more natural considering the usual 3-D definition of strains, see
Section 4.3.2
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) (M,/+ 82/ d’y)dx
), d
Ql y e J

Qdx pdzdy < M,.dy
| po Mde Z
A 1\ M., dz L/
ol dz S|~ M+ O dy)dx
L dy 9y

Q Q. /
Q, +—Lda7)dy (Qy +=2dy)dr M oM, )
dr Yy (Mw+ 8;1:yldx) dy Mz—i-—ax dz)dy
Fig. 4.96. Forces acting on a differential plate element.

Neglecting infinitesimals of higher-order, moment equilibrium about the z

axis leads to

oM,
Ay

M
dy) dx—M,.dy+ <Myz + OMya dx) dy =0

(Qydx) dy—Mydx+ <My + B

which upon simplification gives

OM,  OMy,

5 5= Q. (4.258)

Finally, moment equilibrium in the y direction yields

M, M,
— (Q.dy) de+M,dy— (Mw + a@x da:) dy—M ., dx+ (Mxy + 88y ydy) dr =0

OM,  OM,,

o 5 = Qs (4.259)

Differential formulation

Summarizing, all requirements have been imposed, namely, compatibility
(equations (4.244) to (4.246)), constitutive relations (equations (4.247) to
(4.249)) and equilibrium (equations (4.257) to (4.259)). Therefore the differ-
ential equations of the Kirchhoff plate bending model were obtained.

It is usual to cast the complete formulation in terms of the transverse
displacement w(z,y) which is the only independent kinematic variable. For
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that we take derivatives of equation (4.258) with respect to y and of (4.259)
with respect to x, sum them and use equation (4.257) to obtain

o2 2 Oxdy Oy? - P

%M, ’M,, 0*°M
0 Y+ K (4.260)

We have also used that M,, = —M,, to arrive at equation (4.260). Substi-
tuting (4.253), (4.254) and (4.255) into (4.260), we obtain

0w *w Htrw  p
Ox?t + 28x28y2 + oyt D (4.261)

which is known as the Lagrange equation for the plate bending problem.

We note that the interpretation of D as the flexural rigidity of the plate
is now obvious. We also remark that when equation (4.261) subjected to
the appropriate boundary conditions is solved, i.e., w(x,y) is determined,
the complete solution is known since we can obtain the stresses, strains and
resultant forces from the transverse displacement field as shown in the equa-
tions above. Even the transverse shear forces which are not obtained from the
constitutive relations can be calculated from the transverse displacements (as
for the Bernoulli-Euler beam model). Namely, substituting the expressions
for the moments in terms of the transverse displacements (equations (4.250),
(4.252) and (4.254) into equations (4.258) and (4.259)), we obtain

9 (*w  Pw
.=l (W . W) (4.262)

and

2 2
0 (T 8”). (4.263)

= —D— | — _—
Qy Oy <8x2 + Oy?

Boundary conditions

Let us examine very briefly the boundary conditions for the Kirchhoff model.
Consider an edge, parallel to the y axis and therefore given by = = a.

The clamped or built-in condition corresponds to imposing that the trans-
verse displacements and the rotations about the y axis of material lines, such
as AB shown in Figure 4.97, are zero. Therefore, the boundary conditions
are given by

ow

£z= :O

a

wl,_,=0  and
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oM,
(Mw + p) wy d‘r) dy

)
= - A 0
dy dy I [
/ \
a) )
Mwﬂ Mlﬂ+%dy
dy

Fig. 4.97. Some definitions for a rectangular plate

Note that the condition on the rotation is imposed taking into account the
kinematic assumption of the model.

Considering the simply supported condition, the transverse displacement
should be restrained. For additional conditions, we observe that there are no
kinematic restraints affecting the rotation about the y axis of material lines
such as AB (see Figure 4.97), and there are no normal stresses 7., acting on
the plate end section defined at © = a. Hence M, = 0 at x = a. Summarizing,
the two boundary conditions that represent the simply supported edge are

wl,_. =0 (4.264)

M|, =0. (4.265)

The last condition can also be expressed in terms of displacements when we
consider equation (4.250) leading to
0w 0w

74'_1/7

ox? Oy? =0

r=a

and because of (4.264) ‘?;y’;’

= 0, condition (4.265) becomes

r=a
0w

27| Y

r=a

The last boundary condition to consider is the free edge condition. Since
there are no kinematic restraints in this case, there are no stresses acting on
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the plate end section defined by x = a. The stress components which could
possibly act on this edge section are 7,4, 7y, and 7,,. These components are
associated with the stress resultants M, My, and Q.. If we would enforce
the condition that these stress resultants are zero, we would obtain three
boundary conditions instead of the two obtained in the case of the clamped
and the simply supported edges. Historically, this apparent inconsistency
was object of much controversy. Mathematically, considering the order of the
differential equation (4.261), only two conditions are required per edge. It was
shown that one condition is given by M,|,._, = 0 and the second involves
a combination of the stress resultants M,, and Q,. Kelvin and Tait (see
Timoshenko and Woinowsky-Krieger, 1959) gave a mechanical interpretation
of this second condition that we discuss below.

Consider two generic differential elements of the edge section shown in
Figure 4.97a. In Figure 4.97b, the twisting moment resultant acting on these
two differential elements are shown. Each of these moments are represented in
Figure 4.97c by a mechanically equivalent force couple. Therefore, we can see
that the twisting moment distribution acting at the edge can be represented
by a mechanically equivalent distribution of shear forces given by

OMy,
My, — (Myw + =5y dy) OM,,

[ — —

r=a

r=a

The net shear force distribution V,, considering both @, and @, is then given
by

, oM,
Ve = Qz|m:a + Qm = (Qz - 8?4)
Y

and the boundary condition for the free edge which combines both effects of
Q. and M, is

This condition can be expressed in terms of displacements. Using relations
(4.254) and (4.262), we obtain

(5)+ -0 (5e)

Below we show a sample solution of a classical plate bending problem.

r=a

r=a

= 0. (4.266)

Tr=a

Example 4.18

Find the solution for the rectangular plate problem of Figure 4.97a when the
plate is simply supported at the four edges and subjected to a distributed
pressure p = p(z,y). Particularize the solution for p(z,y) = po.
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Solution

The boundary conditions can be derived generalizing those for the simply
supported edge studied above when we consider the four plate edges. Then,
we obtain

wl,_g = 0, 2271;} e 0 (4.267)

wl,_y = 0, gj;} T 0 (4.268)

wl,_, = 0, ?;71;} =0 (4.269)
r=a

wl,_, = 0, gzlg T 0. (4.270)

We use a classical approach to derive solutions for plate bending problems
which is to use a Fourier series to construct solutions.
Assume
oo

Z Z Wiy, SIN MTT sin % (4.271)
a

We can write (4.271) since it is a mathematical fact that every smooth
function defined on a 2-D domain can be expanded in a Fourier series as
above. The fundamental property is that given this particular functional form
for w(z,y), there exist constant coefficients wy,, such that if the double sum
is performed up to m and n high enough, such sum will be arbitrarily close!®
to w(zx,y).

Hence, our task is to determine the coefficients w,,, such that the sum
given in (4.271) satisfies equation (4.261) and the boundary conditions given
in equations (4.267) to (4.270). In fact, the Fourier series given in (4.271)
was constructed such that it satisfies the boundary conditions independently
of the values of w,,,. This property can be easily verified by checking that
w(z,y) written in the form of (4.271) satisfies conditions (4.267) to (4.270).
In order to determine specific coefficients w,,, the load p(z,y) should be
characterized.

Given a smooth load distribution p(z,y), it can also be expanded in a
Fourier series as

D=3 prnsin TE sin % (4.272)
a

m=1n=1

15 Of course, what we mean by arbitrarily close can be made mathematically pre-
cise, see Chapelle and Bathe, 2010a. However, for our present purposes the in-
tuitive idea of this concept suffices
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where

DPmn ab// a:ysm

Substituting (4.271) and (4.272) into (4.261), and, of course, performing the
derivatives involved, we obtain

= m2n? n? mmx n
E g + — | #*wppmp sin il sin nry
mn
a2b2 b4 a b
m=1n=1

e mnx nmy
S 3) S LN
Dm:ln:l @ b

Since the coefficients of the series on the left- and right-hand sides of the
above equation should be the same, we obtain

T sin Y dxdy (4.273)

- — Pmn
oD (B 2+ )
and hence
1 o= — P mmnx nmy
= — mn in ——. 4.274
w(z,y) 7T4sz_:1nz_:1(mj+ )251n L S (4.274)
- - a

When the load is uniform, i.e., p(x,y) = po, we obtain from equation (4.273)

16
Pmn = 2p0 m,n=1,3,5,...
m2mn

and pp,, = 0 for m or n an even number. Hence, from (4.274) we can write
the solution as

~ 16po sin I gip MY
w(z,y) Z —e b

D m=1n=1 TN (? + 27)
where m =1,3,5,... and n =1,3,5, ...

