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Abstract

An incrementally small-deformation theory that is physically self-explainable is presented for the large-displacement nonlinear
analysis of structural frames. Strictly based on the assumption of small strains, small rotations, and small displacements within
each incremental step, the elastic and geometric stiffness matrices for the beam element are derived from the force—displacement
relations. Due consideration is taken of the 3D rotational behavior of nodal moments. The geometric stiffness matrix derived for
the element is asymmetric. However, by enforcing all the joints to remain in equilibrium in the deformed configuration, the antisym-
metric parts of the geometric stiffness matrices cancel out, resulting in a symmetric stiffness matrix for the structure. Also described
is the procedure for updating the element forces and geometry in an incremental-iterative analysis. The present approach in its
entire set is demonstrated to be robust and efficient for solving the nonlinear, postbuckling response of structurdl f2002s.

Elsevier Science Ltd. All rights reserved.

Keywords: Nonlinear analysis; Structural frame; Postbuckling analysis; Rigid body

1. Introduction and physically interpretable approach for formulating the
beam element, as well as for conducting the nonlinear
Historically, beam and truss elements are of pedagogi- analysis. Clear physical meanings will be revealed in the
cal value to the instruction of the finite element methods, formulation using the equilibrium approach, referred to
simply because their stiffness matrices can be directly as the direct approach, by adhering strictly to the
derived from the force—displacement relations well assumption of small strains, small displacements, and
known in structural mechanics. They serve as a bridge small rotations for each incremental step of the nonlinear
for linking the fundamental mechanics equations to the analysis. In particular, the elastic and geometric stiffness
finite element matrix equations, at least for students matrices for the 3D beam element will be derived
starting to learn the matrix methods of structural analy- directly from the force—displacement relations of the
sis. However, as we proceed from linear to nonlinear incremental theory. Such an approach is tutorially
domains, we find ourselves relying much more on attractive, since all the terms involved are explicitly
advanced mechanics theories and numerical methodsgiven and can be manipulated by hand. The geometric
not all of which are well covered by courses of advanced stiffness matrix derived is more compact than the con-
level. Obviously, nonlinear analysis is not a direct exten- ventional ones. Yet it contains the most essential proper-
sion of linear analysis. ties that must be possessed by matrices of similar func-
Unlike most previous works on nonlinear analysis, tions. For the 2D beam element, the elastic and
this paper is aimed at presenting a methodologically new geometric stiffness matrices are presented as a special
case.
Issues that have been raised in the past concerning the
"< Corresponding author. Tel.+886-2-2363-2104: fax:+886-2- nonline_a_r a_malysis of structura! f_rames incIude the lack
2363-7585. of equilibrium for structural joints connecting non-
E-mail address: ybyang@ccms.ntu.edu.tw (Y.B. Yang). aligned members in the deformed configuration. This
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problem arises when the beam element is derived using
established methods considering only a single, discrete
member, based on the stress resultant definitions for
bending moments and torques. Such an approach does
not guarantee that the conditions of equilibrium be satis-
fied at the joints connecting non-aligned members in the
deformed configuration. The reason is that the element
stiffness matrices have been conventionally assembled
with reference to the initial configuration of the struc-
ture, implying that equilibrium of the structure is satis-
fied only for the initial configuration, but not for the
deformed configuration [1,2]. For the force quantities
whose magnitude and direction remain unchanged upon
rotations in space, such as the axial and shear forces,
the conditions of equilibrium will be maintained in the
deformed configuration. But for the others which may
induce additional components upon 3D rotations, such
as the bending moments and torques, the conditions of
equilibrium will be violated in the deformed configur-
ation.

Conventionally, a bending moment is interpreted as a
quasitangential (QT) moment, and a torque as a semit-
angential (ST) moment, as they are generated as stress
resultants over a cross section. By forcing the bending
moments to behave in a semitangential way, Argyris et
al. [3,4] derived a 3D solid beam element that ensures
equilibrium of the structure in the deformed configur-
ation. To account for the effect of joint equilibrium in
the rotated position, the concept of generalized rotations
and moments, rather than the conventional rotations and
moments, was adopted by Elias in formulating a nonlin-
ear thin-walled beam element [5]. The definition of ST
moment was adopted by Yang and McGuire in for-
mulating a bisymmetric thin-walled beam element for
geometric nonlinear analysis [6,7]. In the literature,
numerous other works follow on this topic, which unfor-
tunately have to be skipped in order to keep the paper
within a reasonable length.

Another issue crucia to the geometric nonlinear
analysis of structuresisthe way for performing iterations
at each incremental step. Two key phases can be ident-
ified herein, i.e., the predictor or the solution of structural
eguations, and the corrector or the recovery of element
forces. By taking advantage of the different roles of the
two phases in each iteration, the present procedure in its
entity is demonstrated to be both accurate and efficient
for tracing the nonlinear, postbuckling response of struc-
tura frames. In order to highlight the procedural aspects
of the theory, the effect of cross-sectional warping is
just excluded.

2. Formulation of the incremental theory

Consider a cantilever subject to loadings of increasing
magnitudes in Fig. 1. Three configurations can be ident-
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Fig. 1. Cantilever subjected to loads of increasingly magnitude.

ified for the cantilever, i.e., theinitia (unloaded) C, con-
figuration, the last (known) configuration C,, and the
current (unknown) configuration C,. Using the updated
Lagrangian (UL) formulation, the incremental equations
of equilibrium will be derived for the beam element at
C,, but with reference to the C, configuration. The left
superscript of a quantity denotes the configuration of
occurrence. Force and displacement increments gener-
ated during the incremental step from C, to C, are
denoted with no left superscript. Unless noted otherwise,
a quantity with no left subscript is interpreted as one
with reference to C, in the UL sense.

