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SUMMARY

An updated Lagrangian and a total Lagrangian formulation of a three-dimensional beam element are
presented for large displacement and large rotation analysis. It is shown that the two formulations yield
identical element stiffness matrices and nodal point force vectors, and that the updated Lagrangian
formulation is computationally more effective. This formulation has been implemented and the results of
some sample analyses are given.

INTRODUCTION

The possibility of practical static and dynamic nonlinear analysis of structures has during recent
years progressed substantially, due to the effective use of digital computers operating on finite
element representations of the structures. To enable general nonlinear analysis the develop-
ment of versatile geometric and material nonlinear finite elements is in much need, and among
these elements the use of an effective three-dimensional beam element is very important.

Since the first applications of computers to nonlinear analysis of structures, various nonlinear
beam elements have been presented.'™" The large number of publications on nonlinear analysis
of beam structures is, at least partially, due to the fact that various kinematic noniinear
formulations can be employed, and that at this time it is not clear which formulation is most
effective. The difficulty of obtaining effective solutions is particularly pronounced in the analysis
of three-dimensional beam structures. Namely, considering a beam element it is noted that a
general three-dimensional nonlinear beam formulation is not a simple extension of a two-
dimensional formulation, because in three-dimensional analysis large rotations have to be
accounted for that are not vector quantities. '

In the development of a geometrically nonlinear beam element, basically an updated
Lagrangian or a total L.agrangian formulation can be employed.vu’13 These formulations must be
implemented using appropriate displacement interpolation functions. Considering the choice of
these functions it is recognized that for a beam of constant cross-section in small displacement
analysis the Hermitian functions should be employed to interpolate the transverse bending
displacements, and linear interpolation must be used to interpolate the torsional and longi-
tudinal displacements. Therefore, in the search for a beam element that can undergo large
rotations (with small strains), it is natural to employ the same functions but referred to the beam
convected co-ordinate axes. In this way the usual beam kinematic assumptions are used referred
to the current beam geometry.
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Considering the formulation of a large displacement beam element, once specific beam
assumptions have been made and the interpolation functions have been selected, basically the
same element stiffness matrices and nodal point force vectors should be calculated using any one
formulation. Therefore, the response predicted using different formulations must be the same, if
the same number of beam elements are employed to model a structure. Indeed, the choice for a
total Lagrangian or an updated Lagrangian formulation should be decided only by the relative
numerical effectiveness of the formulations. However, considering large displacement beam
formulations using the Hermitian interpolations to describe bending deformations and linear
interpolations to specify axial and torsional displacements, a moving co-ordinate formulation
appears quite natural. Namely, in a total Lagrangian formulation for large rotation analysis, the
fact that the different displacement components are interpolated using different order poly-
nomials establishes an interpolation directionality that requires special attention.

In another approach to formulate a beam element that includes large rotation effects, the
transverse displacements, axial displacements and the rotations are interpolated independently.
If the same interpolation functions are employed for all these kinematic variables, the problem
of interpolation directionality under large rotations does not arise in the total Lagrangian
formulation.'* However, to obtain the same accuracy as with the beam elements based on
Hermitian functions, in this element formulation about twice as many degrees of freedom are
needed. It can be concluded that, for straight beams, it is more efficient to employ the
conventional beam interpolation functions, but to formulate more general and curved beam
elements the independent interpolation of displacements and rotations is effective.

The objective in this paper is to present two consistent large rotation nonlinear three-
dimensional beam formulations: an updated Lagrangian (U.L.) and a total Lagrangian (T.L.)
formulation. The formulations are derived from the continuum mechanics based Lagrangian
incremental equilibrium equations.'” The beam elements are assumed to be straight, and the
conventional beam displacement functions are employed to express the displacements of the
elements in convected co-ordinates. In the paper the two formulations are evaluated, and it is
shown that the governing incremental equilibrium equations of the beam elements are identical
but that the updated Lagrangian-based element is computationally more effective. This element
is a very efficient three-dimensional nonlinear beam element. The element has been implemen-
ted for use in elastic, elastic-plastic, static and dynamic analysis and in the paper a few
demonstrative sample solutions are presented.

INCREMENTAL T.L. AND U.L. CONTINUUM MECHANICS FORMULATIONS

The beam element formulations are based on the general incremental T.L. and U.L. continuurm
mechanics equations,'”> which are briefly summarized below.

Consider the motion of a body in a fixed Cartesian co-ordinate system, as shown in Figure 1.
Assume that the solutions measured in the co-ordinate system corresponding to all time points
0, At, 2At, .. ., tare known. Itis required to solve for the unknown static and kinematic variables
in the configuration at time ¢ + At. In static analysis and implicit time integration the equilibrium
of the body at time ¢+ At is expressed and used to solve for the static and kinematic variables
corresponding to time ¢+ Az. On the other hand, in explicit time integration, the equilibrium at
time ¢ is employed to solve for the displacements at time 7+ Az.'>"

Total Lagrangian (T.L.) formulation

In the total Lagrangian formulation all static and kinematic variables are referred to the initial
configuration at time 0. Considering the equilibrium of the body at time ¢+ A¢, the principle of



THREE-DIMENSIONAL BEAM STRUCTURES 963

t+at tt+at t+at
P( X[, X2, x3)