As a historical remark, we note that it was Navier who first proposed
this Fourier series solution for plate bending problems (see Timoshenko and
Woinowsky-Krieger, 1959).

Of course, having evaluated w(z,y) all stresses and stress resultants can
be obtained.

O
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Plate bending behavior

In the introductory part of this section we interpreted the gross behavior
of a rectangular plate as being captured by orthogonal bars in bending (see
Figure 4.91). Our objective here is to obtain further insight into the plate
resisting mechanisms.

Consider a rectangular simply supported plate. Let us examine the be-
havior of the plate when modeled by bars of rectangular cross-sections as
those shown in Figure 4.9. Considering a bar with axis parallel to the global
x axis, we see that besides the moment M, and the shear force @, which are
directly associated with the bending of this beam (refer to equations (4.147)
and (4.142)), torsional moments My, and the shear forces @, acting on the
lateral faces of this beam contribute to its equilibrium.

To obtain insight into how these effects stiffen the plate when equilibrium
and compatibility are imposed, we consider the structure of Figure 4.98a
subjected to a uniform transverse load.

//////k
”;/;/ :

p
EEERTEER 4 5
g~y X W A
+ +
M, M, M, -effect
j N
<=\ PR N <X <
+ +
Q+ +Q Q-effect
< ! I & < <
b) c)

Fig. 4.98. Qualitative behavior of a rectangular plate based on a grid analogy
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In Figure 4.98b, we show the actions onto bar AB. Besides the transverse
load p, there are two additional contributions. The loads @ are a result of
the compatibility of transverse displacements and represent the effect of the
orthogonal beams working in bending. The moments M; are a result of the
compatibility of rotations. Namely, the section rotations of beam AB due to
the transverse load induce rotations and torsion in the bars EG and F'H. The
sense of M, indicated in Figure 4.98b reflects the fact that the bars EG and
F'H oppose the rotations due to the transverse load on the bar AB. Finally,
in Figure 4.98c, we show, qualitatively, the transverse displacements induced
by each load including the stiffening effect due to the M; and @ effects.

Consider the rectangular plate in Figure 4.97. Let us examine the behavior
of the plate as the relative size of the edges changes, i.e., the relation a/b
varies. Supposing that a/b is large, say a/b > 5, we show qualitatively in
Figure 4.99 the deformations of two orthogonal slices of the midsurface. If we
examine the contribution due to bending to equilibrate the transverse load,
we conclude that the longer beam carries almost no loading, since for a simply
supported beam the transverse stiffness is inversely proportional to L3 where
L is the beam length. Therefore, for a large portion of the plate, i.e., the
central part, away from the shorter edges, the resisting behavior corresponds
to the bending along the short span and the plate behaves as a beam of large
width. We note that the contribution of torsion for this part is also very
small since % is close to zero and, hence, from equation (4.254), M, is
very small. In fact, if we consider a plate infinitely long in the x direction,
the deformation of the midsurface will be cylindrical (the end effects are at

infinity), and w = w(y). Hence 2w — 0 and %2, = 0, and equation (4.261)

021 — 0x20y
becomes
d*w P
dy* D

where, in essence, a beam of unit width is considered (see (4.136)). However,
we use D = E,I with E, = E/ (1 — 1/2). Hence, a planar beam under plane
strain conditions (refer to equation (4.58)) is solved (since anticlastic curva-
ture is not allowed, see Figure 3.62). From a design perspective, it is relevant
to note that for a/b = 2 the error incurred in assuming a large width beam
behavior of the plate is of the order of 6.5%. Of course, this error decreases
as a/b increases.

4.3.2 The Reissner-Mindlin plate bending model

As we mentioned, the Reissner-Mindlin plate model is the analogue of the
Timoshenko beam model. This analogy is based on the kinematic hypoth-
esis which includes modeling of transverse shear deformations. Hence, the
Reissner-Mindlin model is adequate to model not only thin plates but also
those which are moderately thick. All the assumptions used in the Kirchhoff
model concerning linear analysis are also adopted here.
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dy

s

x

Fig. 4.99. Deformation of simply supported plate under uniform pressure for large
a/b

Kinematics

The fundamental kinematic hypothesis of the model is that straight material
lines which are initially orthogonal to the midsurface of the plate remain
straight but not necessarily orthogonal to the deformed midsurface. Of course,
we use the geometric and loading characterization of Figure 4.92, and Figure
4.100 is analogous to 4.93, but considering the kinematics of the Reissner-
Mindlin model.

Note that 8, (z,y) and 8y(x,y) characterize the rotation of the material
lines which are initially orthogonal to the midsurface. Again, we assume

w=w(z,y)
and referring to Figure 4.100, we can write
u = 72/6% ('T7 y)

vo= _Zﬁy(x7y)

Therefore w(z,y), Bz(z,y) and By(x,y) — all referred to the midsurface —
are the three independent degrees of freedom of the model and completely
characterize the displacement field.

Considering the strain compatibility relations, we can write
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Fig. 4.100. Selected intersections of deformed and undeformed configurations of
plate with a vertical plane. Reissner-Mindlin model
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and €,, = 0.

Constitutive equation

The mechanical hypothesis of the Kirchhoff model assuming a plane stress
condition of each lamina is used. Therefore
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Ez (aﬁx . aﬁy>

Tex = (1_71/2) (Eza + VeEyy) = _m Oz v dy
E B (08, 0B

Tyy = 1 —12) (eyy + Vean) = 11— 12) (3y +v 8x>
B B (s 0,

w9y T T2y \ Oy oz )

Additionally, we have the transverse shear relations which using the general-
ized Hooke’s law can be written as

ow E ow
o= G=0 (3 -5) =50 (5 - 5)

ow E ow
we = = (G ) = 5 (54

Stress resultants

The stress resultants are the same as those of the Kirchhoff model and the
relations between the stress resultants and the kinematic variables are

_ 9B , 96y
M, = D(@x +l/8y)

_ 96y , 9B
M, = D(ay +V8x>

s _nd=v) (0B 0By
My = Mzy =D 2 y * ox

ow
Q: = kGA <8x_ﬂ$)

ow
o = (G -n)
where we have introduced the shear correction factor k which was defined for

the Timoshenko beam model, see (4.235). Note that in the Reissner-Mindlin
model the shear forces are obtained through the constitutive relations.

Equilibrium

The equilibrium conditions are those of the Kirchhoff model and are given
by (4.257) to (4.259).
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Boundary conditions

We note that due to the more general kinematic description in the Reissner-
Mindlin model, we have three conditions to specify. As in the Kirchhoff model,
let us examine the boundary conditions for an edge parallel to the y axis, i.e.,
given by x = a.

For the clamped or built-in edge, we need to prevent the transverse dis-
placements w and the rotation about the y axis of material lines such as AB
of Figure 4.97. Therefore

wl,_,=0 and Balyeq =0

Depending on the physical situation, these material lines such as AB may
also be prevented to rotate about the x axis. Therefore, we either impose

Bylpee =0 (4.275)
or

M, =0. (4.276)

m|m:a

If we prevent the rotation 3, we have the “hard” condition and if we impose
My, to be zero we have the “soft” condition.
For the simply supported edge, we would have

wl,_,=0 and M,|,_,=0.

The third condition is also given by (4.275) and (4.276). Again (4.275) is
called the “hard” condition while (4.276) is called the “soft” condition.
Finally, for the free edge, we have

M|,_,=0 and Qzl,_, =0

and either (4.275) or (4.276). Of course, if for our physical situation the
plate section given by x = a is stress free, then M,, = 0 is the appropriate
condition.

We note that, as we now have three independent kinematic variables,
the free edge condition can be imposed in a more natural way than in the
Kirchhoff model.

The differential formulation of the Reissner-Mindlin model is now com-
plete since the compatibility, constitutive behavior, equilibrium and bound-
ary conditions have been considered. Of course, the governing equations can
be algebraically manipulated to arrive at a set of equations which are more
convenient for the derivation of closed form solutions, but this is not our
objective here.

