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Abstract

A practical second-order inelastic analysis of three-dimensional steel frames subjected to
distributed load is developed. This analysis realistically assesses both strength and behavior of a
structural system and its component members in a direct manner. To capture second-order effects
associated with P— ¢ and P — 4, stability functions are used to minimize modeling and solution time.
The Column Research Council (CRC) tangent modulus concept is used to account for gradual yielding
due to residual stresses. A softening plastic hinge model is used to represent the degradation from
elastic to zero stiffness associated with development of a hinge. In proposed analysis, a member has
two elements and three nodal points. A plastic hinge location can be captured in analysis as the internal
nodal point traces the maximum moment location at each load step. Maximum moments and load—
displacements predicted by the proposed analysis compare well with those given by other approaches.
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1. Introduction

Over the past twenty years, many researchers have developed and validated various
methods of performing second-order inelastic analyses on steel frames. Most of these studies
may be categorized into one of two types: (1) plastic-zone; or (2) plastic-hinge, based on the
degree of refinement used to represent yielding. The plastic-zone method uses the highest
refinement while the elastic—plastic hinge method allows for a significant simplification.

In the plastic-zone method, a frame member is discretized into finite elements, and the
cross-section of each finite element is subdivided into many fibers [1-4]. The deflection at
each division along the member is obtained by numerical integration. The incremental load-
deflection response at each load step, with updated geometry, captures the second-order
effects. The residual stress in each fiber is assumed constant since the fibers are sufficiently
small. The stress state of each fiber can be explicitly determined, and the gradual spread of
yielding traced. A plastic-zone analysis eliminates the need for separate member capacity
checks since second-order effects, the spread of plasticity, and residual stresses are
accounted for directly. As a result, a plastic-zone solution is considered ‘exact.” Although
the plastic-zone solution may be considered ‘exact,’ it is not conducive to daily use in
engineering design, because it is too computationally intensive and too costly.

A more simple and efficient way to represent inelasticity in frames is the elastic—plastic
hinge method. Here the element remains elastic except at its ends where zero-length plastic
hinges form. This method accounts for inelasticity but not the spread of yielding through the
section or between the hinges. The effect of residual stresses between hinges is not
accounted for either. The geometric nonlinearities are considered by stability functions
using only one beam-column element to define the second-order effect of an individual
member so that they are an efficient and economical method in frame analysis. The elastic—
plastic hinge method has distinct advantage over the plastic-zone method for slender
members (whose dominant mode of failure is elastic instability) as it compares well with
plastic-zone solutions. However, for stocky members (which sustain significant yielding),
it over-predicts the capacity of members as it neglects to consider the gradual reduction
of stiffness as yielding progresses through and along the member. Consequently,
modifications must be made before this method can be proposed for a wide range of
framed structures.

The refined plastic-hinge analysis, based on simple refinements of the elastic—plastic
hinge model, has been proposed for plane frame analysis in recent works [5—13]. The
analysis overcomes difficulty of the elastic—plastic hinge method. Orbison, Prakash and
Powell and Liew and Tang [14-16], and Kim et al. (2000) have proposed for second-order
inelastic analysis methods for the three-dimensional structures. However, these analysis
methods are based on the assumption that the plastic hinge occurs only at the member ends.
When a member is subjected to distributed loads, a plastic hinge may occur within the
member as well as at the member ends. The assumption that the plastic hinge occurs only at
the member ends is no longer valid. Wong [17] has introduced a moving node tracing the
location of the internal plastic hinge which is the location of maximum bending moment.
However, Wong’s method uses an elasto-plastic analysis ignoring geometric nonlinear
effects. The exact location of the internal plastic hinge should be calculated considering not
only inelasticity but also second-order (P —¢) effect.
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In this paper, a practical second-order inelastic analysis of three-dimensional steel frame
subjected to linearly varying distributed lateral loads is developed. The material
nonlinearity is considered by using CRC tangent modulus and a parabolic function. The
geometric nonlinearity is considered by stability functions accounting for the interaction
between axial force and bending moment. The internal nodal point traces the maximum
moment location at each load step so that a plastic hinge location can be captured in analysis.

2. Practical second-order inelastic analysis

A practical second-order inelastic analysis of three-dimensional steel frames subjected to
linearly varying distributed lateral loads will be presented. This analysis accounts for both
geometric and material nonlinearities. The geometric nonlinearities include P — ¢ effect and
P — A4 effect. Stability functions are used to account for P —¢ effect indicating additional
moment induced by the axial force applied on a deflected member. Element stiffness matrix
take into account P — 4 effect indicating additional moment produced by the gravity loads
applied on the swayed frame. The material nonlinearities include gradual yielding of steel
associated with flexure and residual stresses. The moving node concept is used to trace the
plastic hinge location within a member.

2.1. Basic assumptions

The following assumptions are used for modeling of a beam-column element.

(1) All elements are initially straight and prismatic. Plane cross-section remains plane
after deformation.