P(tX(, t

CONFIGURATION
AT TIME t+at

CONFIGURATION

AT TIME ¢
P(®x;,%%2,%x3)
<] t t+at
X2 X2r X2 fx. =%+ Ty,
A i i i
POt L0 g 1YYy,
CONFIGURATION ot
AT TIME O uj = Ui i

-

Ox,, tx, Ay,

Oy Py ,H'A*x3

3+ %3

Figure 1. Motion of body in Cartesian co-ordinate system

virtual displacements gives

j t+A()tS,‘,-5l+AO[8,','0db - t+At% (l)

v

where ‘"R is the total external virtual work expression due to the surface tractions with

A .
components ‘5, and body forces with components ‘¢,

t+At% — J' r+A0rtk8uk0da +J OPHAotfklsuk Odv (2)

Oa Oy

In equations (1) and (2), Suy is a (virtual) variation in the current displacement components
A 8%, is a (virtual) variation in the Cartesian components of the Green-Lagrange strain

tensor in the configuration at time ¢ + At referred to the initial configuration, and ‘**4S;; are the

Cartesian components of the 2nd Piola-Kirchhoft stress tensor in the configuration 7+ Af and
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measured in the configuration at time O:

t+Ar LAl t+At t+At t+At
0€5 =3 TolUijt Toliit+ ollki  oMkj) (3)
°p
t+At 0 t+At 0
oy = r:A'ip c+arXik Tkl +Ar Xjl 4)
0 0 t+At t+At .
where (paXi; =0 x;/9 ~ xj and the 71 are the components of the Cauchy stress tensor at time

t+As
In dynamic analysis the body force components in equation (2) include the mass inertia
effects.'”
t+At

. . A . . .
Since the stresses ‘" %S, and strains ‘" e, are unknown, for solution the following incremen-
tal decompositions are used:

A

o (t)Sii = zlsij + 0857 (5)
A

"R0ei = 0&4 o8y (6)

where S; and ¢g; are the known 2nd Piola-Kirchhoff stresses and Green—Lagrange strains in

the configuration at time ¢. It follows from equation (6) that §***{;; = 8oe;;. The strain increment

components can be separated into linear and nonlinear parts

o€ij = o€ij + oMy (7
where
0€ij = %[(Oui,j +otti) + (oldi,i oMk + otk o)) (8)
and
oni; = %(ouk,i ol.) )

Finally, the constitutive relations with tensor components (Cj;s can be used to relate incremental
2nd Piola—Kirchhoff stresses to incremental Green—Lagrange strains

OSij = OCi]'rs 0Ers (10)

Using equations (5)-(10), equation (1) can now be transformed to
J ocijrs 0Ers 50€ij Odv + J- 6Sij 30”’1;’,‘ OdU = HAtgf - J‘ 651',' 50€i1‘ Odv (1 1)
()V OV ()V

Equation (11) is nonlinear in the incremental displacements u;, and can be linearized by using
the approximations ¢S;; = 0Cijrs 0€rs and 8og;; = Soey. We thus obtain

L 0Cijrs 0€rs Bo€ij OdU + J- (;Sij Somy °dp ="4R - j 6Sij boe;; Odv (12)
v ()V ()V

which is a linear equation in the incremental displacements.
Equation (12) is employed in static analysis or implicit time integration. In explicit time
integration, equation (1) is used corresponding to time £

Updated Lagrangian (U.L.) formulation

In the U.L. formulation the same incremental stress and strain decompositions as in the T.L.
formulation are employed, but all variables are referred to the configuration at time ¢, i.e. the last
known configuration. Thus, corresponding to equation (12), the linearized equilibrium equation
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is in the U.L. formulation

|

where the r;; are the Cartesian components of the Cauchy stress tensor at time ¢; ¢; and ;; are
the Cartesian components of the linear and nonlinear strain increments, respectively, and the
Ciirs are the components of the tangent constitutive tensor relating small strain increments to the
corresponding stress increments. '

Cijrs t€ys 6.8 ‘do +J‘ tTi;' Smy; ‘dv= HA{% “j tTij 8.e; ‘do (13)

\% tv ty

U.L. AND T.L. FORMULATIONS OF BEAM ELEMENT

The general three-dimensional straight beam element is formulated based on the continuum
mechanics theory summarized above. The element has two nodes with 6 degrees-of-freedom
per node, and can transmit an axial force, two shear forces, two bending moments and a torque.
Figure 2 shows a typical beam element.
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Figure 2. Schematic view of the three-dimensional beam element local co-ordinate axes

The element is assumed to be straight and of constant cross-section. It is assumed that plane
sections of the beam element remain plane during deformation, but not necessarily perpendic-
ular to the neutral axis, i.e. a constant shear is allowed. The element can undergo large
deflections and rotations, but small strains are assumed. Thus, the cross-sectional area and the
length of the beam element do not change during deformation.

The principal moment of inertia axes of the beam element define the local co-ordinate system
1, s, t, as shown in Figure 2. The two end nodes of the element, 1 and 2, plus a third auxiliary
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node, 3, are used to define these axes, where it should be noted that in the computations the r—s
plane is defined by nodes 1, 2 and 3.

