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Abstract

A consistent co-rotational total Lagrangian finite element formulation for the geometric nonlinear buckling and
postbuckling analysis of thin-walled beams with generic open section is presented. The element developed here has
two nodes with seven degrees of freedom per node. The element nodes are chosen to be located at the shear centers
of the end cross-sections of the beam element and the shear center axis is chosen to be the reference axis. The defor-
mations of the beam element are described in the current element coordinate system constructed at the current con-
figuration of the beam element. The element nodal forces are derived using the virtual work principle. The virtual
rigid body motion corresponding to the virtual nodal displacements is excluded in the derivation of the element nodal
forces. A procedure is proposed to determine the virtual rigid body motion. The way used to determine the element
coordinate system and element nodal deformations corresponding to the virtual nodal displacements and that corre-
sponding to the incremental nodal displacement are consistent. In element nodal forces, all coupling among bending,
twisting, and stretching deformations of the beam element is considered by consistent second-order linearization of
the fully geometrically nonlinear beam theory. In the derivation of the element tangent stiffness matrix, the change of
element nodal forces induced by the element rigid body rotations should be considered for the present method. Thus,
a stability matrix is included in the element tangent stiffness matrix. An incremental-iterative method based on the
Newton—Raphson method combined with constant arc length of incremental displacement vector is employed for
the solution of nonlinear equilibrium equations. The zero value of the tangent stiffness matrix determinant of the
structure is used as the criterion of the buckling state. Numerical examples are presented to investigate the accuracy
and efficiency of the proposed method. The effect of the terms in the element nodal force and tangent stiffness matrix,
which will converge to zero with the decrease of element size, on the convergence rate of solution and accuracy for
the buckling load and nonlinear behavior of three dimensional beam structures are also investigated through numer-
ical examples.
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1. Introduction

Due to reduction of weight, material and cost, thin-walled beams with open section are extensively
used in aerospace and aircraft structures, and are often designed to work under postbuckling conditions.
Such flexible structures can undergo large displacements and rotations without exceeding their elastic lim-
its. To understand the behaviors of such flexible structures and to evaluate their elastic limits many dif-
ferent formulations and numerical procedures for the buckling and postbuckling analysis of thin-walled
beams have been proposed [1-42]. The buckling of the beam structures is caused by the coupling among
bending, twisting, and stretching deformations of the beam members. Thus the buckling analysis is a sub-
topic of nonlinear rather than linear mechanics [8]. Currently, the most popular approach for the analysis
of three-dimensional beam is to develop finite element models. The formulations, which have been used
in the literature, might be divided into three categories [43]: total Lagrangian (TL) formulation, updated
Lagrangian (UL) formulation, and co-rotational (CR) formulation. In order to capture correctly all cou-
pling among bending, twisting, and stretching deformations of the beam elements, the formulation of
beam elements might be derived by the fully geometrically nonlinear beam theory [44]. The exact expres-
sions for the element nodal forces, which are required in a TL formulation for large displacement/small
strain problems, are highly nonlinear functions of element nodal parameters. However, the dominant fac-
tors in the geometrical nonlinearities of beam structures are attributable to finite rotations, the strains
remaining small. For a beam structure discretized by finite elements, this implies that the motion of
the individual elements to a large extent will consist of rigid body motion. If the rigid body motion part
is eliminated from the total displacements and the element size is properly chosen, the deformational part
of the motion is always small relative to the local element axes. Thus in conjunction with the CR formu-
lation, the higher order terms of nodal parameters in the element nodal forces may be neglected by
consistent second order linearization [24,44]. In [38], Hsiao and Lin presented a co-rotational total
Lagrangian formulation of beam element for the nonlinear analysis of monosymmetric thin-walled
open-section beams with large rotations but small strains. In [38], the bimoment [45,46] was considered
to be a generalized nodal force and the twist rate to be the associated generalized nodal displacement.
The beam element had 2 nodes with seven degrees of freedom per node. Element deformations and ele-
ment equations were defined in terms of element coordinates, which were constructed at the current con-
figuration of the beam element. The element deformations were determined by the rotation of element
cross-section coordinates, which were rigidly tied to element cross-section, relative to the element coor-
dinate system [24]. The formulation of element nodal forces was derived by consistent second-order lin-
earization of the fully geometrically nonlinear beam theory. However, the third order term of the twist
rate is retained in the element nodal forces as suggested by [36,37]. This element was proven to be very
effective for geometric nonlinear analysis of three dimensional beams by numerical examples studied in
[38]. However, the beam element cannot be used for the analysis of thin-walled beams with asymmetric
open section. To the authors’ knowledge, the application of co-rotational formulation in the geometric
nonlinear buckling and postbuckling analysis for thin-walled beams with generic open section is rather
rare in the literature. In [39], based on semitangential concept, an updated Lagrangian co-rotational for-
mulation was developed for geometrically nonlinear analysis of asymmetric thin-walled frames. In the
iterative evaluation, total element forces are accumulated from incremental element forces. In [40], a
formulation of 3D co-rotational beam elements for the nonlinear and stability analysis of frame struc-
tures was proposed. It seems that the formulation proposed in [40] can be applied to the asymmetric
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thin-walled frames. However, no numerical example of thin-walled frames with asymmetric cross-section
was studied in [40]. The object of this paper is to present a consistent co-rotational total Lagrangian finite
element formulation for the geometric nonlinear buckling and postbuckling analysis of thin-walled beams
with generic open section.

Here, the kinematic assumptions made in [38] are used. Following [38], the shear center axis is chosen
to be the reference axis and the element nodes are chosen to be located at the shear centers of the end
cross-sections of the beam element. In [24], a procedure was proposed is to determine the current ele-
ment coordinates and current element nodal rotation parameters corresponding to a given incremental
nodal displacements and rotations. The deformations, internal nodal forces and stiffness matrix of the
elements are defined in terms of these coordinates. This method was employed in [34,36-38,41]. In
[24], the element virtual rigid body motions are not excluded from the corresponding virtual element
nodal displacements and rotations. Thus, the method proposed in [24] may be regarded as generalized
co-rotational formulation. In this paper, a consistent co-rotation formulation will be used. A procedure
will be proposed to remove the element virtual rigid body motions and determine the element virtual
nodal deformation. The new configuration corresponding to the virtual element nodal displacements
and rotations is referred to as the virtual displaced configuration here. The element coordinates and no-
dal rotation parameters corresponding to the virtual displaced configuration are determined by the
method described in [24] and the consistent first order linearization. The difference between the nodal
rotation parameters and the difference between the chord length of the beam element corresponding
to the virtual displaced configuration and the current configuration is used as the element virtual nodal
deformation displacements. The rigid body motion corresponding to the virtual nodal displacements is
excluded in the derivation of the element nodal forces. However, in the derivation of the element tan-
gent stiffness matrix, the change of element nodal forces induced by the element rigid body rotation
should be considered for the present method. Thus, a stability matrix is included in the element tangent
stiffness matrix.

From the numerical examples studied in [36,41], it is found that the convergence rate of solution is slow
for some examples with large ratio of the flexural stiffness between the major axis and the minor axis of the
cross-section. The present beam element and those beam elements used in [24,36-38,41] are equivalent for
rectangular beam with large aspect ratio, because the warping rigidity is negligible. Thus the present beam
element and those beam eclements used in [24,36-38,41] may have similar convergence rate of solution.
Inspection of the element nodal forces and the element stiffness matrices of the present beam element
and the beam elements in [24,36-38,41] reveals that the terms relevant to the twist angle, slopes and the
length of the beam element will converge to zero and those relevant to the twist rate, curvatures and unit
extension will converge to constants. The contribution of the terms relevant to the twist angle, slopes and
the length of the beam element may be negligible with the decrease of element size for numerical study.
However, their convergence rates may be slower than those relevant to the twist rate, curvatures and unit
extension with the decrease of element size. Thus, if the terms relevant to the twist angle, slopes and the
length of the beam element are removed from the element nodal forces and the element matrices, the con-
vergence rate of the solution may be increased for numerical studies. This belief will be examined through
numerical examples in the paper.

An incremental-iterative method based on the Newton—Raphson method combined with constant arc
length of incremental displacement vector is employed for the solution of nonlinear equilibrium equations.
The zero value of the tangent stiffness matrix determinant of the structure is used as the criterion of the
buckling state, and the corresponding load is the so-called buckling load. Numerical examples are presented
to investigate the accuracy and efficiency of the proposed method. The effect of the terms in the element
nodal force and tangent stiffness matrix, which will converge to zero with the decrease of element size,
on the convergence rate of solution and accuracy for the buckling load and nonlinear behavior of three
dimensional beam structures are also investigated through numerical examples.
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2. Finite element formulation
2.1. Basic assumptions

The following assumptions are made in the derivation of behavior of the thin-walled beam element with
generic open section.

(1) The beam is straight, prismatic and slender, and the Euler—Bernoulli hypothesis is valid.

(2) When the longitudinal normal strain relevant to the twist about the shear center axis is excluded, the
unit extension of the centroid axis of the beam element is uniform.