The Reissner-Mindlin model is a hierarchically higher-order model when
compared to the Kirchhoff model. One of the reasons is that it predicts trans-
verse shear deformations. A less obvious improvement, which requires a more
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detailed study of the Reissner-Mindlin model (see Haggblad and Bathe, 1990),
is given by the nature of the solution close to the boundaries. There is a re-
gion near the boundary — referred to as the boundary layer region — where
the solution for the stress resultants may vary significantly.

In order to obtain more insight into this boundary layer behavior, while
examining a situation of engineering interest, let us study the shear force
at an edge of a simply supported plate subjected to a constant uniform
pressure. Considering the Kirchhoff model, there are two contributions: the

force @@, and that due to the rate of change of the twisting moment, i.e.,

Q. = — d]g—yy"" as discussed above. The actual values along the edges
° r=aqa

can be obtained from the solution w(z,y), discussed in Example 4.18, using

relations (4.254) and (4.262). In Figure 4.101a, we show these shear force
contributions.

VQ V/<
Q
%.

Fig. 4.101. Shear related quantities at edge of simply supported plate
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If we refer to Figure 4.97 and, in particular, to Figure 4.97c we see that

the shear force contribution given by @, = — 6154# is due to the balance
r=a

of forces of two neighboring differential elements, not at a corner of the plate.

That is, if we consider the differential element at the corner, such balance is no

longer valid. In Figure 4.101b, we show the corner region. Here a concentrated

reactive transverse force R is required for equilibrium

0*w
0zxdy

r=a,y=b ~

=2D(1-v)

r=a,y=b

r=a,y=>b

In Figure 4.101a these reactions are shown for both corners. We note that
these reactions and also the shear forces are those compatible with p(z,y) =
—po, i-e., with a constant distributed load of intensity py acting downwards. A
physical interpretation of the concentrated corner reaction is that the simply
supported plate subjected to p(x,y) = —po, unless held down, would lift up
at its corners.
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Now, considering the Reissner-Mindlin model, we need first to decide if we
impose hard or soft conditions. If we admit that the kinematic restraints are
such that the material lines orthogonal to the midsurface along the edge given
by & = a can not rotate around the x axis, i.e., 3, = 0 (hard condition), then
we would obtain a distribution of reactive twisting moments M,, which is
equivalent to that of Kirchhoff theory. Also, the @, would be that of Kirchhoff
theory and there would be no reactions at the corner (R = 0).

If we impose soft conditions, M| _, = 0, we obtain the distribution of
shear forces @, shown in Figure 4.102. We can see that the distribution of
shear forces near the center tends to that of Kirchhoff theory which includes
the effect of the torsional moment. As we approach a corner, the Reissner-
Mindlin shear force inverts sense. There is no concentrated force at the corner

Q_T, . a Myx Kirchhoff
A =\ gy
/’/’ \\\\
yd ~ \\\\
/7 \\
\ >
R, m Iy2
Reissner-Mindlin
Q.
T b

Fig. 4.102. Shear forces along simply supported edge for Kirchhoff and Reissner-
Mindlin models

for the Reissner-Mindlin model and that shown in Figure 4.102 is from the
Kirchhoff model.

Only from equilibrium considerations, we can conclude that V, and R
from the Kirchhoff model and @, from the Reissner-Mindlin model lead to
the same resultant since they should equilibrate the same externally applied
load. In other words, the corner concentrated reaction R of the Kirchhoff
model is distributed along some distance from the corner as part of @, of
the Reissner-Mindlin model. The magnitude of this distance depends on h/L.
The situation shown in Figure 4.102 corresponds to a ratio h/L of the order
of 1/10. The quantity ¢, represents the length of the boundary layer. As
the ratio h/L decreases ¢, also decreases and when h/L tends to zero, we
approach the concentrated force situation predicted by the Kirchhoff model.
We can clearly see, from the discussion above, that the Reissner-Mindlin
model is a hierarchically higher-order model with respect to the Kirchhoff
model regarding also the shear force predictions. Additional results regarding
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boundary layers in Reissner-Mindlin plates can be found in Haggblad and
Bathe, 1990 and Arnold and Falk, 1990.

4.4 Shells

Shell structures comprise a very broad subject. On the one hand, there is a
wealth of nature and man made shells. The reader may easily list a number of
shell structures. Examples are many, covering a wide range of length scales.
We could mention microscopic living cells, sea shells, egg shells, human skulls,
biomedical devices, ship hulls, aircraft fuselages, car bodies, roofs, among
many others. On the other hand, there is a vast literature on this subject
ranging from shell structural behavior to the analysis and design of shells.
Therefore, we first would like to mention our objectives in this section.

Our aim is to present an introductory discussion of shell structures focused
on basic structural behavior. We would like to help the reader to acquire some
elementary understanding of the issues in shell models and to gain insight
into expected shell behavior. This knowledge is very valuable when modeling
shells. Of course, we suppose that the shell model solutions will be obtained
by using finite element methods. Therefore, no emphasis is given to obtaining
analytical solutions to shell mathematical models. The very few solutions that
will be presented are given to obtain some basic understanding.

A shell structure is geometrically characterized by a thin solid whose
domain is defined by a curved midsurface and a thickness h. The shell is acted
upon by surface tractions and body forces and is kinematically supported,
usually along part or all of its periphery. A generic shell is schematically
described in Figure 4.103.

Fig. 4.103. A typical shell structure

The thickness h is supposed to be small. However, not too small that it
would prevent the shell to sustain some level of compression and bending. In
other words, we are not considering a membrane.
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Below we discuss some basic geometrical facts required to introduce shell
models. Next, we present an introductory discussion on shell mathematical
models and on the formulation of the membrane-bending model. This for-
mulation is then detailed for a class of problems — shells of revolution loaded
axisymmetrically — and a few illustrative problems are solved.

4.4.1 Geometrical preliminaries

Let us consider a generic surface S. Let P be a point on the surface and
n be the unit normal to S at P. Let m be a plane which contains n. The
intersection of this plane with the surface gives a curve C.. These definitions
are shown in Figure 4.104.

Fig. 4.104. Generic intersecting curve of surface S at point P

Considering the plane m, the curvature x, and the radius of curvature r,
at point P are well defined. We can also determine the center of curvature
O, for the curve C;. Of course, there are infinitely many planes that contain
the normal n and for each of these planes we can characterize the intersecting
curve and the associated curvature definitions.

It is always possible to determine the maximum and minimum values for
the curvatures and radii of curvatures at a point, k1, 71 and kg, ro which
are called the principal curvatures and principal radii of curvatures. The
planes associated with these extreme values are orthogonal to each other (see
Chapelle and Bathe, 2010a).

An important geometrical quantity is the Gaussian curvature kg defined
at a point by

RGg — R1Kk2.

There are important geometric properties associated with the algebraic value
of kg. When kg > 0 all the centers of curvatures of the intersecting curves
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are located on the same side of the tangent plane at that point, and the shell

surface is called an elliptic surface. A dome like surface has this property for
all points (see Figure 4.105).

a) b)

Fig. 4.105. Intersecting curves and centers of curvatures of the midsurface of a
dome like structure; elliptic surface

When kg < 0 there are intersecting curves with centers of curvatures
on opposite sides of the tangent plane at P, and the shell surface is called

a hyperbolic surface. A saddle like surface is such an example as shown in
Figure 4.106.

——————

Fig. 4.106. Intersecting curves and centers of curvature for a saddle like surface;
hyperbolic surface

Finally, kg = 0 corresponds to a surface with at least one curvature equal

to zero (like for a cylinder or plate), and the shell surface is called a parabolic
surface.
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Therefore the algebraic value of kg helps to locally characterize a surface.
Besides that, the algebraic value of kg of shell midsurfaces is one of the factors
that greatly influences shell structural behavior.

4.4.2 Shell mathematical models

The particular choice of kinematic and mechanical hypotheses characterizes
a given shell mathematical model. We adopt here the terminology used in
Chapelle and Bathe, 2010a for the definitions of the mathematical models.
There are two basic hypotheses which pertain to most shell mathematical
models.

Kinematic hypothesis: Straight fibers initially orthogonal to the midsurface
remain straight and unstretched during deformation. This kinematic assump-
tion is called the Reissner-Mindlin kinematic assumption.

Mechanical hypothesis: The stress in the direction normal to the midsurface
is zero.

The model characterized by these two assumptions is termed the basic
shell model. While the displacement and rotation variables are referred to the
shell midsurface, the strains and stresses of the basic shell model are given
as for the 3-D continuum. When additional assumptions allow the analytical
integration through the shell thickness, in a similar way as detailed for plates,
the model is called the shear-membrane-bending shell model since these three
behaviors can potentially arise.