(2) Local buckling and lateral-torsional buckling are not considered. All members are
assumed to be fully compact and adequately braced.

(3) Large displacements are allowed, but strains are small.

(4) The element stiffness formulation is based on beam-column stability functions
considering axial and bending deformations.

(5) Strain hardening is not considered. Plastic hinges cannot sustain additional loads.

(6) Reduction of torsional and shear stiffnesses is not considered in plastic hinge.

2.2. Planar beam-column subjected to distributed lateral loads

Considering the prismatic beam-column element subjected to linearly varying
distributed lateral loads as incremental in Fig. 1, the incremental force—displacement
relationship of this element may be written as

MA Sl S2 0 9A MFA
. ElI|S, S 0 . .
MB = f : ! '9B + MFB ( 1 )
. A .
P 0 0 7 ) 0

where
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Fig. 1. Beam-column subjected to incremental distributed lateral load.
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2.3. Stability functions accounting for P— o0 effect

To capture P — ¢ effects, stability functions are used to minimize modeling and solution time.
Generally only one or two elements are needed per member. The simplified stability functions
reported by [18] are used here. The stability functions given by Eq. (1) may be written as

S2=

7T, /psin(rt,/p) — 1 pcos(Tt,/p) £P<0

2 —2cos(T,/p) — T, /psin(TT,/p) )
7* peosh(m,/p) — . /psinh(t./p) >0

2 —2cosh(m,/p) + 1, /psinh(7,/p)

thp — 7t /psin(7,/p) FP<0

2 —2cos(Tt\/p) — TC\/_Sin(TC\/ﬁ) 3)
TC\/_Slnh(TC\/—)—TC 0 PS>0

2 —2cosh(7t,/p) + 7t /psin(Tt,/p)

where p = P/(T’El/L?), P is positive in tension.
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The numerical solutions obtained from Egs. (2) and (3) are indeterminate when the
axial force is zero. To circumvent this problem and to avoid the use of different
expressions for S; and S, for a different sign in axial forces, Lui and Chen [19] have
proposed a set of expressions that use power-series expansions to approximate the stability
functions. The power-series expressions have been shown to converge to a high degree of
accuracy within the first ten terms of the series expansions. Alternatively, if the axial force
in the member falls within the range —2.0<p <2.0, the following simplified expressions
may be used to closely approximate the stability functions:

2’p  (0.01p +0.543)p° N (0.004p + 0.285)p>

S, =4+
! 15 4+p 8.183 +p

“

2 0.01p +0.543)p>  (0.004p + 0.285)p>
5222_M+( p+ w o ( p + ) )
30 4+4p 8.183 +p

Egs. (4) and (5) are applicable for members in tension (positive P) and compression
(negative P). For most practical applications, Eqgs. (4) and (5) give an excellent agreement
to the ‘exact’ expressions given by Egs. (2) and (3). However, for p other than the range of
—2.0<p<2.0, the conventional stability functions (Eqgs. (2) and (3)) should be used. The
stability function approach uses only one element per member and maintains accuracy in
the element stiffness terms and in the recovery of element end forces for all ranges of axial
loads.

2.4. Fixed end moments of a beam-column subjected to distributed lateral loads

The incremental fixed-end moments of a beam-column subjected to the axial force and
linearly varying distributed lateral load shown in Fig. 1 may be written as
If P<0 then,

_ 12w, (1 —cos kL) + (kL)*(W, + 2w,) — (KL)(9v, + 3vy)sin kL
12k%(kL cos(0.5kL) — 2 sin(0.5kL))sin(0.5kL)

MFA

(kL)*(2vv, + W, )cos kL
12k%(kL cos(0.5kL) — 2 sin(0.5kL))sin(0.5kL)

(6a)

12u(cos KL — 1) — (KL)* (2, + vop) + (kL)(3vi, + iz, )sin kL

MFB 2 p .
12k=(kL cos(0.5kL) — 2 sin(0.5kL))sin(0.5kL)

_ (kL)* (v, + 2w, )cos kL
12k*(kL cos(0.5kL) — 2 sin(0.5kL))sin(0.5kL)

(6b)
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If P> 0 then,

1242, (1 — cosh kL) — (kL)*(, + 2v,) + (KL)(9v, + 3v,)sinh kL
12K2(kL cosh(0.5kL) — 2 sinh(0.5kL))sinh(0.5kL)

MFA =

B (kL)*(2w,, + w)cosh kL
12k2(kL cosh(0.5kL) — 2 sinh(0.5kL))sinh(0.5kL)

(7a)

 12(cosh kL — 1) + (KLY2 (24, + ) — (KL)BW, + 9vi,)sinh kL
12k2(kL cosh(0.5kL) — 2 sinh(0.5kL))sinh(0.5kL)

4 (kL)*(W, + 2w, )cosh kL
12k2(kL cosh(0.5kL) — 2 sinh(0.5kL))sinh(0.5kL)