(3) The cross-section of the beam element does not deform in its own plane and strains within this cross-
section can be neglected.

(4) The out-of-plane warping of the cross-section is the product of the twist rate of the beam element and
the Saint Venant warping function for a prismatic thin walled beam of the same cross-section.

(5) The deformation displacements of the beam element are small.

(6) The material is homogeneous, isotropic and linear elastic.

In this study, Prandtl’s membrane analogy and the Saint Venant torsion theory [35,38,45] are used to
obtain an approximate Saint Venant warping function for a prismatic thin walled beam.

2.2. Coordinate systems

In this paper, a co-rotational total Lagrangian formulation is adopted. In order to describe the system,
we define four sets of right handed rectangular Cartesian coordinate systems:

Fig. 1. Coordinate systems.
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(1) A fixed global set of coordinates, X (i = 1,2,3) (see Fig. 1); the nodal coordinates, nodal displace-
ments and rotations, and the stiffness matrix of the system are defined in this coordinates.

(2) Element cross-section coordinates, x7 (i = 1,2,3) (see Fig. 1); a set of element cross-section coordi-
nates is associated with each cross-section of the beam element. The origin of this coordinate system
is rigidly tied to the centroid of the cross section. The x§ axis is chosen to coincide with the normal of
the unwarped cross-section and the x; and xj axes are chosen to be the principal centroid axes of the
cross-section.

(3) Element coordinates, x; (i =1,2,3) (see Fig. 1), a set of element coordinates is associated with each
element, which is constructed at the current configuration of the beam element. The origin of this
coordinate system is located at node 1, and the x; axis is chosen to pass through two end nodes (shear
centers of end sections) of the element; the directions of the x, and x3 axes are chosen to coincide with
the direction of the principal centroidal axes of the cross-section in the undeformed state. The method
described in [24] is employed to determine the directions of x, and x3 axes in deformed state. The
deformations, internal nodal forces and stiffness matrix of the elements are defined in terms of these
coordinates. In this paper, the element deformations are determined by the rotation of element cross
section coordinate systems relative to this coordinate system.

(4) Load base coordinates, X f (i=1,2,3); a set of load base coordinates is associated with each config-
uration dependent moment. The origin of this coordinate system is chosen to be the node where the
configuration dependent moment is applied. The mechanism for generating configuration dependent
moment is described in this coordinates, and the corresponding external load and load stiffness matrix
are defined in terms of this coordinates.

2.3. Rotation vector

For convenience of the later discussion, the term ‘rotation vector’ is used to represent a finite rotation.
Let b be a vector, which as a result of the application of a rotation vector ¢a is transported to the new posi-
tion b. The relation between b and b may be expressed as [47]

b = cos ¢b + (1 — cos ¢)(a - b)a +sin ¢(a x b), (1)

where ¢ is the angle of rotation about the axis of rotation, and a is the unit vector along the axis of rotation.

2.4. Kinematics of beam element

The deformations of the beam element are described in the current element coordinate system. Here, the
shear center axis is chosen to be the reference axis and the element nodes are chosen to be located at the
shear centers of the end cross-sections of the beam element. Let Q (Fig. 1) be an arbitrary point in the beam
element, and P be the point on the shear center axis. The position vector of point Q in the undeformed and
deformed configurations may be expressed as

rg=xe; +(y—y,)es+ (z—2,)e; (2)
and
r = x,(x)e; + v(x)es + w(x)e; + 0 we} + (v — yp)ei +(z—2z,)€, x,(x) =x+ux), (3)

where y, and z,, and y and z are the x3 and x5 coordinates of point P and Q referred to the element cross-
section coordinates, respectively, u(x), v(x), and w(x) are the x; (i = 1,2,3) components of displacement of
point P referred to the current element coordinates, respectively, in the deformed configuration,
o = w(y,z) is the Saint Venant warping function for a prismatic beam of the same cross-section, and e;
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and €’ (i = 1,2,3) denote the unit vectors associated with the x; and x; axes, respectively. Note that the direc-
tions of e; and €} are the same in the undeformed state. Here, the orientations of triad €] in the deformed state
is assumed to be determined by the successive application of the following two rotation vectors to the triad e;

0,=0,n, 0,=0t, (4,5)
n= {07 92/<0§ + 0?)1/2’ 03/(95 + 0§>1/2}7 (6)
t = {cos0,,0;,—0,}, (7)
cos, = (1 — 62— %), (8)
dw(x) dw(x) dx w do(x) do(x) dx v
92:_ = - 5. = — ) 93: = - . = ) (9)
ds dx ds 1+¢ ds dx ds 1+¢
0s 2 2 21172
80:6—x—1:[(1+u,x) —|—v‘x+w>x] -1, (10)

where n is the unit vector perpendicular to the vectors e; and e, and t is the tangent unit vector of the de-
formed shear center axis of the beam element. Note that the orientation of €} coincides with that of t. 0; is
the rotation about vector t. 6, is the angle measured from x; axis to vector t, & is the unit extension of the
shear center axis and s is the arc length of the deformed shear center axis measured from node 1 to point P.
In this paper, 0; are called rotation parameters, 0 = {0y, 0,, 05} is the column matrix of rotation parameters,
and the symbol ()’ denotes (). = d( )/0x.

From Egs. (3) and (10), the relationship among x,(x), v(x), w(x) in Eq. (3) may be given as

xp(x):ul+/0x[(1+80)2_1;i—wi]1/2dx, (11)

where u; is the displacement of node 1 in the x; direction. Note that due to the definition of the element
coordinate system, the value of u; is equal to zero. Making use of Eq. (11), one obtains

L
= Ltuw—u =x,(L) —x,0) :/ [(1+20)° — 02 — w2]dy, (12)
0

in which £ is the current chord length of the shear center axis of the beam element, and L is the length of the
undeformed beam axis, and u, is the displacement of node 2 in the x; direction.

Here, the lateral deflections of the shear center axis, v(x) and w(x), and the rotation about the shear cen-
ter axis, 6;(x), are assumed to be the Hermitian polynomials of x. v(x), w(x) and 6;(x) may be expressed by

U(x) = Ni;uln W(x) = N[gum 01 (x) = Ntduch (13)
u, = {1)170/170271/2}’ u, = {Wla_wllvw27_wlz}7 u; = {0117B11612aﬁz}7 (14)

where v; and w; (j = 1,2) are nodal values of v and w at nodes j, respectively, v; and w} (j = 1,2) are nodal val-
ues of v . and w , at nodes j, respectively, and 0,;and f5;(j = 1,2) are nodal values of 0, 0; , at nodes j, respec-
tively. Note that, due to the definition of the element coordinates, the values of v; and w; (j = 1,2) are zero.
The axial displacements of the shear center axis, u(x) may be determined from the lateral deflections and
the unit extension of the shear center axis using Eqs. (3) and (11).
If x, y and z in Eq. (2) are regarded as the Lagrangian coordinates, the Green strain &1, ¢;, and &3 are
given by [48]

&11 = %(ry’xr_’x — 1), &1 = %l‘ l'vy, &3 = %l’ I, (15370)
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Substituting Egs. (3) and (11) into Eq. (15a), retaining all terms up to the second order, and excluding
the terms relevant to the twist about the shear center axis, ¢, the corresponding unit extension at the cen-
troid axis of the beam element, may be expressed as [38]

te = &+ y,05x — 2,02 (16)
Substituting Eq. (16) into Eq. (12) and making use of assumption (2), one may obtain &. as

& = E—TL+)%(932 —03) —pr(@zz —0) +% /OL(U,ZX +w?)dx. (17)
Substituting Egs. (3)—-(10) and (16) into Eqgs. 15(a)—(c) and retaining all terms up to the second order yields

e =&, +e, (18a)

8}1 =& — W — W + 00 4, (18b)

8%1 = %gf + So,x()’l’,x +zw,) + wel) o + %[(y — yp)2 +(z— zp)z]ﬂiv
+ (%yz - ypy) U,zxx + (%22 - ZPZ)W,z,W + %(1)20%7” - (y - yp)olw,«\‘x

+(2=2)010.0 + (2 = 1,2 = ZV)VWax — YOU 01 1 — ZOW 101 (18c)
&1 = &1 + &, (19a)
8}2 = %[a).y —(z— Zp)]gl,xv (19b)
8%2 - %[w,ygcel,x + ((,() - yw,y)eljxv,xx - Zw,yelxw,xx + ww,yel,xel,xx]

+ i(z - Zp)(vxw‘xx - W,xvxx)a (19C)
&1y = &3 + &3, (20a)
&1 = 30+ (= y,)101, (20b)
8%3 = %[w,zgcgl,x + ((U - Zwtz)el,xw,xx - yw,zelxv,xx + ww,zel,xgl.xx]

+ %(y - yp)(w,xv,xx - v,xw,xx)7 (200)

where s’{j (/=1,2,3; k =1,2) represent the kth order terms of ¢y;.