2.1. Kinematics and displacements

Let us focus on the incremental behavior of a typical
element AB of length L, (=L) of the cantilever at C,,
which is initially under the action of the external loads
(P, Q, R), asshownin Fig. 1. Upon the increase of exter-
nal loads from (P, Q, R) to (P+AP, Q+AQ, R+AR), this
element will be deformed into an element AB of length
L, at C,. As shown in Fig. 2(a), we shall denote the
longitudinal and two transverse axes of the element at
C, by a set of orthogonal coordinates x, y and z. Also,
we shall denote the displacements of the two nodes A
and B of the element from C, to C, by (Ua, Va, Wa) and
(ug, Ve, Wg), respectively. The length L, of the element
at the deformed configuration C, is

L3 = (L + Ug=Un)? + (Va—Va)* + (Wa—W,)? 1)
or
LZEL + UB—UA (2)

assuming the displacement increments to be small com-
pared with the length of the element. The rigid displace-
ments u,, v, and w, of the element at C, are

00 = s + Ue); V09 = Hlvn + Vo) @

1
+ X0, W(X) = é(wA + Wg)— X0,

Here, the angle of rigid twist 6,, of the element about
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Fig. 2. Element AB: (a) rigid displacement; (b) coordinates.

the x axis and the rigid rotations 6,, and 6,, about the y
and z axes are defined as

er = %(QXA + QXB) (4a)

O, = —%(WB—WA) (4b)

o, =1 4
5= (V=) (40)

where 6,, and 6, dencte the angles of twist at the two
ends of the element.

Let us now consider an intermediate state of the beam
with only rigid trandations and rigid rotations from C,,
but with no stretching, bending or twisting, namely, the
AB dtate in Fig. 2(b), where the axes x, y and z have
translated from the C, state by an amount equa to the
rigid tranglations. The axis X connecting the two nodes
A and B of the element at C, can be related to the initia
axisx at C; asx = (L,/L)x. By deducting the rigid body
components from the total displacements, the pure or
natural deformations (u,v,w) and angle of twist 6, of the

element at C,, as typified by the state AB, can be
expressed with reference to the C, axes (x, v, 2) as
() = u)—w(x);  UX) = v(x)=V(X) (5)
W(X) = W(X) _Wr(X); é><(X) = 6><(X)_0xr

Based on the assumption of small rotations for each
incremental step, the preceding natural deformations and

angle of twist can be transformed to the (x,y,2) axes at
C,as

u(x) G(x)
V() ¢ = [ARK U(X) (6)
w(X) W(X)

16, -6,/
—l-6,1 60, {u
er -0, 1 W(X)

oW, O
Tox - Yox
where [AR] is the rotation matrix and —dw/ox and

0V/0x should be recognized as the natural rotations about
the y and z axes, respectively.

0,(X) = 6,()—6

2.2. Hooke's law for the incremental step

Consider the element during the incremental motion
from C, to C,. The noda forces initially acting on the
element at C, may be regarded as a set of forcesin equi-
librium, as shown in Fig. 3, assuming that iterations have
been performed at each incremental step to remove the
unbalanced forces. In response to the load increments
from C; to C,, the dement will be further stressed,
namely, subjected to both the initial nodal forces and the
force increments generated during the step, as shown in
Fig. 4. In the following, we shall focus on derivation of
the relations between the force increments and displace-
ment increments for the typical step from C, to C,. By
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Fig. 3. Initia forces acting on the element at C;.
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Fig. 4. Tota forces acting on the element at C, but with reference
to C..

the assumption of small strains for each incremental
step, the axial force, torque, and moment increments
caused by the natural deformation of the element from
the state AB to AB are

dG L du_ _ do du

N(X) = d_ = EAL—2 Fo EA& = EA& (79)
M (%) = G\dF =Gy c(j:i(—GJc(% = GJ% (7b)
M,(x) = y((j;_vz_v — gl ( )2(32"2" |y?;‘72" (70)

= —Ely(;i)l’:

M(x) = E|Zg)2(\7— EI( )233 E|zg%f E|zg% (7d)

where E is Young's modulus, G the shear modulus, A
the cross-sectional area, J the torsional constant, and I,
and |, moments of inertia of the element about the y and
Z axes, respectively.

2.3. Nature of moments undergoing rotations

For a conservative direct force, the direction and mag-
nitude remain unchanged when the structure on which
the force acts is displaced. Hence, a vector expression
for a conservative direct force in the deformed con-
figuration is identical to that in the initial configuration.
However, the same is not true with conservative
moments [3-9]. First, their direction and magnitude do
not remain the same when the system on which they act
undergoes rotations. Second, there are various kinds of
conservative moments, which differ in the way they
behave when undergoing rotations. Consequently, a vec-
tor expression for a conservative moment in the
deformed configuration is generally different from that
in the initial configuration.

Conventionally, the torque M, at C, has been defined

as the resultant of the initial shear stresses 7,, and 7,,
integrated over the cross-sectional area A of the beam,
and the bending moments *M, and *M, as the resultants
of the bending effects of theinitial axial stress o,, that is,

M, = f (Toy— T2 dA;, M, = f ozdA; M, (8)
A A

= _f nydA;
A

Based on the preceding definitions, Argyris, et a. [3,4]
have shown that the torque M, acting at C, is a semit-
angential (ST) moment, and the bending moments *M,
and M, are quasitangential (QT) moments, in the sense
that the moments given in Eq. (9) will be induced when
subjected to the 3D rotations 6,, 6,, and 6.

1 1

AM, = IO, AM, = —5'M,6, 9

AM, = M,B,; AM, = —M,6,

Note that the induced moments given in Eq. (9) are asso-
ciated with the rigid rotations of the cross section on
which the torque or moments act, which have nothing
to do with straining or deformation of the element.