Incremental equilibrium equations

In equations (12) and (13) the incremental equilibrium equations of a body in motion are
given corresponding to the global co-ordinate system "x;, 7 = 0 or ¢. Considering a typical beam
element itis more effective to first evaluate the finite element matrices corresponding to the local
principal axes %; of the element (see Figure 3), and then transform the resulting matrices to
correspond to the global Cartesian co-ordinate axes prior to the element assemblage process.16
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Figure 3. Motion of the three-dimensional beam element and its local co-ordinate axes shown in global co-ordinate
system.
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The finite element matrices corresponding to the axes "%; are simply obtained by measuring all
static and kinematic quantities in this co-ordinate system. These new quantities are denoted by a
bar placed over them. Thus, using equations (12) and (13) we obtain for a single beam element,
using the U.L. formulation and considering only static analysis

(Kp+ Ky u=""R~F (14)
and using the T.L. formulationand considering only static analysis
(6Kr + 6Knr)u=""R~ F (15)

where (K, \K; are linear strain incremental stiffness matrices; {Knz, Kz are nonlinear strain
(geometric or initial stress) incremental stiffness matrices; "*A'R is the vector of externally
applied element nodal loads at time ¢ + At; F, ;F are vectors of nodal point forces equivalent to
the element stresses at time ¢; and u is the vector of incremental nodal displacements.

In dynamic analysis using implicit time integration the inertia forces corresponding to time
t+ At are added to the left-hand sides of equations (14) and (15), whereas in dynamic analysis
using explicit time integration the stiffness effect is not included, the inertia forces corresponding
to time ¢ are added to the left-hand sides of equations (14) and (15), and the applied external
loads correspond to time .

The element matrices in equations (14) and (15) are evaluated using the displacement
interpolation functions of the beam element. Table I summarizes these calculations. The
following notation is used in Table I with all quantities referred to the co-ordinate systems “x;,
r=0ort:

oB1, {B; =linear strain-displacement transformation matrices
D ' . . . . .
oBn~r, (Bar =nonlinear strain—displacement transformation matrices
oC, :C = incremental stress—strain material property matrices
‘F,'# = matrix and vector of Cauchy stresses

¢S, 8 = matrix and vector of 2nd Piola-Kirchhoff stresses.

Table I. Finite element matrices

Total Lagrangian J Oéiirs 0€rs 508_,',‘ do {)IZL ol = (J (;BZ()C BBL dv) ok
formulation v v
J (:)gii Soy dv é)KNL oll = (J‘ 5§1€L :)g :)]_SNL dv) ol
v v
J. 65,, 508',-,- dv é)l—“ = J (’)ﬁz é)g do
v v
Updated Lagrangian ‘[ Ciivs €, 8.8, dv K, = (J BI.CHB, dv) K
formulation v v
J Ty Sy do t_NL A= (J :ﬁJEL K :ﬁNL dU) Al
v v

J- t’T_'i,'ts;e_i,'dl) :PZJ l’ﬁ{t,‘ﬁdv
v v
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It should be noted that the elements of the stress matrices and vectors in the T.L. and the U.L.
formulations are equal, because small strain conditions are assumed.

Interpolation functions for incremental displacements

To describe the motion of the beam elements the incremental displacement field within the
elements as a function of the incremental nodal point displacement components is required,

N .
i = Z th;ctlzk (16)

k=1

where the .k} are the interpolation functions corresponding to the local axes ‘%, and the ,i k are
the nodal point displacement increments measured in the local axes at time ¢ (see Figure 3).

The interpolation functions in"equation (16) are constructed assuming cubic bending dis-
placement variations and a linear variation in'the axial and torsional displacements. In order to
include shear effects, constant shear deformations can be included. Using the usual beam
incremental nodal displacements (these are shown for time 0 in Figure 2) and leaving the shear
deformations as independent variabies, we obtain the incremental displacement interpolation
functions given in Table II. In this table the variable N in equation (16) is equal to 12 if no shear
deformations are included; otherwise NV is equal to 14. If shear deformations are included the
element stiffness matrices and nodal point force vectors are of order 14, and are reduced to order
12 by static condensation prior to the element assemblage process.

Strain—displacement transformation matrices in the U.L. formulation

The kinematic assumptions used in defining the interpolation functions of Table II hold for
small strains, small rigid body incremental rotations in each solution step, but any size
translational displacements. These assumptions are appropriate for the updated Lagrangian
formulation of beams, because the kinematic variables are linearized about the last-known body
position.

Using the interpolation functions in Table II, the strain—displacement matrices of the U.L.
formulation can directly be evaluated. Table I1I(B) summarizes the calculation of the matrices
‘B, and Ba. that are required to evaluate the tangent stifiness matrix and nodal point force
vector of an element corresponding to co-ordinate axes ‘% (i =1, 2, 3). The element matrices
have to be transformed to the global co-ordinate system prior to their assemblage into a system
of beam elements.