2.5. Nodal parameters and forces

The element proposed here has two nodes with seven degrees of freedom per node. Two sets of element
nodal parameters termed ‘explicit nodal parameters’ and ‘implicit nodal parameters’ are employed. The ex-
plicit nodal parameters of the element are used for the assembly of the system equations from the element
equations. They are chosen to be u;; (u1; = u;, up; = v;, us; = wy), the x; (i =1,2,3) components of the trans-
lation vectors u; at node j (j = 1,2), ¢y, the x; (i = 1,2,3) components of the rotation vectors ¢, at node j
(/= 1,2), and f;, the twist rate of the shear center axis at node j. Here, the values of ¢; are reset to zero
at current configuration. Thus, 3¢, the variation of ¢;;, represents infinitesimal rotations about the x; axes
[36], and the generalized nodal forces corresponding to 8¢;; are m;;, the conventional moments about the x;
axes. The generalized nodal forces corresponding to duy;, the variations of u;, are fj;, the forces in the x;
directions. The generalized nodal forces corresponding to 3f;, the variations of f3;, are bimoment B;.

Let ou; = {Su;,dv;,dw;}, 6¢; = {8¢1;,0¢h2,0¢3;}, 6p; (= 1,2) denote the virtual displacement vectors,
virtual rotation vectors, and virtual twist rates (referred to as the virtual explicit nodal parameters here)
applied at the element nodes j referred to a fixed local element coordinates which are coincident with the
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current element coordinates. As a result of the application of the virtual explicit nodal parameters to
the current configuration of the beam element, the beam element is displaced to a new configuration.
The new configuration is referred to as the virtual displaced configuration in the study. The element
coordinates X; (i = 1,2,3) and nodal rotation parameters @,-j (i=1,2,3,j=1,2) corresponding to the virtual
displaced configuration may be determined by the method described in [24] and the consistent first order
linearization. In this paper, a bar over a quantity denotes it is defined in the element coordinates Xx;
(i=1,2,3) corresponding to the virtual displaced configuration.

The relationship between the element coordinates corresponding to the current configuration and the
virtual displaced configuration may be expressed by

1 —Av —Aw
X1 ¢ 4 Xy
Av _ _
X=< xy p = - 1 -4, —(Adp+45) | =14 %2 p =AsX, (21)
X3 A X3
TW App+4r  1—4,

where Av = 8v, — dv1, Aw = 8w — dwy, Adp =1 (8h1, + 8¢y,), A1 =1 (0118h,; + 01286,,), 4> = %(031%11 +
0205, — 021903, — 00205,), ¢35, = 8¢, + Aw/l, ¢, = 8¢5, — Av/L. £ and 0, (i =1,2,3, j = 1,2) are the chord
length and nodal rotation parameters of the beam element at the current configuration, respectively.

If the terms up to the first order of virtual displacements are retained, ¢ and éij (i=1,2,3,j=1,2), the
chord length and nodal rotation parameters of the beam element at the virtual displaced configuration, may
be expressed by

0 =10+ Au,
Au = duy — duy, (22)
b, — g, = _0n 0o By 80, Av0n —0n) Aw(lxn—0) 0154y
T 6_(15 20008y Ondh Y ¥ !
32002 | 021095 U003

R T (23)
_ Aw Av(0y +01,) 1 1 S3¢s,(011 + 012)
br; = 05 + 7 T 8¢y, — T 593_/5%1 + 593]’64)12 — 0389, + %7
- Av Aw(0y + 0 1 1 S, (011 + 0
Osj = 03 — —+ 03 — % = 5028011 —502,8¢1, + 08¢, — M

Due to the definition of 0y; (j=1,2), 6;; + 0;, = 0. However, the variation of 50;; + 80> # 0, which
should be used in the derivation of the element stiffness matrix and thus retained. The virtual nodal rotation
parameters corresponding to the virtual explicit nodal parameters may be given by

691:/' = é,‘j - 01:]*. (24)

The implicit nodal parameters of the element are used to determine the deformation of the beam element.
They are chosen to be u;;, the x; (i = 1,2, 3) components of the translation vectors u;at node j (j = 1,2), 0y, f;,
v = (1 + &9;)03;, and w), = —(1 + &y,)03; (j = 1,2) defined in Eqs. (9) and (14). Let 0}, 0, and 03; (j = 1,2)
denote 0y;, —w/ and v}, respectively. Due to the definition of the element coordinates, the virtual implicit
nodal displacements corresponding to the virtual explicit nodal parameters may be given by

Sty = O30y = 00y = dwy = dwp, = 0, (25)
Sty =80 =0 — £ = Au, (26)

where Au is defined in Eq. (22).
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From Eq. (9), the relation between the virtual implicit nodal parameters 69 (i=2,3,7=1,2) and the
virtual nodal rotation parameters 50; may be given by

*

592]» = —814/]- = ( + 80j)892j + 02j580j, (27)
805, = 88, = (1 4 0;)303; + 03,8z, (28)

From Eqgs. (22)—(28), the relations between the variation of the implicit and explicit nodal parameters
may be expressed as

0qy = To40q, (29)
8q, = {duy,30;,my, 505, 5B}, 5q = {Su, 3¢, Suy, 3y, 3B}, (30)

where du; = {d1;, 81, 5w}, 50, = {80,;, —dw}, 517}, (j=1,2) and 5B = {3f1,56,}. The explicit form of the
matrix Ty is given in Appendlx A.

The generalized nodal forces corresponding to du;;, 66 and 3f; are U, m and B;, the generalized
forces, the generalized moments, and bimoments, respectlvely Note that m and Ji 0 are not conventional
moments and forces, because 80 are not infinitesimal rotations about the x; axes and du;; and 80 are cou-
pled in deformed state.

The global nodal parameters for the structural system corresponding to the element local nodes j
(]' =1,2) should be consistent with the element explicit nodal parameters. Thus, they are chosen to be

Uy, the X; (i=1,2,3) components of the translation vectors U; at node j (j = 1,2), @, the X; (i=1,2,3)
components of the rotation vectors ®@; at nodes j (j = 1,2), and B, the twist rate of the shear center axis
at node j. Here, the values of ®; are reset to zero at current configuration. Thus, &, the variations of

&;;, represent infinitesimal rotatlons about the X; axes [36], and the generalized nodal forces corresponding
to 3@, are the conventional moments about the X; axes. The generalized nodal forces corresponding to $Uj;,
the variation of Uy, are the forces in the X; directions. The generalized nodal forces corresponding to 5f;,
the variation of f;, are B,.

2.6. Element nodal force vector

Let f= {f;,m;,f,,m,,B} and f, = {fl, m17 m27 B} denote the internal nodal force vectors corresponding
to the variation of the explicit and implicit nodal parameters, 8q and 3q,, respectively, where f; = {1, />,
Sabs my = {mymaymay), ] = {0 f3 £} ) = {mf, mS;,mi} G =1,2), and B= {By, By}.

The element nodal force vector is obtalned from the virtual work principle in a fixed local element coor-
dinates which are coincident with the current element coordinates. The virtual work principle requires that

SWext = 6qlf = SWim = /(G]]SEH + 20’126512 + 20']38513)(11/ = S(itefg, (31)

vV

where V'is the volume of the undeformed beam element, 8z, (j = 1,2, 3) are the variation of ¢;;in Eqgs. (18)—
(20) corresponding to 8q,. o1, (j = 1,2,3) are the second Piola—Kirchhoff stress. For linear elastic material,
o11 = Eeq, 010 = 2Ge1» and a13 = 2Ge3, where E is Young’s modulus and G is the shear modulus. Note
that because 0¢,; are function of 8q,, W, may be expressed by dq)fy. Due to the definition of the element
coordinates, the virtual implicit nodal displacements Ouy = 00 = O, = dw = 0w, =0 as mentioned in Eq.
(25). The virtual work done by £}, /3, f5, £{, and f{, are equal to zero. Thus, £}, /3, f, 1), and f{, have
no contribution to explicit nodal force vector f. However, for convenience, they are retained in the deriva-
tion of the element internal nodal force.

For convenience, the implicit virtual nodal parameters are divided into four vectors du; (i = a,b,c,d),
where du, are the variation of u, given by

u, = {17!1 ) ﬁ2} (32)
and ou; (i = b, c,d) are the variation of u; defined in Eq. (14).
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The generalized force vectors corresponding to du; (i = a,b, ¢, d), are
0 0 0 0 0 0 0 0
f,={fi.fio}s £, = m5, f.m 1, (33)
0 0 0 0 0 0 0 0
f. = {fs1.my, fismy}, ;= {my,,Bi,myy, B> }.

If the element size is chosen to be sufficiently small, the values of the rotation parameters of the deformed
element defined in the current element coordinate system may always be much smaller than unity. Thus the
higher-order terms of rotation parameters in the element internal nodal forces may be neglected. However,
in order to include the nonlinear coupling among the bending, twisting, and stretching deformations, the
terms up to the second order of rotation parameters and their spatial derivatives are retained in element
internal nodal forces by consistent second-order linearization of Eq. (31). In [37], through numerical study,
it was reported that the third order term of the twist rate 0, , is the dominant third order term of element
nodal forces and should be retained for the geometric nonlinear analysis of doubly symmetric beams with
thin-walled open cross-section. It is believed that the behavior of the thin-walled beams with doubly sym-
metric open cross-section and those with generic open cross-section should be similar. Thus, for simplicity,
the third order term of the twist rate 0, , is retained in the element nodal forces in this study.