2.4. Force increments generated during the
incremental step

The axial force, torque, and moment increments acting
on the element at the state should be computed as the
summation of the natural deformation and rigid rotation
effects given in Eq. (7) and (9). Namely, by interpreting
the rotations 6,, 6, and_6, in Eq. (9) as the rotation
increments from AB to AB, which can be obtained by
deducting the rigid rotations from the nodal rotations,
the axial force, torque, and moment increments at end
B (i.e, a x = L) of the element can be computed as the
summation of the two effects given in Eq. (7) and (9),
that is,

F.e = EAU(L) (10a)

MXB — G\Jex,(l—) (lOb)

— 1

M = —EW(L) + 5'M(0.—62)~Ma(6s  (100)
_exr)

B T = El \/’(L)

=

1MxB(QyB eyr) + MyB(QxB (10d)

- 9xr)

where ()" = d(-)/dx and the axes of reference are those
associated with the state AB of the element at C.. In the
same manner, it is easy to show that the axia force,
torque, and moment increments at end A, i.e, a x = 0,
of the element are
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F.a = —EAU'(0) (11a)

M, = —GJ6, (0) (11b)
M, = EIW'(0) + 11MxA(92A—92,) M, a(Ba (11c)

- exr)

1
M. = —EIZ\/’(O)—élMxA(ByA—Byr) + "Mya(6ia  (11d)

- exr)

Unlike the above force increments, the shear force
increments Fz and Fp generated at C, cannot be
obtained from Hooke's law. Rather, they should be
obtained from the conditions of equilibrium, as implied
by the Bernoulli—Euler hypothesis for beams. From Fig.
4, the following equation of equilibrium can be written,

(*Fys + 'EyB)LZ = —("Mz + Mg)—(*M, (12)

+ M)

By the condition of equilibrium for the element at C,
(Fig. 3),

1

1FyB = _E(leB + 1MZA) (13)
along with Eq. (2) for the element length L,, the shear
force increment Fys can be derived from Eq. (12) as

UB Un

Fe=— wB+Mm+(wm M,) (14)

L

Similarly, the shear force increment F,; generated at C,
can be computed as

1- — u
= — (M + M) —"Fg—

— Ug—U
zwf(Mw+Mw (wﬁ+1wm8 s (19
1 - Ug—U
= E(MyB + MyA)_leB BL A
if use is made of the following relation:
1
IFs = E(lMyB + M,,) (16)

Obviousdly, the shear force increments given in Egs. (14)
and (15) have been expressed with reference to the C,
axes as well.

In the following, we shall transform the reference axes
for all the force increments to those at C,, to conform
to the UL formulation. In Fig. 5, the total nodal forces
acting on the element at C, have been expressed with
reference to C,. A comparison of Fig. 4 with Fig. 5
yields the relations for transforming the total nodal
forces from the C, to the C, axes:

2
Mya ="Mya +Mya

2 1
2Ry = Fya + Fya B Myp ="Mxp+ Myp

= -
A= "Fea + Ty Fz =Tz +FzB

R ~ 2 n=1F, ,
2a="Fea B P4 / A

o v

Mya="Mxa* Mya /A AM,p="Mp+M,p X

21~

24 = 'Fza+ FzA
,,E/MZAZIMZA FMza

Fig.5. Tota forces acting on the element at C, and with reference
to C,.

/2

2FxB 1 - 9xr er ZIEXB
< 2FyB = 621’ 1 - exr ZIEyB (17)
2FzB - 9yr er 1 ZIEzB

By decomposing the total noda forces as

( )

ZFXB 1FxB + I:xB ZIExB
2FyB = 1FyB + I:yB ) 2IEyB (18)
ZFZB 1FZB + I:zB ZFZB
1FXB + IEXB
=< + Fys
1FZB + I:zB

and neglecting higher order terms, i.e., products of force
and displacement increments, the axial and shear force
increments with respect to the C, axes can be obtained
from Eq. (17) as

FxB FxB 0 _ezr 6yr 1FXB
Fiep =4{Fmt + |0, 0 —0,[{Fps (19)
Fe Fe -6, 6, O F .

Substituting Egs. (4b) and (4c) for 6,,, 6, Eq. (10&) for
F.e, EQ. (13) for 'Fys, and Eq. (16) for 'F, one can
obtain from Eq. (19) the axial force increment F,g acting
at node B of the element as

Fo= BV + 2t Moy vl (@)
Mot Moo ) -wio)

where it is realized that u, = u(0), ug = u(L), etc. The
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axial force increment F,, acting at node A of the element
is equa to —F,g, that is,
1

Mmoo @)

L Mya + My
+ Mo Mooy (o)
At this point, we have related the axial force increments
F.a and F,g to the displacement increments u, v and w
of the element for the incremental step. _
Substituting Eq. (4c) for 6, and Eq. (14) for Fyg, one
can derive from Eq. (19) the shear force increment Fg
acting at end B of the element as

1 - — Fe
Fe = _E(MZB + Mp)— L (Us—Up)

Fa = —EAU'(L)

(22)

_VA)_leBexr
By substitution of Eq. (10d) for Mg, Eq. (11d) for M,,,
Eq. (13) for 'Fyg, and Eq. (16) for *F,, and noting that
IM,n = —M,g, the preceding equation can be manipu-
lated to yield
M

Fro = —ET'ZW'(L)—V'(O)] + %W'ZB[U(L)

—u)] + XB[V(L) —v(0)] +

(23)

_ 1MYB

x(L) - yA x(o)

The shear force increment Fy, acting at end A of the
element is equal to —Fg, thet is,

i = ETIZ[\/’(L)—\/’(O)] Mt Mgy

—u(0)]-

1MyB

T vl 06,01 (24)

M
+ VA

O(L) +

6,(0)

Simllarly, the shear force increments F and F,, acting
at the two ends of the element can be expressed as fol-
lows:

1MyB

Fa = —ETIV[W’(L)—W’(O)]—W%[U(L)

—u)] + XB[W(L) —w(0)] [04L) (25)

04012

26.(0)

My + M
2

Fn = E{V{W'(L)—W'(O)] g u(L)

—u(0)]- XB[W(L) w(0)] -

M 1M
+ iOx(L) + —6,(0)

(26)