When the kinematic hypothesis is stronger and it is further assumed that
the straight lines initially orthogonal to the midsurface remain orthogonal to
the midsurface after deformation, we have the membrane-bending shell model
since transverse shear deformations are precluded. This kinematic hypothesis
is known as the Kirchhoff-Love kinematic assumption, Love, 1934. We discuss
below the membrane-bending shell model.

The membrane-bending shell model

Historically, this is an early shell model proposed; it is referred to as
a classical shell model. There are many contributions associated with this
model. Our presentation is closely based on the classical book of Timoshenko
and Woinowsky-Krieger, 1959.

Stress resultants

Let us consider a generic point O on the midsurface of the shell. We choose
a local Cartesian coordinate system such that z has the same direction as the
normal at O and = and y are defined such that xz and yz are the planes
associated with the principal curvatures at O. Let r, and ry be the principal
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Fig. 4.107. A part extracted from the shell; r, and r, are radii of principal cur-
vatures

radii of curvatures at O corresponding to the planes xz and yz respectively. In
Figure 4.107, we show a differential element of the shell. The stress resultants
per unit of length of coordinates along the midsurface acting on planes xz
and yz are

+h/2 5
N, = / Tww <1+ > dz (4.277)

—h/2 Ty
+h/2
z
N, = / Tyy (1 + ) dz (4.278)
—h/2 Ta
+h/2 -
N, = / Toy 1+> dz (4.279)
—h/2 Tz

+h/2 5

N, = / Tyo <1+ 2 - (4.280)
Th/2

Qx = / Tzx (
+h/2 2

Q, = / Ty <1+ ) dz (4.282)

M, = /+h/27m(—z) (1+Z) dz (4.283)

1+ Z) dz (4.281)
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M, = /+h/27yy(—z) <1+z> dz (4.284)

—h/2 Tz
+h/2 .

M, - / _— (1+> az (4.285)
—h/2 Tz
+h/2 .

My, = / Tyz(—2) (1+) dz. (4.286)
—h/2 Ty

In the resultant moment definitions the same sense conventions as for
plates are used. Note that the stress resultants defined in equations (4.277) to
(4.286) are the exact resultants associated with a given stress field. Since our
presentation is restricted to thin shells, from now onwards we will neglect
% and = with respect to 1, which implies obvious simplifications in the

definitions of the stress resultants.

Kinematics

We adopt the Kirchhoff-Love kinematic assumption enunciated above and
refer to Figure 4.83 where the deformation of a differential curved bar element
was characterized. This same kinematics is used to describe the deformation
of the shell sections ABCD and EFCD due to the analogous kinematic
assumptions. In fact, Figure 4.83a can be used to characterize the undeformed
configuration of either section ABC'D or EFCD by considering instead of
T, 1 or 7y respectively. The deformed configurations of these sections are
given, in essence, by Figure 4.83b. Therefore, referring to equations (4.208)
to (4.214), the shell strains are

1 1
rr = Eurz —_ - — 4.287
€ Exae T+ 2 (7‘; Tx) ( )
1 1
_ 1 1 4.288
Eyy Eyyo T 2 (7,1,/ Ty) ( )

where €., and €y, are the strains at the midsurface. The approximations
used for curved bars are employed here, i.e., we are neglecting Tim, :T,v Eaz, and
€yy, With respect to 1. Note the complete analogy between (4.287), (4.288)
and (4.214).

It is usual to define the changes of curvatures by

1 1

Xe = 7 —
Ty
11

Xy = r, Ty
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Therefore equations (4.287) and (4.288) can be rewritten as
Exx = CExuxg + 2Xa

Eyy = Eyyo T 2Xy-

In addition to these deformations of the shell, we still need to consider
the deformations which induce shear strains in “planes” parallel to the mid-
surface. Consider that line AB rotates with respect to CD about the = axis.
Let xzy give this rotation per unit of length. This quantity is actually the
twist of the deformed midsurface and the induced shear strain is given by

Yoy = Vayo T 22Xay

where 7.y, is the shear strain at the midsurface.

Constitutive relations

Using the plane stress constitutive assumption we have

E
Toe = T3 [Eza0 + VEyy, + 2 (Xa + VXy)] (4.289)
E
Ty = 17,2 [eyyo T VEzzo + 2 (Xy + VXa)] (4.290)
E
T = Ay Dot 22Xl 2o

Substituting relations (4.289) to (4.291) into (4.277) to (4.286) and per-
forming the integration through the thickness, we obtain

Eh
Ne = 1.2 (Ezao + VEyy,)
Eh
Ny = 75 (Eyyo + VEaay)
M, = —D(xz+vxy) (4.292)
My, = —D(xy+vXxz) (4.293)
My, = —Myz=D(1—-v)Xay

where D gives the flexural rigidity of the shell, and is given by (4.251), as for
the plate.

If we were to follow the approach used to formulate the previous struc-
tural models, the next step would be to impose equilibrium to obtain the
differential formulation of the model. Then, to solve problems, the specific
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shell midsurface geometry would need to be considered. We do not follow this
approach due to the limited scope of our presentation. Instead, we present
the formulation for a limited class of problems — shells of revolution loaded
axisymmetrically.

Shell structures resist the external loads through membrane and bending
internal actions. A special case is that of flat shells, that is, plates for which
the transverse loads are resisted by bending while the in-plane loads are re-
sisted by membrane internal actions. For curved midsurfaces this decoupling
does not hold, see Section 4.2.7, and the loads are resisted by both membrane
and bending actions. But, depending on the geometry of the midsurface, the
boundary conditions and the loads, one of these internal actions — membrane
or bending — may dominate.

Membrane actions dominate for example in shells of elliptic surfaces (for
an example see Figure 4.105) when the loading can be resisted by mem-
brane forces only and the restraints are applied all around the boundary and
correspond to these internal membrane forces. In case the supports induce
bending, these actions are local in the support regions. We discuss such a
case below. However, if, for example, the elliptic shell is not supported all
around the boundary and the external loading is inadmissible, then complex
membrane and bending actions occur, see Bathe, Chapelle and Lee, 2003.

Considering hyperbolic surfaces (like the surface shown in Figure 4.106,
which corresponds to half of a cooling tower), the boundary conditions and
loading determine whether bending or membrane actions dominate. The same
holds also for parabolic surfaces like cylinders. For a detailed discussion of
the various cases that can arise, we refer to Chapelle and Bathe, 2010a and
for numerical results see also Bathe and Lee, 2011, and Lee and Bathe, 2002.

Indeed, there are many different cases as to how a shell carries the ex-
ternally applied loads — through bending, membrane or mixed stress state,
varying over the shell surface, with possible boundary layers and internal lay-
ers of high stress gradients. Because of these various conditions that can arise,
even just in linear analysis, the analysis of general shells considering linear
and nonlinear behavior is a very challenging field in mechanics. We consider
a relatively simple but practical and illustrative case of shell analyses below.

Cleary, from a structural design perspective resisting the loads primarily
through membrane actions is most desirable and effective. Let us discuss one
class of problems where this actually happens, namely, shells of revolution
loaded axisymmetrically and supported on the whole boundary such that
bending actions are small and mostly confined to the boundary only. This
is a very special case of shell problems, but the discussion will illustrate
some important general issues encountered in the analysis of shells. In our
discussion we closely follow the work of Timoshenko and Woinowsky-Krieger,
1959.
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4.4.3 Shells of revolution loaded axisymmetrically

In order to obtain insight into how transverse loads can be resisted by mem-
brane actions in a shell of revolution loaded axisymmetrically consider a dome
subjected to its own weight and to some surface loading as schematically de-
scribed in Figure 4.108.

Fig. 4.108. A dome like structure

We compare the internal actions developed in an arch with those of a
dome. In Figure 4.109a, we show a generic arch represented by its axis and in
Figure 4.109¢ we describe a dome represented by its midsurface. This surface
is obtained by revolving the curved axis of the arch around the vertical axis
shown in Figure 4.109a.

The arch is acted on by the distributed load shown and since we assume
that the arch axis does not correspond to the line of pressure for this load,
bending will be developed in the arch as discussed in Section 4.2.7. The
moment distribution is shown schematically in Figure 4.109b.

Consider now the distributed load acting on the shell, which is defined
per unit of surface area, as schematically shown in Figure 4.109c. The spatial
distribution of this load could be generated, for example, by revolving the
load defined on the arch. We also show a force distribution at the lower shell
boundary which equilibrates the applied load and whose evaluation is dealt
with later on.

As we discuss in the sequel, as long as the applied distributed loading has
a smooth variation, the shell “may” develop only internal forces tangential
to its midsurface, that is, only membrane forces.