Strain-displacement transformation matrices in the T.L. formulation

In the discussion of the total Lagrangian formulation and the comparative study of the total
and updated Lagrangian formulations we do not include, for clarity, the effect of shear
deformations. Referring to the definitions in Figures 2 and 3, the displacement increments
within the element at time f measured in the local axes at time 0 are related to the nodal point
displacement increments of the element in its local axes using ‘

12

olli = Y, ok olf” (17)

k=1

where the (" are the element nodal point displacement increments at time ¢, but measured in
the °% (i=1,2,3) co-ordinate system. The functions ¢h) (i =1, 2, 3) are the interpolation
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Table I1. Beam interpolation functions

We define:

L

o)) o)

R e L)

Incremental displacement interpolation matrix

A’
rﬁ: rh2 =
h’
r k) t
1_z 6¢1Z 6¢1Z 0 Yot —YS %
0w 0 —(1—i>t 0 L o0
4 I s
r
0 0 4 (1—z)s —sL 0 0
t ]
“6‘//13‘ ~6i1— 0 —ist 3s | —(1—=6y)t (1-6yy)s
L L :
W 0 — 0 —uir | 0 (r—ysL)
|
|
0 vs R 2 I ) 0

where
L =length of the beam element
.h' = vector of interpolation functions in ‘%, direction
r, s, t =beam convected co-ordinate axes (see Figure 3)
The incremental displacement vector is
,l_lT =[,121 1122 o 'u—l2 i 11213 11214]

where 7° =8, i'*=p, (shear deformations)

functions corresponding to the convected axes 7, s, ¢ and measured in the co-ordinate system OJZ,-
(j=1,2,3). A
The interpolation functions ¢/ are obtained using

) 3 12 _ _
Oh;c = z Z_: tRim lhr tRnk (18)

m=1n=1
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Table III. Matrices used in beam analysis

A. TOTAL LAGRANGIAN FORMULATION
1. Incremental strains
o€ = o€y T oy
€11 = oll1,1 + 081 ol11 + 0821 o212 + 03,1 o1 +3[(0F11) + (08h2.0)° + (0id31)*]
o012 = Hlol1 2+ 0if21 ]+ [01.1 01 2+ 0821 0822 + 03,1 03,2+ 01,2 01,1 + 0822 02,y + b3 2 031}
+Hoil11 012+ ollz2,1 02,2+ 03,1 032
o€13 = Hlolra+ o031+ [bi11 offs 3+ 0ll21 oz, + bl 033 +0i13 o1+ bil2.3 ollz + bifs3 ol 1 ]}
+HoiI1,1 othr.3 +ollz,1 023 + o0il3,1 03,3
where

'90“". = _aﬂui, 0. — 0= o

o = o oldi; =— X1 =1, X2 =58 f35t
anxiy 6. aox’v s s

2. Linear strain—displacement transformation matrix
Using

&= (‘)iL ol ; old = ‘Ru
where
ol = vector of incremental nodal displacements measured in °%; (i = 1, 2, 3) co-ordinate system
u = vector of incremental nodal displacements in global co-ordinate system

°R = transformation matrix

and
oér =[of11 20€12 20€13); ol.lr =[0121 o'22 0'23 ‘e -0‘7]2]
dBr=BLo+ B,
where
[ ohla ohta ohi. .. ohizs

iBro=|(ohis+oh11) (ohi2+oh31) (ohia+oh3a) ... (ohizz+ohiz)
_(oh{.s +ohi1) (ohis+oh3a) (oh3s+oh3a) ... (ohizs+ohiai)

and

—(ln ohia + 1z ohly + 13y 0h3,) _
SBry=| (hyohlz+haohiy +1laiohds + 1o ohts + 151 0h32 + 132 0h14)

[(hi1oh})s +hiaohla +Diohis+ s ohia + 151 0his + Baohis)

(Liiohay + 1y oh3y + 151 0h3,). . .
(I oh32 + 112 ohd s + by oh3 2 + Lz oh3 1 + 11 oh32 + 12 oh3). . .

(11 oh3.3 + 1y3 0h3a + 121 0h3s + a3 oh3a + 131 0h3a + b3 oh3.). ..

vl ohizg + 1oy ohian + 13y ohiany)
coo(liyohlaz + iz ohizg + a1 ohdas + laohay + sy ohiaa + 1z 0hiz)

o (hnohias +hisohizy + a1 ohias + Loz ohian + Iy ohias + a3 0hiz)
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Table IlI—continued

971

where

3. Nonlinear strain—-displacement transformation matrix

Fohi,l oh%,1 ohg,x e oh%z.x
oh%,1 0h§,1 oh§,1 e Oh%Z,l
Oh?,l ohg,x Ohg,l e oh%m
ohi,z ohé,z ohzli,z ces ohiz,z
(t)ENL = oh%,z ohg,z ohg,z e ohfz.z
ohiz o3z oh3z ... ohiz2
oh{,a ohé,a o :14,3 ce ohiz.s
oh%,a oh%,a oh§,3 ces oh%m
L oh?,a ohg,a ohg,s e oh?z,s _

4. 2nd Piola-Kirchhoff stress matrix and vector

(')51113 symmetric
(;g = 65'-12[3 0 ; (‘S =
oSiuls 0 0

where I; is a 3 X 3 identity matrix.