From Egs. (18)~(20), (31)~(33) and using [yd4 = [zd4 = [yzd4d = [wdd = [ywdd = [zwdd =0,
we may obtain

) = [4, — AEe, (v,B'u, +2,C'u,)]G,, (34)

£ = EL(1 + &) / N/u,. dx +%A1B +,EL / NJ'w o e dx + B / N0 0.0 dx

+ fLLGy, — EL / €0+ (N0 + Njv, ) dx — AEz6, / N70, dx

E
+E(.—-1,) / N 01w . dx + [GJZ =5 (0 o — 2yp12)] / N,0;  dx

_ E(% o, — 3yp12) /NZU,Zxxdx - E(% %z — yp1y> /N;’wixdx

3
— 5B / N, 07, dx + 3Eo, / NYO 0 1 dx + 3E0t,,. / N0} W sy dx

1
— EQ3o,, — 2z,1.) / Ny oW o dx + 3 GJ /(Ngelﬁxw‘x — N, 01w, dx, (35)

' = EIL,(1 +e.) / NIw o dx + ZZPAIC +z,El, / N W o dx + z,EL / N0, o dx

+ LG, — EI, / £0x(NLW o + Nlw, ) dx + AEy ¢, / N0, dx

2

3 3
_ E<§ Oy — zplz> / NIv, dx — E(E oy — 3zp1y) /N'C/wixdx

3
_EEocwy/N’C/H2 dx—|—3E:xwy_,/N/c'0Lxxvixxdx+3Eocyw/N'C/01vxwadx

1xx

E
+E(I.—-1,) / N!0O1v . dx — {GJy + 5 (0o 4 oy — ZZpIy)] /Ni,’Qixdx

1
— EQQoy. — 2y,1,) / N oW o dx + zGJ /(Ni,@l,xvﬁxx — N!0, ,v,)dx, (36)
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f, = {GJ + [EI, + AE(y, +Zi)]sc}/N;01de + EL,(1 + 380)/N301de

E
+ AEy,z. / Nyw o dx — AEz,¢, / Nyv . dx + {GJQ) + 3 (otyer + oczw)} /Ngﬂixdx

3 3 3
3B [ N od 5 B [ N et 3, [ NGOR
- 3Earuy/Ni;91,xxw,xxd-x - 3anz/N391,xxU,xxdx + 3E/x(/)yz / NZ;U,xxW,xxdx

1
+E(I,—1,) / N0 oW o dx + 3 GJ / N (W0 — 0w ) dx

—[2GJ, + E(oy + 0, — 22,1 )] / N, 01w dx

+ [2GJ. — E(o. + o,. — 2y,1.)] /N;Hl,xv,xxdx

+[2GJ  + E(0tyey + 01200)] / Ng,el,xel,xxdx%EK, / N,0; , dx, (37)
3 2 1 2 2 2 3 2 1 2
Ay = AELe, + SAEL + S [E1, + AE(, + )] / 0% dv L / 0% x4 S B, / W2 d
+%E12/u?xxdx +AEyp/elw,mdx—AEz,,/eluﬂdx, (38)
B={0,-1,0,1}, C€=1{0,1,0,—1}, Ga:%{—l,l}, (39)

G, = % /N;vvxdx — )%HL.B + JL}—’EQIub +%Q2uw
G :1/N'w d— 76+ 27 Quuy + 7 Quu
<77 W 7 G 2 3Up 12 4Uc,
Q = L(NZZNZE - N,blN,b/tl + NlblzN,btz - NZINZI) - BB[7
Q, = Qt3 = L(NézNg - N;INZi + NZzNgz - NZINZI) - BC,
Q= L(N:QNZQ - NLINZi + NZzNgz - Ngl NZ1) - CCt;

IVV:/szAa Iz:/ysza KI :/[(y_yp)z—'_(z_zp)z]sz’

ocy:/z3dA, ch:/y3dA, ocyzz/zzydA, cxzy:/yzsz,
Iw:/wsz, a(U:/a)3dA, ocyw:/zza)dA, ocm:/yzwdA,

ocwy:/wzsz, och:/wzydA, ocwy_,:/a)ysz, I, =1,+1.. (40)
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J= [l =z) o, 402 + o)t
J, = /[(y — )20 —0) —z(z - z,)0, Jrz(a)_’zy + wzz) — ww_|d4,
J. = / (& = 2) (0, — ©) — 9y — 3,) 0 — Y(@R, + &%) + 00, dd,

J, = /[a)((uzy + (022) + (y — yp)ww,z - (Z - Zp)wwy] d4.

in which the range of integration for the integral [()dx in Eqgs. (34)~(39) is from 0 to L, 4 is the cross-sec-
tion area, Ny (k = b, ¢,d) are given in Eq. (13), and Ny; are nodal values of N at nodes j (j = 1,2). f{} in Egs.
(35) and (36) is defined in Eqgs. (33) and (34). Egs. (34)—(39) are calculated using six points Gaussian quad-
rature and Eq. (40) is calculated analytically in this study.

Note that in Egs. (34)—(40) the values of L, 0,, v, and w, will converge to zero, and the values of ¢., 0, ,,
v and w ., will converge to constants with the decrease of the element size. In Egs. (34)—(39), the under-
lined terms will converge to zero, and their contribution may be negligible with the decrease of element size
for numerical study. However, the convergence rates of L, 0;, v, and w may be slower than those of ¢,
01.x Uxx and w ., with the decrease of element size. Thus, if the underlined terms in Eqgs. (34)—(39) are re-
moved, the convergence rate of the solution may be increased for numerical studies. This belief will be
examined through numerical examples.

From Egs. (29) and (31), the relation between f and f,, may be given by

f = T),f, (41)

where Ty, is defined in Eq. (29). Note that only the terms up to the second order of nodal parameters, the
third order term of 0, ., and the third order terms relevant to f,G;L (i = b, ¢) are retained in Eq. (41). The
explicit form of the relation between f and fj is given in Appendix B. In view of Egs. (B.1), (B.2), (B.6)—(B.9),
(35) and (36), one may find that if the terms fG;L (i = b,¢) in Egs. (35) and (36) are replaced by f1,G.L,
respectively, the terms ffz"’ G;L in Egs. (B.6)~(B.9) can be eliminated and Eq. (41) can be rewritten by

f = (T3 + Ty)f;, (42)

where TZ¢ (i =0, 1) is the ith order terms of Ty, f; is fy with the terms f5G,L (i = b,c) in Egs. (35) and (36)
replaced by f1,G;L, respectively. fi, is defined in Eq. (B.1).

2.7. Element tangent stiffness matrices

The clement tangent stiffness matrix corresponding to the explicit nodal parameters (referred to as ex-
plicit tangent stiffness matrix) k may be defined by

df = kdq, (43)

where dq is a perturbation of the explicit nodal parameter vector and df is the corresponding change of the
explicit nodal force vector f. As a result of the application of dq to the current configuration of the beam
element, the beam element moves to an infinitesimal displaced configuration. Note that dq is an actual
infinitesimal displacement not a virtual displacement. However, if the quantities 6( ) in Egs. (21)—(24) are
replaced by d( ), Eq. (21) can be used to express the relationship between the current element coordinates
and the infinitesimal displaced element coordinates corresponding to the infinitesimal displaced configura-
tion, and Egs. (22) and (23) can be used to express the chord length and nodal rotation parameters of the
beam element at the infinitesimal displaced configuration. If no confusion may arise, no distinction between
d( ) and d( ) will be made in this study.
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Because dq is an actual displacement, the explicit nodal force vector f translates and rotates with the ele-
ment from the current element coordinates to the infinitesimal displaced element coordinates. Thus, the
change in f induced by rigid body rotation should be considered.