At this point, we have expressed al the force
increments in terms of the initial nodal forces and dis-
placement increments for the element stepping from C;
to C,. In the following, we shall focus on derivation of
similar expressions for the moment increments. By com-
paring Fig. 4 with Fig. 5, it is easy to see that the
relations given in Egs. (17)—(19) for the force quantities
remain equaly valid for the moment quantities. Conse-
quently, the moment increments at end B of the element
with respect to the C; axes, i.e., M,g,..., can be related
to those of the C, axes, i.e., Myg,..., and the initial nodal
moments M,g,..., in a way similar to Eq. (19) as

MXB MXB 0 - 92r er 1MxB
Mgt ={Mgt+ |0, 0 —6.[{ Mg (27)
MZB MZB _eyr exr 0 1MZB

By substitution of Egs. (4b) and (4c) for 6, 6,, Eq.
(10b) for M,s, one can derive from Eq. (27) the torque
increment M, for end B of the element as

1]
M
M = GJOX'(L)—TVB (28)

—w(0)]

Next, by replacing the generalized strain 6’ (L) by
—6',(0), the initial moment *Mg by *Mys, and *M_g by
IM,, in Eq. (28), the torque increment M, for end A
can be written as

— ’ 1M)’A
Ma = —GJOX (0)—T \' (29)

—w(0)]

By substitution of Eq. (4c) for 8, Eq. (10c) for Mg,
the moment increment M, for end B of the element can
be derived from Eg. (27) as

1MXB 1MXB
Mys = —ELW/(L) + —°04L) + — V(L) (30)

—V(0)] —M_g0,(L)

By replacing the generalized strain w’(L) by —w"(0), the
rotation 8,(L) by 6,(0), 6,(L) by 6,(0), theinitial moment
Mg by M, (Which equals —'M,g), and *M,g by M,,,
the moment increment M, , associated with end A of the
element can be obtained from Eg. (30) as

Mys = Elyw'(O)—%ez(O)— I;/ILXB[V(L)—V(O)] (31

—M,20,(0)

In a similar way, the moment increments M for end B
of the element can be derived as

1MXB

MZB = El ZVU(L)_ y(L)

(32)

+ Mg0,(L)
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and the moment increment M,, for end A is

0 WD) (@

M, = —ELV/(0) +

_W(O)] + 1MyA0x(O)

Thus, we have expressed al the force and moment
increments for the two ends of the element in terms of
the initial nodal forces and displacement increments
occurring for the incremental step from C, to C,. The
incremental force—displacement relations as given in
Egs. (20, 21, 23-26, 28-33) represent exactly the natural
boundary conditions of the beam for the incrementa
theory.

2.5. Element interpolation functions

In the following, a square matrix, a column vector and
a row vector will be enclosed by the symbols[] , { }
and (), respectively. Consider that the element is sub-
jected only to external loads at the nodal points. Based
on the assumption of small displacements within the
incremental step, the differentia equations of equilib-
rium for a cross section of the element at C,, but with
respect to the C, axes, can be written as

d?u L\2du__ dfu d?Q d?u
FAde = EA( ) a oo Pae = Fage G4
=0
dv WV__ AV d_ dv
Bl = El <|—2> =B 7pa=El7gpa = Elegpa = 0
d*w L \*d*w d*w d*w d*w
Ely 4= = E ( ) =g =Elvga = Elvga = O

20, L\, o6, .6, 20,

1 — J
dx? GJ( ) d 2_G“d =G50 = Glge
=0

Obviously, by the assumptions of small strains, small
rotations and small displacements for each incremental
step, both the axial and torsional displacement
increments, u and 6,, can be represented by linear func-
tions, and the transverse displacement increments v and
w by cubic polynomial functions. Consequently,

u=(1-¢)&{ud (35)
v =(1-38% + 26% 382203 EL(1-¢)* E2L(E D) u}
w = (1-38% + 287362203 CL(1-¢)* &2L(E—D)){ug
Ox = ((1-5) EX 64

where & = x/L, {u} and {0,} respectively denote the
nodal vector containing the axial and torsional displace-
ment degrees of freedom (DOFs), and {u,} and {u,}

respectively the nodal vector containing the DOFs asso-
ciated with y- and z-direction displacements,

{udT = (UaUg) {637 = (Oxa be) (36)
{u}™ = (Va Vg 0,4 08) {U}T = (Ws Wg —Oyp —6Oyg)

By substituting the interpolation functions for u, v, w
and 6,, and noting that 6, = —w’ and 6, = V', one can
derive from the incremental force—displacement relation-
ships given in Egs. (20, 21, 23-26, 28-33) the element
stiffness equations in incremental form:

(ke + [k{u} = {f} (37)

where the force increment vector {f} has been moved
to the right-hand side for convenience, and {u} is the
displacement increment vector of the element,

{fnr (39)
= (Fya FyA Foa Mya MyA M_a Fys FyB Fi Mg MyB M_g)
{u} " = (Ua Va Wa 64a Oya O,n Ug Vg Wg O,g Oy 0.8)

The elastic stiffness matrix [k as derived here is ident-
ical to the one commonly used in linear analysis[9], i.e.,

[kl [kl —[ki] [kl
[ke] —[ko™ [ki]

[kd = (39)
[kl —[kg]
Symm. [Ks]
where
EA/L O 0
[k = {0 12El,/L2 0 (40)
0 0 12El, /L3
00 0
[ko] =100 6El,/ L2
0 —6El,/L* 0
GJ/L O 0
[k = {0 4El,/L O
0 0 4El, /L
—-GJ/L O 0
[kq = {0 2El,/L O
0 0 2EL, /L
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The geometric stiffness matrix [ky] is more compact than
those existing in the literature, which can be given asfol-

lows:
@ -l (g |
Tl 0T [0
N B Y 0
[hB]T [O] _[hB]T [iB]

where use has been made of the relation *M,, = —
IM,g, and [0] is a 3x3 null matrix containing al zero
entries,

O _1FyB/ L _1FZB/ L
[0 =|-'Fe/L '"Fe/L O (42)
_1FZB/ L O 1FXB/ L
0 0 0
[hB] = 1MyB/ L _1MX|3/2L O
M, /L 0 Mg/ 2L
0 0 0
[IB] = _1MZB 0 1MxB/2

My —Mg/2 0

and the submatrices [h,] and [ia] associated with end A
can be obtained by replacing the initial moments
involved in the submatrices [hg] and [ig] of end B by
the corresponding ones associated with end A, namely,
by replacing the terms (*M,g, *Myg, *M_g) by (*Mya, "Mya,
IM_,). For the special case of 2D beams, the elastic and
geometric stiffness matrices are given in Appendix A.