B. UPDATED LAGRANGIAN FORMULATION

1. Incremental strains
i = &+ My

E11 = i1+ 3 (1) + (i) + (83,0)7]

e
Osll
a

0512

‘&
OSIS

€12 = o+ dlaa ]+ 3o dh g+ dlsa dis )

E13 = Mlivs + a1 ]+ 3t 1 d s+ il di2,3]

where

O,
,ue,f=a,—)zi; L (i=12,3)=rs,1

2. Linear strain-displacement transformation matrix

Using
&= :ﬁL [
where
=T _ [ = - -
& =[én 2,6, 2.64]
and

di='Ru
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Table IlI—continued

where
.t = vector of incremental nodal displacements measured in the '%; (i = 1, 2, 3) co-ordinate system
u = vector of incremental nodal displacements in the global co-ordinate system

‘R = transformation matrix between the local co-ordinate system at time ¢ and the global co-ordinate

system
rh%.l rh;,l lh;,l PP rhllv‘l
:BL = (th %.2 +Rh%,l) (zh;.z +th§,1) (:l’l;.z +:h§,1) R (zh ;\7,2 + thlzv,l)
(rh 1.3 +th%,1) (th;.:; + lh‘g.l) (rhg,a + rhg,l) e (:hzlv.s + rhls\lvl)
where
D 8_,@ N =12 if shear effects are neglected
T 5, N =14 if shear effects are included

3. Nonlinear strain-displacement transformation matrix

PR+ P ) PR 1
i %,1 th%,l hg 1 o. thil,l
: ?‘1 :th th3.1 v thil.l
:ENL =1 e {,2 :h;.z :h;.z oo -h}v,z
¢ ?,2 lhg,Z zhg,z e xhil,z
lhi,3 thé.S th:1+.3 IR fhll\l.3
L' %,3 :h§,3 rhg.a e rhlzv.sj

4. Cauchy stress matrix and stress vector

Fu 1
0 11 symmetric '
0 0 Fia P
F=lt, 0 0 0 I
0 0 Fiz 0 0 13
F1a 0 0 0 0 0
0 Tia 0 0 0 0 0

where ‘R, is the element (i, m) of the matrix ‘R, which transforms displacements measured in
the co-ordinate system ‘%; (i = 1, 2, 3) to displacements measured in the system %% (i=1,2,3)as
defined in equation (22).

A typical derlvatlve requ1red m the calculatlon of the strain—displacement transformation
matrix is (aou,/ 3 x,) 52 w1 (Ooh W9 x,)ou To evaluate these derivatives it should be noted that
(t)he axes x, (j=1,2,3) correspond to the convected co-ordinates axes r, s, ¢ at time 0 (i.e.

%i=r; "T=s; "“%3=1). Using Eq. (18) we have

Aoll; 12 2_ h,,m
L A

0X; Kk=1m=1n=1 af

R ot (19)

Therefore, double transformations are needed for the strain calculations in the T.L. formula-
tion. In comparison, the U.L. formulation does not require the above transformation.
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In order to evaluate the strain increments it is also necessary to calculate the derivatives of the
total displacements. The kinematics of the rigid body rotations of the beam give

_ 1=1,2,3
o= Ry~ 8 <l )

i=1,2,3 20

where the ‘R;; are the direction cosines of the '%; axes with respect to the °%; axes, as defined in
equation (23), and §; is the Kronecker deita.

Transformation between current and original beam co-ordinate axes

In the U.L. and T.L. formulations a transformation matrix ‘R that relates displacements
measured in the current configuration to displacements measured in the original configuration is
needed.

The ‘R transformation matrix is evaluated using Euler angles which define the rotations
of the beam. These angles are shown in Figures 4(a) and 4(b). To arrive at the information given
in this illustration it is required first to evaluate the relative translational displacements of nodes

Oiz

'a = ROTATION OF COORDINATE AXES ABOUT °X, AXIS
oy Oy Oy 5 oy %
(°%, . %%, .°%;) To (T, °% . T)

'8 = ROTATION OF COORDINATE AXES ABOUT T AXIS

(19, , %%, . T) 10 (7, 3.7T)

PLANE Pl IS PERPENDICULAR TO PLANE P2

Figure 4(a). Rotation of beam element co-ordinate axes in large displacement analysis (first step).
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'y = ROTATION OF COORDINATE AXES ABOUT T AXIS
(7, 3.1 To ('il. '%,, '72>

PLANE P3 IS PERPENDICULAR TO ¥ AXIS

Figure 4(b). Rotation of beam element co-ordinate axes in large displacement analysis (final step).

1 and 2 measured in the beam original co-ordinate system. Denoting for clarity nodes 1 and 2 as
nodes I and J, these relative displacements are evaluated as

Loi _Op b 6t i=1,2,3 ) (21
oty = Ry(u u’) (sumon]'=1,2,3 )

where the ‘u* are the element nodal point displacements measured in the global co-ordinate
system, and the 0R,»,~ are components of the matrix °R that transforms the global nodal point
displacements to the element local axes at time 0.

The components of the matrix ‘R are then constructed from the direction cosines of the axes
‘% (i=1, 2, 3) with respect to the axes °% (j =1, 2, 3). We have

tl} 0
‘R= . (22)

where ‘R is a matrix of order 3 x 3,

tR — tRa (ﬁd (23)
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In equation (23) ‘R is the transformation matrix due to the relative translational displacements
of nodes J and I, and ‘R* is the transformation matrix that takes into account the axial rotation
of the beam.