From Egs. (21), (29) and (43), df may be expressed by

df = dfy, + df,, (44)
dfg = (Tg — Ly)f = Hedg, (45)
df, = g—;dq - [aa_; aa—‘:lﬁ] dq = [(Tg;kg +TILK) + Ho) TM} dq, (46)
A 0 0 0 0,
0 A; O 0 050
Te=| 0 0 As 0 05, (47)

0 0 0 Az 030
05 05 05 05 Db

where dfi and df,; are the change in f induced by rigid body rotation and dq, corresponding to dq, respec-
tively. A,; is the transformation matrix between the current element coordinates to the infinitesimal dis-
placed element coordinates, I, is the identity matrices of order 2 x 2, 0, 0.3 and 05y, are zero matrices
of order 3 x 3,2 x 3 and 3 x 2, respectively. Hy is a unsymmetrical matrix, which may be called the stability
matrix [34]. The explicit form of Hy is given in Appendix C. ky = df, /dq, is the tangent stiffness matrix
corresponding to implicit nodal parameters (referred to as implicit tangent stiffness matrix), kg is the zeroth
order terms of nodal parameters of ky, and Hy = (aTé;) /0q,)f} is an unsymmetrical matrix. The explicit
form of the matrix Hy is given in Appendix D.
From Egs. (43)—(47), the explicit tangent stiffness matrix k may be expressed by

k= [Toko + Tjgk) + Hy| Toy + Hy. (48)
Using the direct stiffness method, the implicit tangent stiffness matrix kg may be assembled by the
submatrices
0 _ ot
Voo
where f/* (i = a,b, c,d) are f! defined in Eqs. (34)~(37) with the terms f,G;L (i = b, c) in Egs. (35) and (36)

replaced by f1.G;L, respectively. u; (j = a, b, c,d) are defined in Egs. (13) and (32). Note that kfj are symmet-
ric matrices. The explicit form of ki may be expressed as

(49)

Kl = AEL(1+ 36 - 2yL—PB’ub -22C0.)G,G,, (50)

0
k, =G,

AELGY, + AEy, (1 + 26 — % Blu, — ZL_Pcruc) B' — AEz, / N0, dx + EI / N dx} ,

kgc = G‘J

AELG!. + AEz, (1 + 2 — yLlB’u,, - ZLic’uC) C' + AEy, / N0, dx + EI, / N'"w,, dx] ,
K, = Gu{ 61, + ABC +2) | NiO ey, [ Now

A, / N o dx + 361, / N;;'el_,xxdx},
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0 11Tt AEyp% t
k,, = EL.(1 +¢.) | NyN;'dx +—L [(1+2¢)BB +¢.Q]
AE
+ AEy,(GyB' + BG}) — ehiald / (N/B' + BN/)0, dx

_ Bl / (NN 4 NINI) e+ fin / N(N! dx + 3Ea, / NN

—3E(a. — 2y, 1.) | N/N'v,.dx — EQBat., — 22,1.) | N/N/w . dx
» » NG y p b Ny W,

1 1
e, (NN NN B BN o (NI NN

2

AE AEZ
kgc = AEypBGi +AEZprCt + Typ /BNgt01 dx — I L /NZC’Ol dx
AE
+ — ?ZP [(1+ 28L,)BCI +¢e.Q,) +E(, — [y) / NZN/C/tel dx

+y,EI, / [(N;,”Nf + %BN’:) W+ NZ/NZtW7x:| dx

sz | KN;,N;(" ; iNZC’) i N;’NZ”UI} dx

+ 3E0, / NIN"0, o — E(3y — 22,11 / N/N"0 .. dx

- B = 2,) [ NINIw v 367 (NN NN

k! = yzp [El, + AE(y, + 2,)] / BN/0, . dx — AEz,¢, / NyNY, dx

3y El, AEY? AEy z
+ypT / BN"0, . dx + Ly p / BN;w,xvdx—$ / BN'0,. dx

~3Ea,, / NIN"0, . dx + 3o, / N/N"0 . dx + 3E,, / N/N'w s d

2
+2GJ. — E(o + 0. — 23,11)] / N/N0,., dx,

1
+E(L—1,) / NIN W dx + = GJ / (N/N'w, — Ny N'w,,) dx

0 VAN AEZZ t
K = EL,(1 +5) / NNt R[04 26)CC 10 Q)

AE
+ AEz,(G.C' + CG') + 4BV N'C’ + CN")6, dx
P c I ¢ c

~ Ele, / (NN 4 N'NO) e+ fin / NN dx + 3Ea, / N/N"0, . dx

EQGou — 2,0,) / N/N0 . dx — 3E (s, — 22,1,) / N/Nw . dx

1 1
+a, [ KN;”Ng FNN N ] CN:‘> W + (NN NN, | dx,
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cd — L
3 E[(,, 11
+%/CN(1Z()1‘XX

~3E, / NIN"0, 1o + 36ty / N/N"0 .. dx + 3Ea, / NN dr

K/, = [E],,+AE(yf,+z;)] / CNZ()lﬁxdx + AEy & / N/N/, dx

Uxxdx"‘ /Cijwudx

1
+E(I.—1,) /N”N;, ﬂdx+2GJ/(N’Ng o — N/NGw, ) dx

—26GJ, + E(y + 2y — 22,1,)] / N/N'O, . dx,

Ky, = {GJ + [El, + AE(y, + z)]e.} / N/ N dx + EI,(1 + 3¢,) / N/ N/ dx
36, / NIN"0, v — 34, / NN o dx — 3B, / N/N's_ dx
—2GJ, + E(sy + 5y — 22,1,)] / N N d
+ 2GJ. — E(o: + o, — 2y,12)] /N;Ngvﬁxxdx
267+ B+ 920)] [ NN+ (NN + NNDOL o

3 IBUINY
+3EK; | N6 dx,

where the underlined terms will converge to zero with the decrease of element size and may be removed for
numerical study based on the same reason mentioned in last section for element nodal forces.

The clement tangent stiffness matrix referred to the global coordinate system is obtained by using the
standard coordinate transformation.

2.8. Load stiffness matrix

Different ways for generating configuration dependent moment were proposed in the literature [9,11,33].
Here, only the conservative moments generated by conservative force or forces (with fixed directions) are
considered, and the ways for generating conservative moment proposed in [33] are employed here. In this
study, a set of load base coordinates X f (i=1,2,3) associated with each configuration dependent moment
are constructed at the current configuration. The mechanism for generating configuration dependent mo-
ment is described in this coordinates, and the corresponding external load and load stiffness matrix [49] are
defined in terms of this coordinates. However, the description of the ways for generating conservative mo-
ment and the corresponding load stiffness matrices are not repeated here.

2.9. Equilibrium equations

The nonlinear equilibrium equations may be expressed by
Y=F-iP =0, (51)

where W is the unbalanced force between the internal nodal force F and the external nodal force AP, where 4
is the loading parameter, and P is a reference loading. Note that P may require to be updated at each iter-
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ation, if the applied load is configuration dependent. F is assembled from the element nodal force vectors,
which are calculated using Eqgs. (34)—(37) and (42) first in a fixed local element coordinates which are coin-
cident with the current element coordinates and then transformed from the local element coordinate system
to global coordinate system before assemblage using standard procedure. Note that the element global
translation vectors U; at node j (f = 1,2) are only used to determine the current element nodal coordinates
in this study and the rigid body motions of the beam element are removed using the method proposed in
[24]. Thus, the projector matrix [50,51], which relates the variations of the local displacements to the vari-
ations of the global ones, may not be required here.

In this paper, an weighted Euclidean norm of the unbalanced force is employed as the error measure for
the equilibrium iterations, and is given by

¥l
IV (52)

where N is the number of equilibrium equations; e, is a prescribed value of error tolerance. Unless other-
wise stated, the error tolerance e is set to 107° in this study.

2.10. Criterion of the buckling state

Let K#(4) denote the tangent stiffness matrix of the structure corresponding to the loading parameter A.
The criterion of the buckling state used here may be expressed as

D(2) = det|Ky(2)] = 0. (53)

Here, the buckling loading parameter Ayp denotes the minimum loading parameter satisfying Eq. (52).

3. Numerical algorithm

An incremental-iterative method based on the Newton—-Raphson method combined with constant arc
length of incremental displacement vector [52] is employed for the solution of nonlinear equilibrium
equations. The Euler predictor is used for the initial displacement increment. For a given displacement
increment or corrector, the method described in [24,53] is employed to determine the current element
cross-section coordinates, element coordinates and element deformation nodal parameters for each
element. The parabolic interpolation method of the arc length proposed in [37] is employed here to find
the buckling load. In order to initiate the secondary path, at the bifurcation point a perturbation
displacement proportional to the corresponding buckling mode is added [54].

4. Numerical studies

In order to investigate the effect of the underlined terms in Eqgs. (34)—(39), (50), (A.3) and (B.5)—(B.9) on
the convergence rate of solution and accuracy for the buckling load and nonlinear behavior of three dimen-
sional beam structures, the following cases are considered:

1. EA—AII terms in Egs. (34)—(39), (50), (A.3) and (B.5)—~(B.9) are considered.
2. EB—AIIl underlined terms in Eqgs. (34)—(39), (50), (A.3) and (B.5)—(B.9) are dropped.