Of interest is that the element geometric stiffness
matrix [ko] is asymmetric, as indicated by the induced
moment matrix [ig], which relates to the nature of nodal
moments undergoing 3D rotations [2]. The asymmetry
in [kg] can be attributed to the lack of conjugateness
between the bending moments M, and M, and their cor-
responding displacement derivatives —w' (=6,) and V'
(=6, that have been selected as the control DOFs of
the element. For an in-depth discussion on selection of
consistent rotational DOFs for large deformation analy-
sis, the readers should be referred to the classic work of
Reissner [10]. In this paper, however, we choose to use
the displacement derivatives as the rotational DOFs, sim-
ply because they have been commonly adopted by struc-
tural analysts. The asymmetry of the [k,] matrix presents
no computation problem, since it is restricted to the
element level, but not on the structure level, as will be
demonstrated below.

3. Equilibrium conditions for joints involving
rotational DOFs

It will be demonstrated that whenever the conditions
of equilibrium are enforced for each node of the struc-
ture, the antisymmetric parts of the geometric stiffness
matrices of all elements meeting at the same node cancel
out. Consequently, the symmetry of the stiffness matrix
is maintained for the structure [1,2,9]. For the present
purpose, we shall concentrate on the submatrices [i,] and
[ig] of the [ky] matrix, as they are the source of asym-
metry. Also, we shall restrict our discussion to node B,
realizing that the conclusion applies to node A of the
element as well. For clarity, the subscripts ‘A’ and ‘B’
will just be dropped.

Asshownin Fig. 6, consider an element with aninitial
moment vector 'M acting at node B in C,, which can be
expressed with reference to the local axes xyz or global
axes XYZ as

M = M@, + M€, + 'M;E, or M (43)
= 1Mxéx + 1My§y + 1Mz§z
where €,, €,, €, and €, €,, €, are the associated unit

base vectors. The unit base vectors in the local axes can
be related to those in the global axes as

éx lxéx + méY + nxéz (44)

—

€y

l,€x + m@Ey + né€,
€, = 1,84 + me&, + né,
where |,, m,, n,,..., etc., are direction cosines. By the

relations. €, =€,x€, € =€,x€ and €,=

€, x €,, the following equalities can be derived:

]M.\'“ /

\\ v (y
. X

Cy v

\ B 4le

v
\.
A lMy,H

Fig. 6. Relation between the element axes and global axes.
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L = myn—myn; m, = nl,—ngl; n, = l,m~l,m

ly = myn—men; m, = n—nel,; n, = 1;m—1,m,(45)
;= men,—myn; m, = ncl,

=Nyl N, = Lemy—I,-m,

Let us decompose the induced moment matrix [i],
which relates to the nature of moments undergoing
rotations, into a symmetric part [s] and an antisymmetric
part [a]:

J° —1M, M,
[§=5-*M,0 0 (46a)
M, 0 O
0 M, M,
1
[a] =5 M. 0 M, (46b)
M, —M, 0

The key issue here is to show that when the antisym-
metric component [a] of the element is transformed from
the local axes xyz to the global axes XYZ and assembled
with those of the other elements connected to the same
node, they will just cancel each other. To this end, let
us define the transformation matrix [R] for relating the
moment vector {m} in the local axes to the one {M} in
the global axes:

{m} = [R{M} or {M} =[RI'{m} (47)
where

{m}T = M My M), {M}T = (M My M) (48)

and
[R] (49)
_é 'éx _é 'éy _é 'éz é
X X X IX I'Tlx nx X
= |€,€x €€y €, €| =|ly m n|=|E
e | n —
€,€x €,6y €,6; e Me e €,

Correspondingly, the antisymmetric component [a] can
be transformed to the globa axes in the form of a tri-
ple product,

[Al = [RI"[al[R] (50)

With the use of Eq. (46b) for [a], Eq. (49) for [R], the
equalities in Eq. (45), and the transformation relations
in Eqg. (47), we can now carry out the triple multipli-
cation in Eq. (50) to obtain the antisymmetric submatrix
[A] in the global axes as

O 1MZ - 1MY
- 1MZ 0 1MX (51)
1MY - 1MX O

(Al =

Thus, when the antisymmetric components [A] of al
elements meeting at the same node are summed together,
as part of the finite element assembly process, we have
for this particular node (to be exact, the rotational DOFs)
the following:

0 >,
DA ={->™M; 0 > My (52)
DMy =DMy 0

Since each node of the structure is said to be in equi-
librium at C,, as is the case in an incremental analysis
with iterations performed for removing the unbalanced
forces, al the summations in Eq. (52) should vanish,
i.e, XMy = 3*M, = XM, = 0. Thus, we have shown
that the antisymmetric parts of al the elements meeting
at the same node cancel each other, whenever the con-
ditions of equilibrium are enforced for the C, configur-
aion.

_ZlMY

4. Rigid body characteristics of the element derived

Let {if} and {2f} denote the nodal forces acting on
the element at C, and C,, both with reference to the C,
axes, as were depicted in Figs. 3 and 5, respectively.
Namely,

{7 (53)
= <1F><A 1FyA 1FzA 1MxA 1MyA 1MZA 1FxB 1FyB 1Fﬂ3 1M><B 1MyB 1M23>

and the force vector {2f} can be defined simply by
switching the superscripts in Eq. (53) from ‘1’ to ‘2'.
With substitution of the force increments {f} by {3f} —
{3}, one may rewrite the incrementa element Eq.