The components of the matrix 'l:(d are the direction cosines of the axes 7, §, { with respect to %;
(=1, 2, 3). These components are

) cos (‘a)cos (B) sin(‘B)  sin (‘@) cos (‘B)
‘R = |—cos (‘a)sin (B) cos(‘B) —sin (‘a)sin(B) (24)
—sin (‘a) 0 cos (‘o)

where the angle ‘a represents the rotation about the (negative) O.fz axis
4
OL (t)u_}l

= (25)
1,

cos (‘a)=
and °L is the original length of the beam,
1 ={CL+éan)*+ (a5 (26)
The angle ‘8 represents the rotation about the positive f direction;

=2

in ()= 220
sin (‘B) = 7 27)
where _
L={ny+Gan'” (28)

The components of the ‘R® matrix, which are the direction cosines between '%; (i = 1, 2, 3) and
the 7, §, f axes are computed using

1 0 0
‘R°=10 cos('y) sin(y) (29)
0 —sin("y) cos(‘y)
where 'y is the rigid body rotation of the beam about the 7-axis in the configuration at time ¢. This
angle is calculated using

y=2{a"+a"}

= %{'1? t a* +oit' %)+ 'sz (o’ +oi' )+ 13‘113 (i’ + o)} (30)

and then

Ay sty (31)

Substituting the relations in equations (23)-(31) into equation (22) we obtain the transformation
matrix between the beam local axes at times ¢ and 0.

t
y:

Calculation of beam element stresses

In the development of the incremental U.L. and T.L. equilibrium equations corresponding to
time ¢, we assumed that the stress components corresponding to the configuration at time ¢ are
known (see Table I). The solution of the incremental equations (14) and (15) will then yield
nodal point displacement increments, from which the corresponding stress increments must be
calculated. These stress increments are added to the stress components at time ¢ to obtain the
stress components corresponding to time ¢ +At.
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To evaluate the stress increments accurately it is realized that the tangent approximation in the
strain-displacement relation for the normal strain, as employed in the !B, and 4B, matrices,
does not yield an increment in normal strain if the element deflects transversely without
bending. However, for large displacement analysis, the corresponding extension of the element
is taken into account in the incremental strains using in the U.L. formulation

N — f —Af~
€1= % Br,a’ +(e—" 281181 (32)
j=2
where the |B L, are the components of the linear strain—displacement matrix given in Table [T1(B)
and §; is the Kronecker delta; also

‘en= (tL“OL)/OL
Using the T.L. formulation the corresponding calculations are

12
— — — -7 — —Af—
0€1i = 2. (t)BL.-ioul‘F(teu—t ‘€11)81; (33)
i=1

where the constraints
oi' =(Riz 0 +'Ri300”)/'Ru1;  oi’ = (Riyz o +'Rys oii”)/'R1 (34)

should be imposed to evaluate the appropriate normal strains.

With the incremental strains known, the corresponding stress increments can be calculated as
usual.”® In general large displacement and elastic-plastic analysis, the stiffness matrices and
nodal point force vectors must be evaluated using numerical integration. Also, to improve the
solution accuracy it may be necessary to employ equilibrium iterations in the incremental
solution.l;l"he iterative equations are directly obtained from equations (14) and (15) in the usual
manner.

COMPARISON OF T.L. AND U.L. FORMULATIONS

In the T.L. formulation the reference co-ordinate system used is given by the element principal
axes of inertia in the configuration at time 0, °% (i = 1, 2, 3). Therefore, the complete stiffness
matrix (including the linear and nonlinear strain stiffness matrices), the nodal point force vector
and the local displacement increments are referred to this co-ordinate system and must be
transformed to the global co-ordinate system °x; (i =1, 2, 3):

JK="R7KR
F="RTF (35)
un= ORT()ﬁ

where °R is the transformation matrix that expresses the nodal point displacements measured in
the beam local co-ordinate system °%; (i = 1,2, 3) in terms of the global nodal point displace-
ments.

The reference co-ordinate system used in the U.L. formulation is defined by the principal
axes of the beam element in the position at time ¢, i.e. ‘%; (i =1, 2, 3). Therefore, the local
stiffness matrix and the nodal point force vector are referred to this co-ordinate system. These
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matrices are transformed to the global co-ordinate system using

‘K="RT)K ‘R

F="R"F

u="R7,i (36)
tR — tR ()R

where ‘R is the transformation matrix relating the co-ordinate systems ‘%; and °%; (i = 1, 2, 3), as
defined in equation (22).

The principal difference between the U.L. and the T.L. formulations is that in the T.L.
formulation the transformation on the interpolation functions in equation (18) is carried out to
refer the displacement interpolations to the original configuration, and the SB;, matrix is
included in the calculations. The transformations on the interpolation functions and the use of
the B, matrix in the T.L. formulation together are equivaient to the additional transformation
matrix ‘R that is employed in equation (36) in the U.L. formulation. Indeed, as shown in more
detail in the Appendix, using these formulations the same element stiffness matrices and nodal
point force vectors are obtained.

Althoughb the same final element stifiness matrices and nodal point force vectors are
generated in the two formulations, it is noted that using numerical integration the trans-
formation on the interpolation functions in equation (18) and the evaluation of the {B; ; matrix is
carried out at each integration point. Therefore, the U.L. formulation is computationally more
effective.

SAMPLE SOLUTIONS

The updated Lagrangian-based beam element was implemented in the computer program
ADINA'"" and a number of sample analyses were carried out. We report here the results of some
of the analyses. In these analyses the beam linear strain stiffness matrices 'K, were evaluated in
closed form, and the nonlinear strain stiffness matrices Kxr and force vectors |F (see Table I)
were evaluated using Newton—Cotes integration'®. Also, in all analyses beam shear deformations
were neglected.