Let us examine two “slices” of the shell which are highlighted in Figure
4.109d. One is defined by the intersection of the shell with two meridian planes
— planes which contain the vertical axis. The other is given by the intersection
of the shell with two parallel planes — planes which are orthogonal to the
vertical axis.

Assume now that the reactions on the periphery are such that only mem-
brane forces develop in the shell, and consider the internal actions at the
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vertical axis

p

f Moment diagram
Vv

a) b)

parallel slice

d)
Fig. 4.109. Arch and shell actions

intersection of these two slices in Figure 4.109d. Then, an interesting inter-
pretation for the shell resisting the load is as follows. The meridian slice
behaves like an arch and the membrane forces on this slice due to the action
of the parallel slices are such that the net loading — external loading super-
posed onto the membrane forces from the parallel slices — has as its line of
pressure the line defined by the geometry of the meridian slice. Of course,
under these conditions there will be no bending developed in the shell.

We can appreciate that a shell resisting loads through membrane forces
only is a very efficient structure and such state is that one ideally sought by
the structural designer. However, these conditions are very difficult to meet
in practice and therefore some bending is generally induced even in this type
of shell.

Membrane theory

We assume from the onset that there is no bending and torsion, i.e.,
M, =M, = M., =0.

Therefore, we seek a field of membrane stress resultants, i.e., Ny, Ny, Nyy
which equilibrates the applied loading and which leads to deformations that
are compatible with the kinematic boundary conditions.

A shell is called a shell of revolution when its midsurface is a surface of
revolution, i.e., it is obtained by revolving a planar curve around an axis,
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which lies in the plane of the curve, called the axis of revolution. The curve is
called a meridian and this plane is referred to as a meridian plane. The load
is axisymmetric when its distribution in all meridian planes is the same and
it acts in these planes. We are considering surface tractions and body forces,
but do not allow concentrated loads.

Under these geometrical and loading conditions the stress resultants and
displacements also have an axial symmetry, i.e., they are identical for each
meridian plane. Further, if we cut the shell through a generic meridian plane
there is no tendency of one part to slide with respect to the other and, hence,
there are no shear stresses acting on any meridian plane.

Consider a differential element extracted from the shell as shown in Figure
4.110a and impose equilibrium. At the midsurface, the differential element

axis of
symmetry

reference
meridian

P

ao

T

dy

b) c)
Fig. 4.110. Definitions for a shell of revolution
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can be obtained by considering at point P a pair of meridian and a pair of
parallel planes which are infinitesimally small distances apart.

It is possible to show that the meridian is always a principal curvature
curve. We adopt a local coordinate system xyz with origin at P, z defined by
the outward normal and = tangential to the meridian. The principal radius
of curvature associated with the meridian is denoted by r, with center O,.
In Figure 4.110b, the other principal normal section is shown. Its center of
curvature O, is located on the axis of symmetry. The parallel that passes
through P is shown in Figure 4.110b and it is a geometrical fact that the
parallel has the same unit tangent vector at P as the principal curve whose
center is Oy. In Figure 4.110c a detail of 4.110a is shown which allows a better
visualization of some quantities such as the differential angle increment di
associated with the arc increment of the principal curve whose center is O,.
Also, r¢ is the radius of the parallel that contains the point P.

Let us first consider the equilibrium of the differential element in the z
direction. Referring to Figures 4.111a to 4.111c, we can evaluate the contri-
bution of the membrane forces. The contribution of N, is given by

— (Ng + dNy) (rg + drg) dfdy
which, neglecting infinitesimals of higher-order, leads to

—N,rodfdp. (4.294)

Fig. 4.111. Differential element and principal sections

We note that due to the axisymmetric nature of the solution, N, is the
same for every meridian plane. Its contribution is given by

—Nyradpdip. (4.295)
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Next consider the contribution of the external load. Let p, be the com-
ponent of the surface load which is normal to the shell midsurface and taken
positive when oriented as the z axis. Its contribution is given by

porodir,di). (4.296)
From Figure 4.110c, we can write the geometrical relation
rodf = rydip. (4.297)
Therefore using (4.294) to (4.297), equilibrium in the z direction leads to
Nyrydipdp + Nyrydody = p,ryrydedy
which yields
Ne y Ny (4.298)

We choose to obtain the additional equilibrium condition isolating a con-
venient part of the shell. This part is defined as the portion of the shell which
lies above the parallel circumference defined by the angle ¢ as summarized
in Figure 4.112, where the intersection of this part with a meridian plane is
shown. Due to the axisymmetric nature of the external loading, a mechani-
cally equivalent force system to the external loading acting on the selected
part is given by its resultant R acting along the symmetry axis as shown in
Figure 4.112. Equilibrium in this direction can be written as

N, sing (2nrysing) = R
or

B R

= —. 4.299
27y (sin ©)° ( )

T

Fig. 4.112. Equilibrium of selected part of the shell
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Equations (4.298) and (4.299) give the equilibrium conditions for the shell.
Therefore, given the external load, these equations can be used to solve for
the membrane forces. We demonstrate a typical solution in the following
example.

Example 4.19'6

Spherical domes are used extensively in engineering practice (e.g., churches)
and the major stresses developed are due to self-weight.

Consider the spherical dome in Figure 4.113a and find the membrane
force distribution due to its own weight. Suppose that the required force
distribution is applied at the periphery to guarantee equilibrium. The specific
weight of the shell material is ~.

Find the membrane force distribution of the spherical dome characterized
in Figure 4.113a subjected to its own weight. Suppose that the required force
distribution is applied at the periphery to guarantee equilibrium. The specific
weight of the shell material is ~.

Fig. 4.113. a) Section of the dome; b) Selected part; ¢) Weight load of a differential
element

Solution

We can evaluate the resultant force due to the dome weight for the part
described in Figure 4.113b. The surface area of the midsurface of the spherical
shell associated with this part is given by

S =2nrf

and the resultant force, following the convention adopted in Figure 4.112, is
given by

16 This example is also presented in Timoshenko and Woinowsky-Krieger, 1959
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R = —2nrfhy = —21r?~yh (1 — cos p)
and therefore from equation (4.299)

N — —27r2yh (1 — cosp) ~yrh
’ 277 (sin ¢)* 1+cose’

(4.300)

Of course, for a spherical shell r, = r, = r. Referring to Figure 4.113c
p» = —vhcos p.
Considering equation (4.298), we obtain
—vh N,

—+ — = —7h
14—cos<p+ r Tneosy

and therefore

1 —cosp — cos? p

N, =~vh
y =0T 1+ cosy

(4.301)

In Figure 4.114 we show the membrane force distributions obtained. We note

Fig. 4.114. Membrane forces for spherical shell problem

that NV, is always negative, i.e., the meridian “slice” (refer to Figure 4.109d)
works in compression. However, NN, changes from compression to tension
when ¢ = ¢y = 52°. Therefore, the parallel “slices” defined by ¢ < ¢¢ work
in compression while those given by ¢ > g work in tension. Of course, when
a < o the whole shell is in compression.

|
We next consider the solution of the displacements. Again, due to the

axisymmetric conditions, the displacements are completely characterized if
they are known for a meridian plane.
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In Figure 4.115, we show a meridian extracted from the midsurface of
the shell described in Figure 4.110a. Let u be the displacement in the tan-
gential direction z and w be that in the normal direction. The displacement
increments associated with the increment dyp are also shown in this figure.
We note the complete analogy with the displacements of the axis of a curved
bar which are described in Figure 4.84. Actually the axial strain given by
equation (4.217) corresponds to the midsurface strain ,,, and, hence, it is
given by
1du w

il ) 4.302
ry do + Ty ( )

Exaxg —

The circumferential strain ey,, can be evaluated from the change in radius,

Fig. 4.115. Displacement conventions for a shell of revolution

Arg, of the parallel considering the undeformed and deformed configurations.
This change in radius is given by

Arg = ucos ¢ + wsin

and
. _ Arg  ucosp+wsing
e ey Ty Sin g '
u w
S = - cot ¢ + p (4.303)
Y Y

We can eliminate w from equations (4.302) and (4.303) to arrive at

d
i — U COt Y = TpEpmy — TyEyyo- (4.304)

Using the plane stress constitutive relation (equation (4.44)) we have
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1 1

Como = F (Tax — VTyy) = Eh (Nz —vNy) (4.305)
1 1

Eyyo = E (Tyy - VTx.r) = th (Ny - VNr)- (4.306)

Substituting (4.305) and (4.306) into (4.304), we obtain

U
— —ucotp =

dp [Ny (rg +vry) — Ny (ry +vrg)] (4.307)

1
Eh
We can denote the right-hand side of (4.307) by f (¢), i.e.,

F0) = g Na (rg +91,) = Ny (ry 07 (4.308)

which is a known function when we suppose that the membrane forces have
been determined by equilibrium. Hence, the displacement u can be obtained
by solving the following ordinary differential equation

du
e ucot p = f () (4.309)

subject to appropriate kinematic boundary conditions, and from equation
(4.303) we obtain

W = TyEyy, — UCOt . (4.310)

Example 4.20

Consider the spherical dome subjected to its own weight studied in Example
4.19. Find the displacement fields when the shell is supported in the tangential
direction as indicated in Figure 4.116.