(37) as
{ift = {1f} + [kl{u} + [KJ{u} (54)

in which the configuration of referenceis C,. A physica
interpretation for Eq. (54) can be given as follows. The
total loads {2f} acting on the element at C, are balanced
by the combined action of the initial forces {if}, the elas-
tic force increments [kJ{u}, and the forces induced by
the [ky] matrix upon nodal displacements. The equations
as given in Eq. (54) are general by nature, which should
be able to cope with al kinds of displacements com-
plying with the assumption of small increments made in
derivation, including, the rigid body displacements in
particular.
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For a 3D beam element, there exist six modes of rigid
displacements, i.e., three rigid trandations and three
rigid rotations. The elastic stiffness matrix [kg] is known
to be rigid-body qualified, which will not induce any
forces upon rigid body displacements, i.e., [kJ{u}, =
{0}, where {u}, denotes a rigid body mode and {0} a
zero vector. It follows that for the rigid body displace-
ments, the element Eq. (54) reduce to

{if} = {af} + [kJ{u}, (55)

where a subscript ‘r' has been added to {f} to signify
that it is associated with the rigid body displacement.
As was stated in [9], the preceding equation serves as
a criterion for checking the capability of the geometric
stiffness matrix [k,] to deal with rigid body displace-
ments. According to the rigid body rule [9,11], for an
initially stressed element subjected to a rigid body
rotation, all the forces initially acting on the element
must rotate following the rigid rotation, while their mag-
nitudes remain unchanged. An overall result is the pres-
ervation of equilibrium of the element in the displaced
position.

As was shown in Fig. 3, the initially stressed element
is in equilibrium under the action of the nodal forces
{}} at C,. The configuration of the element after rigid
body rotation can be conceived as the one in Fig. 7. To
examine the capability of the derived matrix [ky] in deal-
ing with the rigid body displacements, one may start by
assuming a rigid body mode {u}, for the element, say,
arigid rotation 6,, about the y axis,

{WI=(0006,00L6, 0086, 0) (56)

Then, one may substitute the rigid displacement {u}, in
Eq. (56), the [ky] matrix in Eq. (41), and the initial
element forces {1f} in Eq. (53) into the right-hand side
of Eq. (55) to check if the resulting nodal forces {3},
really conform with the rigid body rule or the diagram
given in Fig. 7. For the present case, it is easy to verify
that the geometric stiffness [k, derived is qualified not

'MyB
?11\1”\
1 ?

Fig. 7. Initialy stressed beam after rigid rotation 6.

only for the rigid rotation about the y axis, but also for
the other rigid body modes.

5. Geometry updating and transformation matrices

One essential step in the nonlinear anaysis of 3D
structural frames is the updating of orientation vectors
for each element of the structure at the deformed con-
figuration C,, which serve as the basis for computing the
transformation matrices. Consider the movement of an
element from C, to C, in Fig. 8, where the orientation

vectors (€,, €, €,) for the element at C, are assumed
to be known. We shall focus on derivation of the orien-

tation vectors (€;, €, €;) for the element at C, and the
associated transformation matrix.

The transformation matrix [AR] for relating the C, to
the C, axes is

€€, €€, €€, €x
[AR] = | €;€, €,€, €,€,| =|A€; (57)
€€, €€, €;€, A€;

Here, the incremental vectors (A€,, A€,, A€,) should
be interpreted as the expressions of the C, vectors (€;,

'8y, €;) with reference to the C, vectors (€,, €,, €,). For
the case of small displacements and small rotations
within each incremental step, the preceding expression
for [AR] reduces to the one given in Eq. (6), i.e,

_ Ex
B_» "~
. (*Xp,*Yp ,%7p)
€y
iy Ce
(*Xa ,*Yy %2y )'/
&
e
k B /r—gx
(X 17,) rA/CI/(;XB,lYB,lZB)
pro
* X

Y4/

Fig. 8. Schematic of the movement of an element from C, to C..
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1 e, -o,| |*®
[AR=|-0, 1 6, |=|A%, (58)
0, 0, 1 e

where 6,, 6, 6, denote the angles of rigid rotation of
the element, as given in Eq. (4). The vectors (A€, A€,

A®€,) differ from the exact ones (A€, A€, A€;) in that
they are not unit vectors, and the conditions of orthog-
onality are violated. They are not qualified for use in
updating the orientations of each element of the struc-
ture, simply because errors may be accumulated. In the

following, we shall demonstrate how the vectors (A€,

A€g A€,) can be corrected based on the conditions of
orthogonality and normalization to yield the vectors (A

€5, A€y, A€;) desired.

Let (*Xa, 2Ya, 2Z,) and (X, 2Ys, 2Zg) denote the coor-
dinates of the two ends of the element at C,. The vector
directed aong the axis of the element at C, is

1
€5 = f<2XB_2XA ZYB_ 2YA ZZB_ ZZA> (59)
2

where

Lo = (Xa— 207 + (Vo= 2Y02 + (Za—2Z)?  (60)

Consequently, the vector A€; can be computed from Eq.
(57) as

AB; = (e C) (61)
where the components c,, ¢,, c, are

Cx = é;'éx; Cy = é;'éy; C, = é;'éz (62)

given the unit base vectors (€,, €,, €,) for the element
at C,. Next, let 0,, and 0,5 denote the angles of twisting
of the element at the two ends with respect to the C,
axes. The angle of rigid twisting 6,, of the element can
be computed from Eq. (4a). Consequently, the vectors

A€; and A€, can be obtained from Eq. (58) as
A_éﬁ = <_Cy 1 0xr>; A_éy = <_Cz —0x l> (63)
In the following, the two vectors A€; A€, will be
orthogonalized and normalized. First, they can be made
orthogonal to the axial vector A€y

1 1

s b €c = ;@’C (64)

'y = A~ (AB,AT)AT; €, = AT, (AT, AT)AT;
(65)

Hp = I@,bl; He = Ié’cl

The two vectors are normal to the axial vector A€y,
but are not orthogonal to each other. For this, further
correction is required. Let

R P S
NGy = (8, + 8 A€ = (€ + 1;€)  (66)
My Ha

where the two coefficients u,, u, are to be determined.
Because the two vectors A€;, A€, are normal to the
axial vector A€;, so are the two vectors A€j,A€;. By

—

the orthogonality condition, A€,A€; =0, it can be
solved

o= (-1 + (1= (6,609 (67)

By,

Also, by the normalization condition, A€-A€; = 1, the
other coefficient can be solved,

fa = 1+ 3 + 2uy(€,E0) (68)
With the coefficients u,, u, determined, the two vectors
A€, A€, can be computed from Eq. (66).