For convenience, the elements used for cases EA and EB are called EA element and EB element, respec-
tively. Let o denote the ratio of the flexural stiffness between the major axis and the minor axis of the cross-
section of the beam.
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Example 1 (Buckling of a cantilever beam subjected to end torque). The example considered here is a
cantilever beam of rectangular section subjected to end torque 7" as shown in Fig. 2. This example was first
studied by Hsiao and Lin [36]. However, the warping rigidity is not considered in [36]. The ends of the beam
are warping free. The geometry and material properties are given in Fig. 2. The configuration dependent
torque is generated by the strings wound around a great circle of a sphere rigidly connected with at node A
and acted upon by forces [33] as shown in Fig. 2. The magnitude of the end torque 7'= 2PR, where R is the
radius of great circle of the sphere. The present buckling moments 75 and their relative error with respect
to the buckling moment obtained using 160 EB elements are shown in Table 1. It can be seen that the
buckling moments may converge to the same value for cases EA and EB. However, convergence rate for
case EB is much faster than that for case EA. In [36], the buckling moment Tz (10° kN cm) obtained using
200 elements are 3.532, 1.497, and 3.177 for QT1, QT2, and ST moments, respectively. The agreement
between the present buckling moments and those given in [36]is very good. Because the EA element and the
element used in [36] are equivalent for this example, the convergence rate of buckling moment given in [36]
is similar to that for EA element. Note that for this example, the only nonzero displacements are the
translation along and rotation about the beam axis. Consequently, E(I, — I,) [ N;/N"0,dx in k (in Eq.
(50)) is the only nontrivial underlined term in Eqs. (34)—<(39), (50), (A.3) and (B.5)«(B.9). If I, = (e = 1),
the EA and EB elements are identical. However, for this example, the value of « is 400. Thus, the slow
convergence rate for the EA element may be attributed to the large ratio of the flexural stiffness between the
major axis and the minor axis of the cross-section. The element used in [36] with the term
E(I. —1,) [NyN0,dx dropped is also tested. As expected, the convergence rate of buckling moment is
similar to that for EB element.

X$V, x5, X5

x§ u,xt, X}

s L =250 cm

> h=10cm
b=0.5cm
R=05cm

E = 2.1x10° kN/em?

—[=b G=7.875X10"kN/cm®

X5 X5 X3
P p - P2
X‘3) R Xl; K R X3P 7
M/ ’ \_l P ;\.4 P2
P P2
QT1 QT2 ST

Fig. 2. Cantilever beam of rectangular section subjected to end torque (Example 1).
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Table 1
Buckling load for Example 1
Moment type Element no. Buckling moment Tz (10° kNcm)
EA Error (%) EB Error (%)
QT1 2 0.45883 —87.0363 3.90562 10.3471
4 0.91974 —74.0141 3.62605 2.44822
10 2.53611 —28.3462 3.55301 0.38480
20 3.14053 —11.2693 3.54275 0.09487
40 3.42616 —3.19922 3.54019 0.02260
60 3.48759 —1.46355 3.53972 0.00922
80 3.50993 —0.83248 3.53956 0.00454
160 3.53191 —0.21140 3.53939 0.00000
QT2 2 0.43083 —71.2570 1.56021 4.08984
4 0.75576 —49.5795 1.51359 0.97963
10 1.21125 -19.1914 1.50123 0.15441
20 1.40261 —6.42479 1.49948 0.03805
40 1.47231 —1.77475 1.49905 0.00902
60 1.48684 —0.80535 1.49897 0.00365
80 1.49207 —0.45661 1.49894 0.00177
160 1.49718 —0.11537 1.49891 0.00000
ST 2 0.44970 —85.9076 3.96922 24.3853
4 0.86563 —72.8735 3.34234 4.74058
10 1.78568 —44.0414 3.21387 0.71440
20 2.51751 —21.1075 3.19666 0.17512
40 2.95902 —7.27186 3.19240 0.04160
60 3.07919 —3.50585 3.19161 0.01693
80 3.12612 —2.03528 3.19133 0.00830
160 3.17425 —0.52710 3.19107 0.00000

Example 2 (Deployable ring subjected to a fixed axis moment). The example considered is ring subjected to
a fixed axis moment M at point A as shown in Fig. 3. The ring is clamped at point O. Point A is
restricted to translate along and rotate about the X¢ axis only. The geometry and material properties
are given in Fig. 3. This example was introduced by Goto et al. [55] and studied by Battini and Pacoste
[40] also.

The error tolerance e = 107’ is used for this example. The load—deflection curves of the present
study together with the results given in [40] are shown in Fig. 4. It can be seen that the agreement
between the present results obtained using 60 EB elements and the results obtained using 128 t3dl
elements [40] is very good. The results of 60 EB elements are obtained by using 67 increments. The
average number of iterations per increment is about 16. The results of 60 EB elements are nearly identical
to the results of 120 EB elements (not shown here). The results of 180 EA elements are also shown in
Fig. 4. It can be seen that the convergence rate of the EB element is about three times as fast as that of
the EA element. For this example, the value of « is 100. Thus, the slow convergence rate for the EA
element may be attributed to the large ratio of the flexural stiffness between the major axis and the minor
axis of the cross-section as Example 1.

Example 3 (Simply supported right-angle frame subjected to uniform moment). The example considered is a
simply supported angle frame subjected to uniform moment as shown in Fig. 5. The ends of the beam are
free to warp and free to rotate about X3 axis, but restrained from rotation about X{ and X¢ axes. The
translation is restrained at end point A, and is free only in the direction of X¢ axis at points B. Due to
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Fig. 3. Deployable ring subjected to a fixed axis moment (Example 2).
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Fig. 4. Load-twist angle curves for Example 2.

symmetry, only half of the frame is analyzed. The nontrivial cross-section constants are: I, = 0.54 mm?,
I.= 1350 mm*, J=2.133 mm*, I, = 40.43 mm®, K;=1.823 x 10° mm®, o,,,. = 40.462 mm°. The theoreti-
cal linear buckling moment is M., = (n/L)\/EIl,GJ = 618.31 N mm [4]. The present buckling moment
obtained using 10, 20 EB and 40 EA elements are M p = 620.78, 620.77, and 620.77 N mm~ !, respectively.

The results of 10 EB elements and 20 EB clements are obtained by using 68 and 56 increments,
respectively. The average numbers of iterations per increment are about 14 and 13, respectively. The load—
deflection curves of the present study are shown in Fig. 6. The results of [40] obtained using 10 t3d and tw3d
elements are also shown in Fig. 6. It can be seen that the agreement between the results of 10 EB elements
and the results of [40] is very good. It is reported that a stable bifurcation point is reached at a slightly
higher value of the buckling moment in [40]. A stable bifurcation point is observed at about M =
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Fig. 5. Simply supported right-angle frame subjected to uniform moment (Example 3).
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Fig. 6. Load-displacement (W) curves for Example 3.

628 N mm ' for the results of 10 EB elements. This result is consistent with that reported in [40]. However,
the bifurcation point is reached at the value of buckling moment for the rest results of the present study
shown in Fig. 6. Similar to the results of [36,40], a limit point is reached at the moment of about 1.2M yp for
the secondary path. The discrepancy among the results of 40 EA, 80 EA and 10 EB elements is remarked
when the displacements are large. The agreement among the results of 160 EA elements, 10 EB elements
and 20 EB elements is very good. The value of « is 2500 for this example. This may explain why the
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convergence rate of the EB element is much faster than that of the EA element for this example. The curves
of load verse components of the internal moment at node C are shown in Fig. 7. In Fig. 7, MY (i=1,2,3)
denote the X' IG components of the internal moment referred to the global coordinates, and M; (i =1,2,3)
denote the x; components of the internal moment referred to the current element coordinates. As expected,
the magnitude of MY is equal to that of the applied moment and MY is equal zero.

Example 4 (Simply supported beam of angle section subjected to a mid-span torque and constant end
moments). The example considered is a simply supported beam of monosymmetric angle cross-section sub-
jected to a mid-span torque 7 and equal constant end moments M applied about its symmetric axis as
shown in Fig. 8. This example was experimentally and theoretically studied by Engel and Goodier [1].

1000

800 M, M,

T 600 \ : i
z i
< 4 y . i
s WMz S
L N

200 T
0 i i i i

-1000 -500 0 500 1000
Mc (N-mm)

Fig. 7. Load-internal nodal moments (node C) curves for Example 3.

X5
xS M
M
T
x$,
l— L2 =12 —
L =934.72 mm
Cross section o =90°
b =254 mm
t=0.79 mm
E = 68950 MPa

G =25856.25 MPa

Fig. 8. Simply supported beam of angle section subjected to a mid-span torque and constant end moments (Example 4).
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The ends of the beam are free to warp and free to rotate about X§ and X axes, but restrained from rota-
tion about X{ axis. The translation is restrained at left end point, and is free only in the direction of X axis
at right end point. The geometry and material (61 S-T aluminum) properties are shown in Fig. 8. The self-
weight of the beam is 1.00258 N. For investigating the influence of the bending moments on the torsional
rigidity, seven different values of M are considered: M (N m) =0, 2.44, 4.89, 7.34, 8.56, 9.78, and 11.0
(transcribed by the authors).

The present results are obtained using 10 EB elements and 10 EA elements. The load—deflection curves of
the present study together with the experimental results given in [1] are shown in Fig. 9, where the initial
deflections caused by the self-weight are excluded. It can be seen that the agreement between these two
results is very good. Note that the value of « is about 4 for this example. This may explain why the
difference between the convergence rate of the EA and EB element is insignificant for this example.