Large deflection analysis of a shallow arch

The clamped circular arch with a single static load at the apex was analysed for buckling using
the beam element, as shown in Figure 5. The material of the arch was assumed to be isotropic
linear elastic. One half of the arch was idealized using 6, 12 and 18 equal beam elements. The
same arch was also analysed using eight six-node isoparametric elements with 2 X2 Gauss
integration.

This arch was also analysed by Mallet and Berke, who used four ‘equilibrium-based’
elements.'® Dupuis e al.'" analysed the same arch using curved beam elements, and used this
example to demonstrate the convergence of their ‘Lagrangian’ and ‘updated’ formulations.

Figure 5 shows the predicted load—deflection curve of the arch. It is observed that in this
analysis the use of the beam elements is quite effective.

Large deflection and rotation analyses of a cantilever beam

The objective in this analysis was to investigate the performance of the beam element in large
displacement and rotation problems. Two problems were analysed. First, a large deflection and



978 K.J. BATHE AND S. BOLOURCHI

R =133.114 in
h =3/16 in
b = 1.0 in (WIDTH)
h P L =34.0in
\ 1 B H =109 in
8 =7.3397
\ Iw A = 0.188in°
R | ° __| I = 0.00055in
L | € = 10x10%1b/in?
I v = 0.2
¢ x=32§ =162
LINEAR @}\ﬁ/@& DUPUIS ET AL.
40 SOLUTION o MY

MALLET ET AL.

/%
//' FOR HALF OF ARCH

4 18 BEAM ELEMENTS
/ NO EQUILIBRIUM ITERATION
12 BEAM ELEMENTS
/ NO EQUILIBRIUM ITERATION
7 o 12 BEAM ELEMENTS
WITH EQUILIBRIUM ITERATION
A 6 BEAM ELEMENTS
NO EQUILIBRIUM ITERATION
10 X EIGHT 6 NODE
ISOPARAMETRIC ELEMENTS
NO EQUILIBRIUM ITERATION

o)
8
XN
WX
\X

n
o]
T

[}

LoAD P [ib]

o] ] ! ! ]
0 O.1 0.2 0.3 0.4

VERTICAL DISPLACEMENT AT APEX W, [in]

Figure 5. Large deflection analysis of shallow arch under concentrated load.

moderate rotation analysis of a clamped cantilever with a concentrated end load was carried out
as shown in Figure 6. The second problem was the large displacement and large rotation analysis
of a cantilever beam subjected to a concentrated end moment (Figure 7).

In the cantilever analysis subjected to the concentrated tip load, the objective was to
demonstrate the effects of the aspect ratio of an element on its performance in the geometric
nonlinear range. Figure 6 shows the response predicted by ADINA using four different models
and an analytical solution.” It is noted that the cantilever models using beam elements and
two-dimensional isoparametric elements (2 X2 Gauss integration), with an aspect ratio of 2,
predict responses quite close to the analytical solution, and that the performance of the
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Figure 6. Large deflection analysis of a cantilever subjected to a concentrated load.
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beam element does not change with its aspect ratio. However, as is well known, the predicted
response using two-dimensional isoparametric elements deviates from the analytical solution
with increasing element aspect ratios.

Figure 7 shows the results obtained in the analysis of the cantilever subjected to an end
moment. The cantilever was modelled using 5 and 20 beam elements. The figure shows that
the predicted response compares well with the analytical solution up to 90 degrees rotation.’® It
is also seen that as the number of elements increases the numerically predicted response
improves. This increase in accuracy is due to the fact that the geometry of the deformed
cantilever is defined more accurately with a larger number of elements.
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Figure 7. Moment-deflection curve.

Large displacement three-dimensional analysis of a 45-degree bend

The large displacement response of a cantilever 45-degree bend subjected to a concentrated
end load, as shown in Figure 8, was calculated. The bend has an average radius of 100 in,
cross-sectional area 1 in” and lies in the X-Y plane. The concentrated tip load is applied into the
Z -direction.

The bend was idealized using 8 equal straight beam elements and 16 sixteen-node three-
dimensional solid elements. For the beam elements the Newton—Cotes formula of order
3 %3 x3 was used and, for the isoparametric elements, Gauss integration of order 2 X2 X 2 was
employed.'® The material was assumed to be linear elastic.
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Figure 8. Finite element modelling of a 45-degree circular bend.

Figure 9 shows the tip deflection predicted by ADINA using the two finite element models. To
the accuracy that can be shown in the illustration, the same response is predicted using the beam
element idealization and the isoparametric element discretization. The deflected shapes of the
bend at various load levels are shown in Figure 10.