As the three vectors (A€;, A€, A€;) have been made
available, the transformation matrix [AR] for relating the
C, to the C, axes can be computed from Eq. (57) as

€x
[AR] = | Ag;
€7

Accordingly, the transformation matrix [R] for relat-
ing the C, axes of the element to the global axes XYZ
of the structure is

[Rl = [RI[AR] (69)

where the transformation matrix [R] for relating the C,
axes of the element to the global axes XYZ is known.

—

The orientation vectors (€5, €;, €;) of the element at C,
can be obtained directly from the definition of the trans-
formation matrix [R] as

€6y €€y ErEy €5
[ﬁ] = | €, €x €€y €;€;|=|€y (70)
€,Ex €€y €7E; €;
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Asthe orientation vectors (€;, €, €;) and the transform-
ation matrix [R] have been made available, one can pro-
ceed with the next iteration at each incremental step.

6. Strategy for incremental-iterative analysis

In performing the iteration during each incrementa
step, distinction is made between the predictor phase,
concerning solution of the structural displacements { U}
from the structure equation [K]{U} = {P}, and the cor-
rector phase for computing the element forces {f} with
reference to the C, axes, given the element displace-
ments {u}. The former affects mostly the speed of con-
vergence and the direction of iteration, while the latter
the accuracy of solution. In this study, both the [k] and
[kg] matrices will be included in the predictor for con-
structing the structure matrix [K], which is symmetric,
as was explained in Section 3. However, only the [kJ]
matrix will be considered in updating the element forces
{2f} at C, with reference to the same axes, i.e.,

{3 = {3ft + [kd{u} (71)

where the first term on the right-hand side relates to the
rigid body effect of the initial nodal forces according
to the rigid body rule, and the second term the elastic
deformation effect. Notice that exclusion of the [kg]
matrix from the deformation effect conforms to the
assumption of small strains, small displacements, and
small rotations within each incremental step.

7. Numerical examples

The element matrices derived in this paper, together
with the strategy described in the preceding section and
the generalized displacement control (GDC) method
[12], will be adopted in the numerical studies. The tool
of computation is Pentium 100 PC with 16 MB RAM.
For comparison, three different expressions will be tried
each for the predictor and corrector in the numerica
study, that is,

e Predictor: The structura stiffness matrix [K] is
assembled using either of the following:

(P1) [ke]+[kg]*, where [ky]* is the ‘conventiona’ one
given on p. 360 of Ref. [9];

(P2) [kJ+[kg], where [kj] is the one derived in this
paper, i.e., Eq. (41); and

(P3) [ko] matrix only.

e Corrector: The term [kJ{u} in Eq. (71) represents the
elastic force increments, which will be replaced by
either of the following:

(C1) {f} = ([kd + [k )}{u}n, where {u}, is the
natural deformation part of {u};

(C2) {f} = ([kd + [kg{u}n and
(C3) {f} = [kJ{u} as proposed in Eg. (71) of this

paper.

As can be seen, there is a total of 9 combinations for
the predictor and corrector.

Example 1. The angled frame under uniform bending
(i.e., with Mz, = Myo) in Fig. 9 was studied by Argyris
et a. [4] as atest of the capability of a finite element
to maintain equilibrium of structural joints connecting
non-aligned members in the buckling position. The fol-
lowing data have been used: A= 18 mm?, L = 240
mm, E = 71,240 N/mm?, G = 21,790 N/mm?, J =
2.16 mm?, I, = 0.54 mm?, and |, = 1350 mm®. Due to
symmetry of the angled frame, only the left half is ana-
lysed, which is modeled by ten elements. The end A of
the member is restrained against rotations about the X
and Y axes and against trandlations along the Y and Z
axes. When the bending moments reach the critical
value, the frame will buckle laterally out of the XY plane.
To initidize the lateral deflection of the frame in the
present analysis, a shear load Fz (N) of magnitude
5x10~° M, serving as an imperfection is applied at node
B. The deflection of the apex B of the frame solved by
the GDC method using the three combinations of predic-
tor and corrector, P1C1, P2C2, and P3C3, has been plot-
ted against the load for both positive and negative bend-
ing in Figs. 10 and 11, respectively. As can be seen,
basically no difference can be made among the results
solved using either set of predictor and corrector, and
the limit-point load corresponds very well to the theoreti-
cd loads M, = * nV(EI,GJ)/L = + 622.2 N-mm for
the two cases considered.

For this problem, the total running time consumed by
each set of predictor and corrector has been compiled in
Tables 1 and 2 respectively for the frame in positive and
negative bending. Note that the use of the [kJ] matrix
alone in the predictor may result in nonconvergent sol-
utions, dueto itslack of capability in simulating therigid
body effect in iterations. On the other hand, athough all
three correctors C1, C2, and C3 can be used to yield

V-

Fig. 9. Hinged angled frame in pure bending.



Y.B. Yang et al. / Engineering Structures 24 (2002) 783-798 795

750

Critical load

14

o

o
1

*xx*xx P1C1
aassa P2C2
P2C3

Moment Mz (N—mm)

-250 —

30 60 90 120 150 180
Displacement Uz;z (mm)

Fig. 10. Load—deflection curve for angled frame in positive bending.
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Fig. 11. Load—deflection curve for angled frame in negative bending.

Table 1
Running time for analysing angled frame in positive bending (s)?

Corrector
Predictor C1 c2 C3
P1 102.93 102.76 73.71
P2 102.75 101.95 73.46
P3 * * *

2 *Nonconvergent.