Example 5 (Torsional buckling for beam of cruciform cross-section subjected to an axial force). This exam-
ple considered is the beam of cruciform cross-section subjected to an axial force P as shown in Fig. 10. This
example was introduced by Battini and Pacoste [40]. Except the translation is free in the direction of X¥ axis
at the right end, the translations, rotations and warping are restrained at both ends of the beam. Note that
for this example, the only nonzero displacements are the translation along and rotation about the beam
axis, and I, = I.. Thus, the EA and EB elements are identical for this example. In [40], the term Ju7, in
11 1s neglected. In order to compare results with those given in [40], the EB element with the terms
3AELE? in A, (Eq. (38)) and 3E1,¢. [ NN/} dx in ki, (Eq. (50)) neglected, referred to as EC element, are also
considered for this example.

The present buckling loads obtained using 10 elements together with those given in [18,40] are shown in
Table 2. It can be seen that the agreement among these results is very good. The results obtained using EB
and EC elements are a little bit different, which shows that the term %”%1 in &1 has some minor effect on the
buckling load for this example. The load—deflection curves of the present study for postbuckling analysis
together with the results of [40] are shown in Fig. 11. It can be seen that the discrepancy between the
deflection curves obtained using 10 and 20 EB elements is increased with the increase of the twist angle. The

Scale M.= 0.0 N-m
200 N-mm

6 T=0 244

4.89

7.34

T (N-mm)

o 8.56

© 978

.. 11.0

04 -02 00 02 04
¢c (rad)

Fig. 9. Load-twist angle curves for Example 4.
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Fig. 10. Beam of cruciform cross-section subjected to an axial force (Example 5).

Table 2
Torsional buckling load for Example 5
Mode no. Buckling load, Pyg
Theory [18] 10 bw3d [40] 10 EB 10 EC

1 272.57 272.57 272.11 272.57
2 287.35 287.38 286.83 287.38
3 314.99 315.17 314.42 315.17

800

700

600 , /
500 / /’/
400 4

o
300 fogare ™ 10EB
200 —— 20EB
—————— 20EC

100 O 20bw3d [40]

0 1 1 1 1 1 1 1 1 1 1 1
00 0.1 02 03 04 05 06 0.7
DA

Fig. 11. Load-twist angle (middle point) curves for Example 5.

results obtained using 20 EB and EC elements are in excellent agreement with those obtained using 20 bw3d

elements [40].
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Example 6 (Simply supported beam of Z-section subjected to an eccentric axial force). This example consid-
ered is a simply supported beam of Z-section subjected to an eccentric axial force P as shown in Fig. 12.
This example was analyzed by Attard [14]. The ends of the beam are free to warp and free to rotate about
X§ and X§ axes, but restrained from rotation about X{ axis. The translation is restrained at end point A,
and is free only in the direction of X¢ axis at point B.

The present results are obtained using 40, 80 EA and 20, 40 EB elements. The linear buckling load and
the nonlinear buckling load given in [14] are 88.55 kN and 119.01 kN, respectively. The present nonlinear
buckling load obtained using 80 EA elements is 86.75 kIN. However, no buckling load is detected for the
case using EB elements. For this example, the transverse deflection and twist are initiated, regardless of the
magnitude of the loading. Thus, the bifurcation buckling may be impossible. It seems that the existence of
limit point on the loading—deflection curves may also be impossible for a simply supported elastic beam
subjected to end axial forces. Because the higher order terms of the tangent stiffness matrix are dropped in
this study, the tangent stiffness matrix used here is an approximate tangent stiffness matrix. Thus, the
buckling point detected for this example may be just an artificial critical point. The load—deflection curves
of the present study together with the results of [14] are shown in Figs. 13-15. The results of 20 EB elements
are obtained by using 80 increments. The average number of iterations per increment is about 6. The results
of 40 EB elements (not shown here) are nearly identical with those of 20 EB elements. It can be seen that the
agreement is very good between the present results of 20 EB and 80 EA elements. For this example, the
value of o is about 10. The discrepancy between the deflection curves of the present study and [14] is
remarked when the deflections are not small. The discrepancy may be attributed at least in part to that a
total Lagrangian formulation combined with the assumption of small to moderate axial displacement due
to flexural deformations is used and only the terms up to the second order are retained in the derivation of
the beam element in [14].

P o~ C B
TA EF—— -—-—+——x5,u,0

12— 12

End cross section

L = 6096 mm
“' 0 =0.4919 rad
b=285.73 mm
h tw= tf = 12.7 mm
h =142.88 mm
E=2x10’MPa

t J b G =77230 MPa

x  Loading point

Fig. 12. Simply supported beam of Z-section subjected to an eccentric axial force (Example 6).
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Fig. 14. Load-displacement (Ug, V) curves for Example 6.
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Fig. 15. Load-displacement (W) curves for Example 6.
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Example 7 (Cantilever beam of asymmetric angle section subjected to an eccentric axial force). The example
considered is a cantilever beam of asymmetric angle cross section subjected to an eccentric axial force P as
shown in Fig. 16. This example was analyzed by Chan and Kitipornchai [17]. The clamped end of the beam
is fully restrained against warping.

The value of « is about 6 for this example. The present results obtained using 10 EA, 10 EB and 20 EB
elements are nearly identical. The load—deflection curves of the present study together with the results of
[17] (transcribed by the authors) are shown in Fig. 17. The results of 10 EB elements are obtained by using
40 increments. The average number of iterations per increment is about 7. The discrepancy between the

"THST O L=1400mm
Ny 9 =-0.4214 rad
X3 \]7/ N b=47.75 mm
t =6.5 mm
_L l h=72.75 mm
E = 193.05 kN/mm?

i o

x Loading point

Fig. 16. Cantilever beam of asymmetric angle section subjected to an eccentric axial force (Example 7).

35

N A=

20 tf-for

P (kN)

10 ———— [17]

0 200 400 600 800 1000
Disp. of the loading point (mm)

Fig. 17. Load-displacement curves for Example 7.
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deflection curves of the present study and [17] is remarked when the deflections are not small. The
discrepancy may be attributed at least in part to that the displacement field of elementary beam theory is
used in the derivation of the beam element in [17].

Example 8 (Cantilever beam of asymmetric channel section subjected to an axial force). The example con-
sidered here is a cantilever beam of asymmetric channel cross-section subjected to an axial force P applied
at the centroid or shear center of the end cross-section as shown in Fig. 18. The clamped end of the beam is
fully restraint against warping. The directions of the X§ and X§ axes are chosen to be those of the principal
centroid axes of the cross-section at the undeformed state.

The present results are obtained using 20 EB elements. The present nonlinear buckling load
corresponding centroid load and the linear buckling load given in [31] are 13.991 N and 13.902 N,
respectively. The load—deflection curves of the present study together with the results of [39] using 20 beam
elements are shown in Fig. 19. Note that in order to compare results with those given in [39], a lateral load
of 0.001P is applied at the centroid of the end cross-section in the direction of the X§ axis for the results
shown in Fig. 19. It can be seen that the present results are in excellent agreement with those given in [39].

Example 9 (Cantilever beam of asymmetric channel section subjected to an end lateral force). The example
considered here is a cantilever beam of asymmetric channel cross-section subjected to an end vertical force
P as shown in Fig. 20. The clamped end of the beam is fully restraint against warping. The geometry and
material properties are identical with those of Example 8. Six cases are considered. For cases (a), (b) and (c),
the vertical upward load P(+) is applied at the top of the web, the centroid, and the bottom of the web,
respectively, and for cases (d), (e) and (f), the vertical downward load P(—) is applied at the top of the
web, the centroid, and the bottom of the web. The error tolerance e, = 10~ is used for this example.
The present results are obtained using 40 EB elements. The load—deflection curves of the present study
are shown in Figs. 21 and 22 for cases (a)—(f), respectively. It can be seen that the load—deflections of dif-
ferent loading points are similar for vertical upward load and vertical downward load, respectively.

L =200cm
9=-0.1116 rad
b;=2cm
h b,=4cm
C x$ tj=t; = t, =0.5cm
ftz ty — ﬂ h=10cm
| ] E = 30000 N/CIH2
Tl——bz——l G = 11500 N/en?

¢ Loading point

Fig. 18. Cantilever beam of asymmetric channel section subjected to an axial force (Example 8).
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Fig. 19. Load-displacement curves for Example 8.
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Fig. 20. Cantilever beam of asymmetric channel section subjected to a lateral end force (Example 9).

Example 10 (Cantilever beam of Z-section subjected to an axial force at the end centroid). The example con-
sidered here is a cantilever beam of Z-section subjected to an axial force P applied at the centroid of the end
cross-section as shown in Fig. 23. The directions of the X§ and X§ axes are chosen to be those of the prin-
cipal centroid axes of the cross-section at the undeformed state.