Fig. 4.116. Section of spherical dome with boundary conditions
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Solution

Since the membrane forces have already been determined (see solution of
Example 4.19), we can directly evaluate f(y) defined by equation (4.308)
which leads to

(1+v)yr? 2
= - 4.311
f(@) iz €SP s (4.311)
and solving (4.309), we obtain
1 2 i
u= (—F# {sincpln (14 cosyp) — 1_7_12;08@} + Csingp. (4.312)

Imposing the boundary condition u(«) = 0, the constant C' can be determined
and it is given by

(14 v)yr? [ 1

C:

—In(1 5 .
E 1+ cosa n +COb@)}

The displacement w is obtained from equation (4.310). Note that, as expected
physically, the forces (expressed in (4.311)) and displacements u (given by
(4.312)) and w (given by ( 4.310)) only vary with ¢.

O

Using Examples 4.19 and 4.20, we have the solution of the spherical dome
supported tangentially as described in Figure 4.116 within the membrane
theory. However, if we change the supports such that the displacements are
constrained in both directions, we can no longer obtain the solution using
the membrane theory, since the solution obtained with this theory predicts
a non-zero radial displacement at the supports. Of course, the transverse
forces that would be developed at the supports associated with the restraint
of the radial displacement w would induce bending and, hence, the membrane
theory is no longer applicable since it neglects bending from the start. This
observation prompts the discussion we present next.

Membrane-bending theory

In the membrane-bending model we need to consider, besides the mem-
brane stress resultants N, N, and N, which are already taken into account
in the membrane theory, the moments M., M, and M, and the transverse
shear forces, @), and @,. Since in our simplified setting there are no shear
stresses in any meridian plane the resultants to be considered are summa-
rized in Figure 4.117a, which is a close up of the differential element of Figure
4.110. Equilibrium in the z direction is established as in the membrane the-
ory but we need to include the shear force contribution. In Figure 4.117b, we
repeat Figure 4.111b including the shear force. Therefore, equilibrium implies
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_Nxd‘pTOdO + (Qz + de) (TO + dTO) do — erotw

—Nyrzdesin odf + p,roddr.de = 0
which leads to
a4

Nyro + Nyry sinp — i

(QxTO) = PzToTx- (4313)

The above equation, apart from the term *ﬁ (Qa70), is the same as equation

b)

Fig. 4.117. a) Stress resultants acting in a differential element; b) Shear force
appended to principal section defined by 5

(4.298). Note, however, that the above equation was written in terms of 7
instead of r, because the additional term is more easily expressed considering
To-

For the membrane theory, we did not consider the differential equilibrium
in the x direction, since the second differential equilibrium condition was
imposed in resultant form. Now, however, we need to consider the equilibrium
in the x direction which referring to Figures 4.117 and 4.118 can be written
as

—Ngrodf + (N + dNg) (ro + dro) df — Nyr, cos pdedf
+Qyrodfde + pyrorzdfde =0

where p, is the x direction component of the surface load. Then, we obtain

d
% (Ner) - Nyrw cos i + Qa:rO = —PzToTz (4314)

and referring to Figures 4.117 and 4.119 moment equilibrium about the y
axis gives

— (Mg + dMy) (1o + dro) df + Myrodf + Myr, cos odpdd
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—QzToredpdd =0
leading to

d
@ (Myro) — Myry cos g + Qgraro = 0. (4.315)

Therefore equations (4.313), (4.314) and (4.315) represent the equilibrium
conditions for the differential element.

N, dpr; dfcosp
P
7o
&/ “Ndpr.do
a) b)

Fig. 4.118. Contribution of Ny to equilibrium in the z-direction, Nyder,df acts
in the parallel plane and its cos ¢ component into the z-direction

The compatibility relations for the membrane strains have been already
examined and are given by equations (4.302) and (4.303).
Using Hooke’s law for the membrane components, we obtain

Eh 1 /du v

N = o () 4 et ) (4310
FEh 1 v [ du

Ny = 1.2 |:Ty (UCOth'Fw)'f‘E (d@—'_w)] . (4317)

The compatibility relations for the bending strains involve the changes
in curvatures. Let us consider first the change in curvature of a meridian.
We recognize that this change in curvature corresponds to the change in
curvature of the axis of a curved bar. Adapting equation (4.221) to the shell
quantities, we obtain

1 d d
Xo = ——— (“ - ) . (4.318)
redp \ry  rgdp

We note that in this evaluation of the change of curvature, the term

(# — rd”; ) corresponds to the angular change of the unit normal from the
« s dp
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M,r, dpcosp

0 Meridian
plane 6 + d6

Fig. 4.119. Contribution of M, to the moment equilibrium about the y axis

undeformed to deformed configuration. The rate of change in the z-direction
gives x,. This same concept will be used for the evaluation of the change in
curvature in the y direction, i.e., we will compute the change in angle per

unit of arc length along y.

Namely, referring to Figure 4.120, consider (% — Tdfi”w

at point R; it
corresponds to the change in angle of an infinitesimal meridian arc. Of course,
due to the symmetry of the deformation, both, this normal and the arc remain
in the meridian plane. Therefore, the rotation vector which characterizes this
rotation is orthogonal to the meridian plane at R as shown in Figure 4.121.
This rotation vector has a projection on the x axis which is different from
zero. In Figure 4.121 all quantities used to evaluate this projection are shown
and we obtain

d
— <u oA ) cos pdf
ry  Tpdy
which gives the change in angle of the normal around the z axis when we
move from point P to R. Therefore, we have

U dw '\ cospdf
N 4.31
Xy <7“z rwdng) rodf (4.319)

leading to

U dw \ cosp U dw \ cotp
= — ) == - - — ) =£. 4.320
Xy (m mdw) 7o (m de<P> Ty ( :
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| —rotation
vector

Fig. 4.121. Rotation vector at point R

Finally the bending moments can be evaluated using relation (4.292) and
(4.293)

1 d d
M, = -D L1d(fu_dw TR L cotp| (4.321)
redp \ 1y  Tpdye Ty \Tz  Tzdp

M, = -D K“ - dw) cotp v d <u o v )] . (4.322)
re  rpde Ty redp \ 1y  Tzde

Now all conditions have been considered. Namely, equilibrium (equations
(4.313), (4.314) and (4.315)), compatibility (equations (4.302), (4.303), (4.319)
and (4.320)) and the constitutive (equations (4.316), (4.317), (4.321) and
(4.322)). Therefore, these equations appended by appropriate boundary con-
ditions represent the complete formulation.

We note that the substitution of equations (4.302), (4.303), (4.319),
(4.320), (4.316), (4.317), (4.321) and (4.322) into (4.313), (4.314) and (4.315)
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reduces the problem to three equations in the variables u, w and Q.. The
solution of these equations has been addressed in many references, for exam-
ple, in the classical work of Timoshenko and Woinowsky-Krieger, 1959. Of
course, our objective is not to discuss these solutions. Actually, we presented
the formulations only to gain some insight into the variables and into the
resisting mechanisms of a shell in bending.

Membrane versus bending

We next want to mention some issues related to the accuracy of the mem-
brane theory when compared to the bending theory which is, of course, a
hierarchically higher-order theory. This discussion is also based on the book
of Timoshenko and Woinowsky-Krieger, 1959.

Consider the membrane theory solution of the spherical shell subjected
to its own weight for the displacements u and w (Example 4.20). These
displacements can be substituted into equations (4.321) and (4.322) to obtain
an estimate of the bending moments which are, of course, neglected in the
membrane theory. These bending moments are given by

2
M, = M 'yh 24+v

v = g1, Y (4.323)

If we use these moments to evaluate the ratio between the bending stresses
and the compressive membrane stresses predicted by the membrane theory
and compute the maximum value, we arrive at 3.29h/r for v = 0.3. Therefore,
since for thin shells the ratio of the thickness h to the radius of curvature r
is small, these bending stresses are negligible.