Table 2
Running time for analysing angled frame in negative bending (s)?

Corrector
Predictor Cl c2 C3
P1 55.42 55.14 37.57
P2 55.13 54.76 37.43
P3 * * *

2 *Nonconvergent.

accurate solutions, the use of corrector C3 is most
efficient.

Example 2. The right-angled frame subjected to in-
plane load Fyg in Fig. 12 was also devised by Argyris
et a. [4] as a benchmark problem. The same material
and geometry data as those used in Example 1 were
adopted. Each member of the frame was modeled by ten
beam elements. To initiaize the out-of-plane buckling
deflection, an imperfection load F,z egqual to one thou-
sandth of the in-plane load Fg was applied. The load
deflection curves solved using the three sets P1Cl1,
P2C2, and P3C3 for the tensile and compressive load
cases were plotted in Figs. 13 and 14, respectively, from
which one observes that al the incremental solutions are
close to each other, corresponding well to the linearized
critical loads of 1.088 N and —0.6804 N respectively
for the tension and compression cases [4]. From the
computer running time listed in Tables 3 and 4 for al
sets of predictor and corrector for the two cases, the
superiority of the proposed scheme P2C3 for iterative
analysis is clearly illustrated.

Example 3. The third example studied is the curved
beam with a subtended angle 120° under uniform bend-
ing (i.e., with Mz, = M) in Fig. 15. The material and
geometry data adopted for this example are identical to
those used in Example 1. To trigger the lateral buckling
deformation, an imperfection load F,g = 5 % 107° M,

Y

7/

Fig. 12. Right angled frame with fixed support.
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Fig. 13. Load—deflection curve for right angled frame in tension.
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Fig. 14. Load—deflection curve for right angled frame in com-
pression.

Table 3
Running time for analysing right angled frame in tension (s)?

Corrector
Predictor C1 c2 C3
P1 30.26 30.22 24,94
P2 30.20 30.15 22.08
P3 * * *

2 *Nonconvergent.

Table 4
Running time for analysing right angled frame in compression (s)

Corrector
Predictor C1 c2 C3
P1 29.93 28.62 29.87
P2 35.05 28.46 27.14
P3 56.41 48.55 39.82

Y

Fig. 15. Curved beam in uniform bending.
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Fig. 16. Load-deflection curve for curved beam in positive bending.

was applied at point B. The circular length of the curved
beam is assumed to be L = 240 mm. The curved beam
was approximated by ten chordwise beam elements. The
load deflection curves solved using the three sets P1C1,
P2C2, and P3C3 have been plotted in Figs. 16 and 17
respectively for the beam in positive and negative bend-
ing, in which the critical loads, M, = 204.8 N-mm,

*xxxx P1C1
~2501) asaan P2C2

P2C3

Critical load

Moment Mz (N—mm)
1

1500 : . ——
0 10 20 30 40 50 60
Displacement Uz (mm)

Fig. 17. Load-deflection curve for curved beam in negative bending.
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Table 5
Running time for analysing curved beam in positive bending (s)

Corrector
Predictor C1 c2 C3
P1 17.90 17.69 11.00
P2 17.58 17.35 10.99
P3 18.56 18.18 17.42

—1064.6 N-mm, obtained from the curved beam theory
of Yang and Kuo (ch. 7 in ref. [9]) were also indicated.
The computer running time for each analysis was listed
in Tables 5 and 6 respectively for the positive and nega-
tive bending cases. From these tables, it is confirmed
that the use of the proposed scheme P2C3 can result in
better efficiency for nonlinear analysis.

8. Conclusions

Strictly based on the assumption of small strains,
small displacements and small rotations for each
incremental step of the nonlinear analysis, the elastic and
geometric stiffness matrices were derived for a 3D beam
element. The geometric stiffness matrix is asymmetric
on the element level, but is restored to be symmetric on
the structure level, due to enforcement of joint equilib-
rium conditions at the deformed configuration. The
present approach was referred to as a direct approach,
since the element stiffness matrices were derived directly
from the force—displacement relations of the incremental
theory, which has the advantage of being physically
interpretable compared with other established methods.
The geometric stiffness matrix derived was demon-
strated to be qualified for simulating the behaviors of
initial nodal forces and moments undergoing 3D
rotations. The element derived, along with the strategy
of iteration, has been successfully employed to solve the
nonlinear behavior of structural frames, with excursion
into the postbuckling range. In terms of accuracy and
efficiency, the present approach is just as competitive as
any existing ones.

Table 6
Running time for analysing curved beam in negative bending (s)?

Corrector
Predictor C1l c2 C3
P1 21.09 21.14 19.05
P2 21.09 20.98 19.01
P3 * * *

2 *Nonconvergent.
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Appendix A. Reduction to 2D case

For a 2D beam element with six DOFs at each node,
the incremental stiffness equation is the same as the one
given in Eq. (37). However, the force increment vector
{f} and displacement increment vector {u} should be
interpreted as

{f}T = <F><A FyA Ma Fyg FyB MZB> (72)
{u} " = (Ua Va 0,4 Ug Vg O,5)

The elastic stiffness matrix [kJ] is

EA
@TA o o —"o o O
12E1, 6El, 12E1, 6El,
e 20 T
4El, _GEl, 26,
k] = O - L 0 (73)
el 0
L
12El,  6El,
L3 L2
g Symm 4EIZ 0

which is the same as the one commonly known [9]. The
geometric stiffness matrix [k, as shown below contains
a number of zero terms,

g Mt Ms M+ M ([

L2 00 L2
lFxB leA + 1MzB lFxB
L 0 L2 L 0
- 00 0 0_
kd = O O (74)
1 1]
0 M, + Mg 0
- 2 -
lFxB
. L 0 .
0 Symm. 0 0

The fact that all entries in the third row are null implies
that no bending moments will be induced by any rigid
displacements. The [k,] matrix is more compact than
most existing ones. However, it has the desired property
of being rigid body qualified.
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