CONCLUSIONS

To develop capabilities for large displacement and large rotation analysis of beam structures, an
updated Lagrangian and a total Lagrangian formulation of a geometric nonlinear beam element
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Figure 9. Three-dimensional large deflection analysis of a 45-degree circular bend.

have been presented. The incremental displacement fields within the straight two-noded beam
element are defined using the usual beam displacement functions. It has been shown that the two
formulations yield identical element stiffness matrices and nodal point force vectors, and that
the updated Lagrangian formulation is computationally more effective. This formulation can be
used efficiently for the general nonlinear analysis of beam structures.
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APPENDIX: DETAILED COMPARISON OF BEAM T.L. AND U.L.
FORMULATIONS

In the text we showed that the U.L. formulation is more effective than the T.L. formulation for
beam analysis. The objective in this appendix is to compare the T.L. and U.L. formulations
presented in detail. Assume that the beam is deformed to the configuration at time ¢, as shown in
Figure 3. It is shown in this appendix that all element matrices are identical in both formulations.

Linear strain stiffness matrices

Consider first the T.L. formulation. The initial displacement effect is taken into account using
equation (20). Thus we have corresponding to Table III(A)

_ i=1,2,3
="Ri;i— 8, > 7
i ="Ry= 5y (2023 (37)

The ‘R are the direction cosines of the ‘F; axes with respect to the °%; axes defined in equation
(23), and §;; is the Kronecker delta. Using equation (37) the ¢B,, matrix defined in Table ITI(A)

is _ _ _
(‘Ri: —1) ohh +‘Rai oh% + 'Ry ol

oBri=|(Ri—1) oh2+'Riz oh'y+'Ra1 oh%+ (Ra2—1) oh% + 'R oh%+ 'Ry oh’y | (38)
(Rii—-1) oh,l3 +‘Ris oh,ll +'Ra oh,23 +'Ras Oh?l +'Rs1 oh,33 +(R33—1) oh,31
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where (not considering shear deformations)
oh’="[ohijohb,. .. ohiz,] (39)

Adding the {By; matrix of equation (38) to the matrix (B, defined in Table IT1I(A) yields the
linear strain—displacement matrix,

‘Riu By By 0 0 0 0 0 0 JfoH,
oBL = ‘Ri>. ‘R 'Rsx ‘Ru ‘R ‘R3 0 0 0 oH > (40)
‘Ris Rz ‘Rss 0 0 0 ‘Rin ‘Rz 'RailloH;

where we define

h}
H = h3 (r=0,1) (41)
h’
The derivatives of the interpolation functions oh} defined in equation (18) are
i 3 2 Y m tp l = 1’ 2, 3
hli= X X BB (2 57) 42)

where the incremental interpolation functions & ™ are defined in Table III. Equations (42) may
be rewritten in matrix form

0 My
JH,|=l0 ‘R 0 ||H,|R (43)
oH 3 0 0 'R |LH;3
where ‘R and ‘R are defined in equations (22) and (23), respectively. Substituting equations (43)
into equation (40) and simplifying gives,
)
(t)BL: (rh,21+th,12) IR (44)
(th,31 + zh,ls)

In the U.L. formulation the geometric linear strain-displacement matrix is given in Table
I11(B)

hl
(2L}
(Br=|(h%+h}) (45)
(rh?l + zh,ls)
Comparing equations (44) and (45) yields
B =iB/'R (46)

Substituting the above relation into Table I to evaluate the linear strain stiffness matrices in both
formulations, and comparing, we obtain

(t)l_(L = 'RT:I_(Ltﬁ (47)

Therefore the two formulations lead to identical linear-strain stiffness matrices corresponding
to the global co-ordinate system.
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Nodal point force vectors

985

The components of the Cauchy stress tensor referred to the ‘x; axes are numerically equal to
the components of the 2nd Piola—Kirchhoff stress tensor referred to the °%; axes, i.e. the stress

vectors '# and S [as defined in Table III) are equal. It follows from equation (46), Table I and the
above fact that the nodal point force vectors corresponding to the global axes are equal in both

formulations.

Nonlinear strain stiffness matrices

The nonlinear strain—displacement matrix in the T.L. formulation is defined in Table III(A):

()H,l
(t)BNLz OH,Z
oH 3
Substituting equation (43) into (48) gives
R 0 0] H,
oBne=| 0 ‘R O H, 'R
0 0 RIJH,

The geometric nonlinear stiffness matrix is evaluated as defined in Table I,
HTTR 0 077
Knve=RR| | H2| |0 R 0] ¢S
Hz| [0 0 ‘R

v
‘R 0 O][H;
0 R O!|H, dvi'R
0 0 'R||H;

R 0 07" ['R 0 0
0 R 0(S|0 ‘R 0]|=¢8
0 0 ‘R 0 0 R

and the ;h% and ;h’ are null vectors. Thus equation (50) can be written as
(;l_(NL = IRT‘J‘ iﬁ[fll‘ (;S :BNL dl) }’R
Vv

where the matrix |Bxy is defined in Table III(B), and

r(t)5'~11 W
0 0811 Symmetric
0 0 0S11
S=[8. 0 0
0 0 6812 0 0
0813 0 0 0 0 0
L 0 oS3 0 0 0 0 oj

(48)

(49)

(50)

(51)

(52)

(53)
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The geometric nonlinear stiffness matrix based on the U.L. formulation is evaluated by using

the matrices of Table III,

K = J B F B dv (54)
v

Since the stress vectors ‘F and f)ﬁ are numerically identical for the beam element we have

tof(NL = tRT 5[-(1\!1_'1-( (55)

Therefore the two formulations lead to identical nonlinear strain stiffness matrices correspond-
ing to the global co-ordinate system.

11.
12.
13.
14,
15.
16.
17.

18.
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