An improved estimate for the membrane forces N, and IV, can be obtained
if the moment estimates given in (4.323) are substituted into the equilibrium
equations ((4.313), (4.314) and (4.315)). A comparison of these membrane
forces with those of (4. 300) and (4.301) shows that they differ by quantities
that are proportional to 2 ‘7, a difference which becomes also negligible for thin
shells. Therefore, as long as the boundary conditions are compatible with the
membrane theory and the shell is thin the above discussion indicates that
the membrane theory provides good predictions.

The effect on the solution of violating the boundary conditions which are
compatible with the membrane theory can also be assessed.

Consider the spherical shell described in Figure 4.122. We report solutions
for the problems summarized in Figures 4.123a and 4.123b. These solutions
are based on further approximations of the differential formulation presented
for the bending problem, which are increasingly appropriate as the shell be-
comes thinner.

These approximate solutions may be obtained as shown in Timoshenko
and Woinowsky-Krieger, 1959 and are, for the problem of Figure 4.123a,
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midsurface

H H
- —_—
- —
Ah Ah
a) b)

Fig. 4.123. End conditions for spherical shell problem: Ah is the displacement
induced by H and A#@ is the rotation induced by M,

N, = —V2cot(a—)sinae ¥ sin (Az/) — %) H
N, = =2X sin ae™ sin ()ﬂﬁ - g) H
M, = ; sin e sin (M) H
An = Zfrisina
B Eh
2)? sin o
A = ———H
Eh
and for the problem of Figure 4.123b
2\
N, = —cot(a—1v)e sin(\) M,
T
2v/2)\2
N, = 22X g (v - 9 M,
T

M, = +2e *sin ()\z/J + %) M,
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222 sin o

Ap = Asma

h Eh Ma
4AN3M,,

A =

0 Erh

where
4 _ o (r 2
X=3(1-07) () (4.324)

Examining the functional form of these solutions, we note that the mem-
brane forces and the bending moments damp out as we move away from
the edge due to the factor e™¥. Of course, as the shell becomes thinner,
A becomes larger and the significant part of these solutions is closer to the
boundary.

These solutions can be used to consider restraints at the boundary which
are different from those compatible with the membrane theory in a similar
way as solving statically indeterminate structures (refer, for example, to the
discussion of Section 4.2.3 and to the example given below).

Example 4.21

Consider the spherical dome subjected to its own weight as described in
Example 4.19 now clamped at the periphery. Obtain the solution for the
bending moment M, and the membrane force N, using the membrane theory
solution superimposed to the solutions for the problems given in Figure 4.123.
To obtain numerical values use 7 = 20 m, h = 0.2 m, o = 90°, F = 2.1 x 107
kN/m?, v = 0.3, v = 2.4g kN/m?® where g = 9.81 m/s?.

Solution

For the clamped condition both Ah and Af (refer to Figure 4.123 for the
definitions of Ah and A6) should be zero. Therefore

(Ah)m + (Ah’)horiz + (Ah) =0 (4325)

moment

(A0>m + (Ae)horiz + (AQ) = O (4326)

moment
where the subscript m refer to the membrane solution, “horiz” to the con-

tribution of the horizontal force H given per unit of length and “moment”
to the contribution of the moment M, also given per unit of length. Then

2r A sin®
(Ah)horiz = : ‘;1;; QH = FllH
222 sin
(Ah) = ——M, =FyM,

moment Eh
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2)\Zsin o
(Ae)horiz = TH =Fy H =FoH
43
(Aa)moment = mMa = F22Ma

where A is given in (4.324).
The values of H and M, come from the solutions of (4.325) and (4.326)
which can be re-written as

FuH+ FiaM, = —(AR), (4.327)
Fo1H + Fypo M, = — (A@)m . (4328)

Since the flexibility coefficients F}q, Fio, Fa are given above, we only need
to determine (Ah), and (Af), . Referring to (4.310), we can write

(Ah),, = roeyy, = Ty sinaeyy,
since v = 0 and using (4.306), we obtain

Ty S &

Eh

(AR), = (N, — vN,). (4.329)

Introducing the numerical values we obtain
(Ah), = 5.830 x 10~* m.

The change of angle (A#), can be evaluated as the change of the normal
at the section given by a. Referring to equation (4.318) and considering the
convention defined in Figure 4.123b, we obtain
U 1 dw
Af), =——+ ——.

Considering that at the section given by «, u = 0 and using equation (4.310),
we obtain

(40, = = (5 () = 5 Cwcor) )

re \do dy
leading to
1 (d [((Ah), du
(Ae)m = E <d¢ ( Sin1/) ) — wcotd)) .

Using equation (4.307) we finally arrive at

(20),, = {0 (150} — L (N, (s bmy) = N Gy 4 o))

Since (Ah),, is given in (4.329), we obtain
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(A0), = % (24 v)sina = 5.1572 x 1077 rad.

The solution of (4.327) and (4.328) gives
H = -8869 kN/m and M, =6.39 kN.

If we plot IV, corresponding to the membrane solution and the value including
the edge effects we would barely be able to distinguish both curves.

We obtain for M,, which is identically zero in the membrane solution,
the values shown in Figure 4.124. Note that the resulting moment has high

0 f f ; f f f f f

-1 T \/ 20 30 40 50 60 70 80 90
¥ (degrees)

Fig. 4.124. Bending moment M, for clamped shell

gradients near the edge but it is close to zero in the rest of the domain.

4.4.4 Remarks on shell modeling of engineering structures

In this introductory presentation on shells, the emphasis was placed on basic
facts and behaviors. The formulation of the membrane-bending model was
discussed for a very limited class of problems; namely, axisymmetric shells
loaded axisymmetrically. Nevertheless, insight was gained into the relevant
variables of the model, resisting mechanisms, membrane and bending behav-
iors, edge effects, among others.

As mentioned, the presentation was structured having in mind that the
reader who is faced with the modeling of a shell structure will most probably
be solving the shell models through finite element analysis. Therefore, the
most important objective of the presentation was to focus on some basic
understanding of shell structural behavior.
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Of course, the formulations and results given above should also help the
reader to understand and use other formulations, considering more general
shell geometries, loadings and boundary conditions.

If a shell finite element analysis is undertaken — and not considering yet
the task of making sure that the finite element solution is close enough to
the solution of the mathematical model, a task which will be dealt with later
on and which is very challenging for shells — the analyst needs to be aware
that the response of shell structures is in general very sensitive to the shell
geometry, loading and boundary conditions. Also, the behavior is not always
easy to anticipate since the propagation of edge and perturbation effects
may vary significantly depending on the conditions mentioned above, for
detailed discussions see Chapelle and Bathe, 2010a. Hence, the hierarchical
modeling concepts are clearly very valuable in shell analyses — as indeed
already illustrated by the relatively simple shell solutions given above.

4.5 Summary of the mathematical models for structural
mechanics

We end this long chapter with a summary of the mathematical models dis-
cussed. The objective is to synthesize the main aspects of each model for
future reference. We list the basic model assumptions as well as the main
variables, organized as kinematic, strain and stress type variables.

For all models, we define: the displacement, or generalized displacement,
as the column matrix u which collects all independent kinematic variables
of the model; the strain, or generalized strain, as the column matrix ¢ which
collects the strain, or strain type, variables and the stress, or generalized
stress, as the column matrix 7 which collects the stress variables such as
stresses and stress resultants.

Of course, as detailed in the presentation of each model, these stress type
variables are used to enforce the equilibrium conditions. Also, the constitutive
relations allow us to write

T =0Ce (4.330)
and the strain compatibility is given by
€= 0. (4.331)

where we assume, as pointed out in Section 3.2.2, continuous displacements
satisfying the displacement boundary conditions.