Note that because the value of warping function at the centroid of the cross-section is not zero for Z-
section, a bimoment —85.714P(e{ - €f) is induced by the axial load at the end node, where 85.714 is the
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Fig. 21. Load-displacement curves for cases (a), (b) and (c) of Example 9.
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Fig. 22. Load-displacement curves for cases (d), (e) and (f) of Example 9.

value of warping function at the centroid of the cross-section, ey and e} are the unit vectors associated the
X§ axis and current x7 axis of the end cross section. For this example, the value of « is about 9. This
example is analyzed using 40, 80 EA and 20 EB clements. The results of 20 EB and 80 EA eclements are
nearly identical. Thus only the results of 20 EB elements are shown here. The load—deflection curves of the
20 EB elements are shown in Figs. 24-26. In Fig. 24 ¢g is the prebuckling twisting angle at node B induced
by the bimoment. The present buckling load is 906.610 kN, which is in close agreement with the Euler
buckling load 906.286 kN. The small discrepancy between the present buckling load and the Euler buckling
load may be induced by the prebuckling twist of the cross-section. The postbuckling displacements ¥ may
also be attributed to the prebuckling twist of the cross-section. It can be seen from Figs. 25 and 26 that the
increase of the postbuckling displacements Ug, Vg and Wy is remarked with slight increase of the applied
load as expected. However, the postbuckling displacements Wy are decreased with further increase of the
applied load.
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Fig. 23. Cantilever beam of Z-section subjected to an axial force at the end centroid (Example 10).
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Fig. 24. Load-twist angle curve (prebuckling) for Example 10.

5. Conclusions

A consistent co-rotational total Lagrangian finite element formulation for the geometric nonlinear buck-
ling and postbuckling analysis of thin-walled beams with generic open section is proposed. The kinematics
of beam element used in [38] for monosymmetric thin-walled open-section beams is extended here. The ele-
ment nodal forces are derived using the virtual work principle. The rigid body motion corresponding to the
virtual nodal displacements is excluded in the derivation of the element nodal forces. A procedure based on
the method described in [24] and the first order consistent linearization is proposed to determine the element
coordinate system and element nodal deformations for the virtual displaced configuration corresponding to
the virtual element nodal displacements. The difference between the nodal rotation parameters and the dif-
ference between the chord length of the beam element corresponding to the virtual displaced configura-
tion and the current configuration are used as the element virtual nodal deformation displacements. All
coupling among bending, twisting, and stretching deformations for beam element is considered by
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Fig. 25. Load-displacement (Ug, V) curves for Example 10.
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Fig. 26. Load-displacement (W3) curves for Example 10.

consistent second-order linearization of the fully geometrically nonlinear beam theory. However, the third
order term of the twist rate of the beam axis is retained in the element nodal forces. Since the rigid body
motion of the element is eliminated in the consistent co-rotational formulation, there are only eight inde-
pendent implicit and explicit element nodal forces. The lateral nodal force f; (i=2,3,j=1,2) may be
regarded as reactions to the corresponding bending moments.

It was explained that the change of element nodal forces induced by the element rigid body rotation
should also be considered in the derivation of the element tangent stiffness matrix for the consistent co-rota-
tional formulation. Thus, a stability matrix should be included in the element tangent stiffness matrix. It
was demonstrated through numerical examples that the derived element tangent stiffness matrix can be used
to detect different buckling loads of beam structures. Because the higher order terms of the tangent stiffness
matrix are dropped, the tangent stiffness matrix used in this study is an approximate tangent stiffness ma-
trix. Thus, the buckling points detected for Example 6, in which bifurcation buckling or snap buckling may
be impossible, may be just an artificial critical point, not a bifurcation point or limit point. In order to verify
the existence of bifurcation point, at the buckling point a perturbation displacement proportional to the
corresponding buckling mode should be added to detect the existence of the secondary path.
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In the element nodal forces and the element stiffness matrices of the present beam element and those used
in [24,36-38,41], the terms relevant to the twist angle, slopes, length of the beam element will converge to
zero and those relevant only to the unit extension, twist rate and curvatures of the beam element will con-
verge to constants. The contribution of the terms relevant to the twist angle and slopes length of the beam
element may be negligible with the decrease of element size. However, their convergence rates may be
slower than those relevant to the unit extension, twist rate and curvatures with the decrease of element size.
Thus, if the terms relevant to the twist angle, slopes, and length of the beam element are removed from the
element nodal forces and the element matrices, the convergence rate of the solution may be increased. This
belief was confirmed through numerical examples studied in this paper. Note that the increase of the con-
vergent rate of solution is remarked when the ratio of the flexural stiffness between the major axis and the
minor axis of the cross-section of the beam is large. Thus, it is suggested that all the underlined terms in
Egs. (34)—39), (50), (A.3) and (B.5)—(B.9) should be removed to simplify the expression and to increase
the convergence rate of solution for the present beam element. It seems that this belief can be applied to
the beam elements used in [24,36-38,41] to increase the convergence rate of solution.
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Appendix A. Transformation matrix Ty,

The explicit form of the transformation matrix between the variation of the implicit and explicit nodal
parameters may be expressed as

Top = Ty + Ty + Toy, (A.1)
i 03 03 03 03 03><2_
Tal Tcl _Tal Te 03><2
To,+Ty=| T, 05 -T, 05 05, (A.2)
TaZ Td _Ta2 Tc2 03><2
_02><3 02><3 02><3 O2><3 IZ .
_ 021 - 922 631 - 032_
0 0 0 44 4/
—02j 011 + 612 —(1 + SOj) ) 6y 62
Ty=1| L 20 l (D10 ==L, ——20y |, (A.3)
LY Le =
—0;; 148, 0Ou+0n 6y 62
L ‘ 20 0 — 770y — 770y |
-1 0 0
T,=|0 0 0],

0 0 0
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O —(0n + 012) 0 =0y ——F0y
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0 3z 3y 0 3z 3y
To=| 5 o —F0n|, Te=| 55 =20x "0 |,
0 3z 3y 0 3z 3y
0; 0; 0; 0;  0s,
Ta Te —-Ta To 030
To=|0s 05 03 03 050, (A.4)
To T ~-Tp Ta 030
02><3 O2><3 02><3 02><3 02><2
[0 0 0
0 (Gn+G )% —(Ga+G )%
T, = b2+ Om) = 2t Ou) 771 (A.S)
0; 0,
0 (Gp+ Gus) % — (G2 + Gus) %
K 0 0 0 0 0
Tg;= |0 Gablhy Guby|, Te=|0 Guby Guby|,
10 Gl Guobs; 0 Guls;  Gpby;

where T’b s (i=0,1,2) are the ith order terms of Ty, I» is the identity matrices of order 2 x 2, 0, 03, 023 and 03,
are zero matrices of order 2 x 2,3 x 3,3 x 2 and 2 x 3, respectively, y; (j = 1,2) are the nodal value of &) at node
Jj, and Gp; and G,; (i = 2,4) are the ith element of column matrices G, and G, given in Eq. (39), respectively.

Appendix B. Relations between the explicit and implicit element nodal forces

fo=—fu=fh+17, (B.1)

= %mgl + %mgz + %mgl + %mgzv (B.2)
S =—fn :%(mn +m3), (B.3)
fi=—fn= _%(mZI + my), (B4)
myp = —mpp = % (m(l)l - m?z) +%932m§2 *%931’"31 - %022’”22 + %921’"217 (B.5)
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myy = (1 + eo;)my, + % (mfy — mf) — M’"gl - % (5021 — m302)

- % (m$,031 — m3,0) + fif GooL, (B-6)
myy = (1 + eo;)ms; — % (mfy — mfy) + M’ngl + % (5,021 — mi,0n)

+ ?’Lﬁ (m§,03 — m$,03) +M, (B.7)
my = (1 + eo;)my, — % (mfy — mf) — wmgz - % (3021 — m3,02)

*%( 8,031 — m3,03) Jrjw, (B.8)
my = (1+ 50/‘)’"22 + % (m?l - m(i)z) + M’"gz + % (mgleﬂ - m32022)

+ 3% (m3,031 — m$,03) + i GpaL. (B.9)

Note that the above underlined terms will converge to zero with the decrease of the element size and the
value of 0;; + 0, in Egs. (B.6)~(B.9) is equal to zero. Bimoment B; (j = 1,2) are identical for the explicit
and implicit element nodal forces. As expected, there are only eight independent explicit element nodal
forces. The final forms of f; (i =2,3,j=1,2) in Egs. (B.3) and (B.4) may be regarded as reactions to the
corresponding bending moments.

Appendix C. The matrix Hg

[ by by —hy by 050
hzbel h;iel _hfel h;iel 05,2
Hp = hfez hjéz _h?az hfez 03, |,
hz, hg  —hi, by 05
_02><3 02><3 02><3 02><3 02
i Sy Sy my; ms
0o ¥ my o my
¢ 0 = 7
h;j: 0 —% 0 ) hl;?j: 0 _% 0 )
fu o o 2u
0o 0 7
[0 00 0 00
13 ms;
¢ —= 0 0 ——= 0 0
hi, = | 2 , b= 2 ,
Soj e I
L2 00 2

in which j = 1,2, 0,, 0,3 and 03, are zero matrices of order 2 x 2, 3 x 2 and 2 X 3, respectively.
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Appendix D. The matrix Hy
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0 0 0 0 0 0
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where m{} (i=1,2,3,j = 1,2) are the first order terms of m];, 0,, 03, 02,3 and 03, are zero matrices of order
2x2,3x%x3,3x2and 2 x 3, respectively. "
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