The specific forms of C and 0. for the models studied are presented in Tables
4.3 and 4.4.
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Plane strain model

355

Hypotheses
e Solid is prismatic
e Displacement assumptions ;
u=u(z,y), v=uov(z,y) top surface
w=0 N
generic /7

e Restrictions on loading

transverse —|

cross-section

7’
7

]

1

I

] 7
e

lateral surface

S

Volume Lateral surface —fo=)
[P =fl(ay) £ = f2ay)
fB fB( ) fS fS (.’E y) / o bottom surface
z Ny
=0 5= ’ _,Y
~—
Top and bottom surfaces
f2=0,f7=0
Primary variables
Displacements Stresses Strains
TCECE 5zm
(z,9)
u= T=1 Tyy €= | Ewy
(z.y)
Remarks

Formulation is cast in the 2-D domain

Upon solution of u, 7, ¢, we can evaluate 7., = V(Tzz + Tyy)

Remaining variables are zero:

w=0, €., = Yaz

Tez = Tyz = 0

= VYyz = 07

Solution is exactly the same as for the 3-D model when restrictions are

satisfied
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Plane stress model

Hypotheses

e Solid is a plate
e Stress assumptions

Tez = Tez = Tyz = 0

£7 acts in the
plane of the plate

Tex = Tax (.’ﬂ, y)
Tyy = Tyy(T,Y)

Tey = Tay (l‘, y)

e Restrictions on loading

Volume Lateral surface f;aifzf“;]fg‘;m
f2 =1l (zy) S =13 (x,y)

JE = fP(z,y) I =15 ()

f2=0 ff=0

Top and bottom surfaces

f2=0.f7=0,f7=0

Primary variables

Displacements Stresses Strains
u(z,y)
u= T=1 Ty €= | ey
v(z,y
Txy Vzy
Remarks

Formulation is cast in the 2-D domain
Upon solution of u, 7, €, we can evaluate: ¢e.. = —%(Tez + Tyy),
w by integration of ¢,

Remaining variables are zero: 7., = 75, = 7y, =0,

Yoz = Yyz =0
Solution is only approximate compared with the solution of the 3-D model;
however, it is close to the solution of the 3-D model
as long as the restrictions are satisfied and the plate is thin.

Additional solution terms of the 3-D exact solution are proportional to z2.
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Axisymmetric model

Hypotheses

e Solid is of revolution

e Loading is axisymmetric

These hypotheses lead to

Toz =Tyz: =0 3 i 1

Yzz = Vyz = 0 T
€2z = = ‘
Primary variables
Displacements Stresses Strains
Trx Exx
u(z,y) Tyy Eyy
u= T= €=

v(z,y) Ty Yoy
T2z €2z
Remarks

Formulation is cast in the 2-D domain
The solution for u, 7, € appended by w =0, 75, = 7, =0,
Yzz = Vyz = 0 is exactly the same as the solution of the 3-D model

provided restrictions are satisfied
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Bernoulli-Euler beam model

Hypotheses
e Solid is a straight bar
e Bar sections remain plane
and orthogonal to the o plane of .
deformed axis 7 ety | cejrold
e Kinematics is fully described L1, ?
y—>—>—l>—l> >—>—>.T7u
by: T
u(z)  displacement of the »|  Cross - section

axis in the z direction Lateral view

w(zx) displacement of the Bending only
o . ) deformed axis
axis in the z direction

e Loading \w, 2
p(x) transverse distributed /
load ! - o
f(x) axial distributed
load

Primary variables

Displacements  Generalized stresses Generalized strains
u(x) N(x) €
-
w(x) M (z) K

|
|

)
|

Remarks

Formulation is cast in the 1-D domain
There is no transverse shear strain, i.e., 7,, =0
Note that x gives the change in curvature y since the initial

curvature is zero (bar is straight)
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Curved bar model

Hypotheses

e Solid is a curved bar

e Bar sections remain plane

and orthogonal to the p

centroid

deformed axis » P

3

e Kinematics is fully described

u(s)  displacement of the
axis in the tangential
x direction

w(s) displacement of the
axis in the normal
z direction

e Loading

pz(s) tangential distributed
load

p-(s) mnormal distributed
load

Primary variables

Displacements  Generalized stresses Generalized strains
u(s) - N(S) Exxg
w(s) M(s) —X

\
\
o
I

Remarks

Formulation is cast in a 1-D curved domain
There is no transverse shear strain, i.e.,y,, =0

Kinematic assumptions of Bernoulli-Euler model
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Timoshenko beam model

Hypotheses

e Solid is a straight bar
e Bar sections remain plane , plane of
but t 1 o symmetry\ , centroid

ut not necessarily —_(z) |
orthogonal to the defor- | [ T T 1

[ T, U
med axis
L Cross - section

e Kinematics is fully described

Lateral view

w(z) displacement of the
axis in the z direction

B(z) rotation of the cross-

section

e Loading

p(x) transverse distributed

load

Primary variables

Displacements  Generalized stresses Generalized strains

_ w(m) - V(I) c— Va2
B(x) M(z) e
Remarks

Formulation is cast in the 1-D domain

The model includes transverse shear deformations v,, # 0
The formulation can also be presented including the axial
displacement u(x) and the loading f(x) as for the Bernoulli-

Euler model
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Kirchhoff plate model

Hypotheses

e Solid is a thin plate

e Straight material lines which are initially
orthogonal to the midsurface of the
plate remain straight and orthogonal

to the deformed midsurface

e Displacements in the transverse
direction do not vary along the

thickness of the plate

e Each plate lamina is in a state

of plane stress

=

e Kinematics is fully described by:

w = w(z,y)
e Loading
p(x,y) transverse loading per

unit of surface area

Primary variables

Displacements  Generalized stresses Generalized strains

M, Ky

uz[w(x,y)] T=| M, €= | Ky
My, Kya

Remarks

Formulation is cast in a 2-D domain, the midsurface of the plate

There are no transverse shear stresses: v, = v, = 0
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Reissner-Mindlin plate model

Hypotheses

e Solid is a thin to moderately
thick plate
e Straight material lines which are

initially orthogonal to the midsurface

of the plate remain straight but not

necessarily orthogonal to the

deformed midsurface

e For bending each plate lamina is S g
P P
in a state of plane stress P 7 i 7

e Kinematics is fully described by:

w = w(z,y)

/BI = /Bac (iE, y)
By = ﬁy (xa y)
e Loading

p(z,y) transverse loading per

unit of surface area

Primary variables

Generalized displacements Generalized stresses  Generalized strains

w(z,y) M, %,
u=| G.(z,y) T=| My, €= %4_%
By(x,y) Qx Yoz
L Qy ] i Vyz |
Remarks

Formulation is cast in a 2-D domain, the midsurface of the plate
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Shell models

Hypotheses

Basic shell model

e Solid is a shell with a midsurface

e Straight material lines initially orthogonal to the

midsurface remain straight and unstretched
during deformations

e Kinematic variables are referred to

the shell midsurface

e The stress in the direction orthogonal

to the midsurface is zero

Membrane-shear-bending model

Additional hypotheses permit the analytical integration through the shell thickness

Membrane-bending model

e Additional hypothesis: straight material lines initially orthogonal to the

midsurface remain orthogonal to the midsurface during deformations

e Hence transverse shear strains are zero

Remarks

This summary for shells is only giving some basic model hypotheses
since much more discussion would be required before we could
present for each shell model a summary analogous to those

presented for the other models, see Chapelle and Bathe, 2010q
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Table 4.3. Definitions of C and . for linear elasticity mathematical models

Mathematical
o . Strain-displacement
model Constitutive matrix C \rix &
matrix
(displacements) ©
Lo 0 00 20 0
v v a-
e 1 = 0 0 0 0 3 0
3-D elasticity C— _Ei-y) AR 0 0 0 0o 0 2
= Or-20) 1-20 9. a.
(u,v,w) 0 0 0 500y 0 0 5% o O
1—-2v - -
0o 0 0 . 0 % %
1-2v ER 5.
0 0 0 0 0 0=y R U
: L 5
Plane strain E(1—v)
-2 1 0 0
A?S 1—2v
0 0 21-v)
1 v 0 (2= 0 ]
Plane stress 5 ox o
A v 12 v 1 0 0 m‘@
u,v
? 1—v 9 -
0 0 5 L 5 or J
1 = 0
Axisymmetric E(1-v) 1
(u0) (+v)(1-2v) 0 0
T T =
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Table 4.4. Definitions of C and 0. for structural mathematical models

Mathematical
Generalized strain-
model Generalized constitutive
displacement
(generalized matrix C
matrix O-
displacements)
Bernoulli-Euler
EA 0 0
beam o2
0 EI 0 4=
(u,w) ¢
Curved beam EA 0 Z—; -
(u,w) 0 EI —4 () (cilzsi
Timoshenko u
kGA 0 = -1
beam u
0 EI 0 %
(w,B)
Kirchhoff 1 v 0 g;
2
plate D| v 1 0 gy2
2
(w) 0 0 (1-v) Se5s
D wvD 0 0 0 0o 2 0
Reissner- 5
o vD D 0 0 0 0 0 Em
Mindlin 0 Du-v) 0 0 0 2 o
plate 2 9 oy O
(w,60.6,) 0 0 kGA 0 Fr 1 0
w,Bz,06, )
! 0 0 0 kGA & 0 -1
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