£
EI

(7b)

where k=

The numerical solutions obtained from Egs. (6a), (6b), (7a) and (7b) are indeterminate
when the axial force is zero. The following power series expansion are used:
_ Gw, F 2w (19w, + 16w)K’L* (13w, + 12w, k'L

60 25,200 756,000

Mgy = (8)

(12w, + 13w, )K*L°
756,000

. Qw, +3w,)L* (16w, + 19w,)k*L*
MFB = -
60 25,200

C))

2.5. Space beam-column subjected to distributed lateral loads

The incremental force—displacement equation may be extended for a three-dimensional
beam-column element as

% 0 0 0 0 0
P El, . EI, 0 0
. 0 -2 85— 0 o o], .
M L L Oya Mo
_ El, | EI, . E
M},B O S2 L 1 T O 0 O 0}'B MyFB
| o E . | (10)
MZA 0 0 0 S3 TZ S4TZ 0 6ZA MZFA
M, El.  EI 0 M
g 0 0 0 S==s==o0l||™® e
T L L o d’ 0
0 0 0 0 0o =
L L

where P, My, Mg, M5, Mg, and T are incremental axial force, incremental end
moments with respect to y and z axis and incremental torsion, respectively. 5, 9yA, 6),]3, GZA,
0.5, and ¢ are the incremental axial displacement, the incremental joint rotations, and the
incremental angle of twist. Sy, S,, S3, and S, are the stability functions with respect to y and
Z axis, respectively.
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2.6. CRC Tangent modulus model associated with residual stresses

The CRC tangent modulus concept is used to account for gradual yielding due to
residual stresses along the length of axially loaded members between plastic hinges. The
elastic modulus E (instead of moment of inertia /) is reduced to account for the reduction
of the elastic portion of the cross-section since the reduction of the elastic modulus is
easier to implement than a new moment of inertia for every different section. The rate of
reduction in stiffness is different in the weak- and strong-directions, but this is not
considered since the dramatic degradation of weak-axis stiffness is compensated for by the
substantial weak-axis plastic strength [8]. This simplification makes the proposed method
practical. From [18], the CRC E, is written as

E = 1.0E for P<0S5P, (11a)
P P

E,=4—E(1——) forP>05P, (11b)
P, P,

2.7. Parabolic function for gradual yielding due to flexure

The tangent modulus model is suitable for an element subjected to axial force, but not
adequate for cases of both axial force and bending moment. A gradual stiffness
degradation model for a plastic hinge is required to represent the partial plastification
effects associated with bending. We shall introduce a softening plastic hinge model to
represent the degradation from elastic to zero stiffness associated with development of a
hinge. When softening plastic hinges are active at both ends of an element, the incremental
force—displacement equation may be modified as

P % 0 0 0 0 0
M yA 0 kiiy ijy 0 éyA M YFA
Mg 0 i Ky 0 0,8 M g
- o 0 0 ki k, O o (Y 12)
M., iz Rz 0. M A
Mg 0 0 0 ki ki O 6ZB M.
, GJ .
T 0O 0 0 0 0 —* é 0
L L |
where
o =51~ E a1 ) B s
iy Na 1 Sl B L
El,
kijy = NaMBS2 (13b)

L
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S3 El,

kjyy = ng (Sl _??(1 —m)) ‘L" (13¢)
S El

kiiz = na| S5 — 5_3(1 — 7p) 7 (13d)

El

Kie = MamSs =~ (13e)
_ 52 El,

kjjz =ng|S3 _S_;(l —7Ma) L (131)

The terms n, and ng is a scalar parameter that allows for gradual inelastic stiffness
reduction of the element associated with plastification at end A and B. This term is equal to
1.0 when the element is elastic, and zero when a plastic hinge is formed. The parameter 5
is assumed to vary according to the parabolic function:

7 =10 fora<0.5 (14a)

n=4da(l —a) fora>0.5 (14b)

where « is a force-state parameter that measures the magnitude of axial force and bending
moment at the element end. The term « may be expressed by AISC-LRFD and Orbison,
respectively:

2.7.1. AISC-LRFD
Based on AISC-LRFD bilinear interaction equation [20,21], the cross-section plastic
strength of the beam-column member may be expressed

P 8M, 8M . P _2M 2M

o=—+_——+— or —>— — (15)
P, 9M, 9M, P, 9M, 9M,
P M M P 2M, 2M
a=—r+—F+ -5 for —<— 14— F (16)
2P, M,, M, P, 9M, 9M,
2.7.2. Orbison
Orbison’s full plastification surface [14] of cross-section is given by
a= 115"+ mg + mi + 3.67p2m§ + 3.Op6m§ + 4.65m§m§ an

Where p=P/P,, m,=M_/M,, (strong-axis), m,=M,/Mp, (weak-axis).

Initial yielding is assumed to occur based on a yield surface that has the same shape as
the full plastification surface and with the force-state parameter denoted as «p=0.5. If the
forces change so the force point moves inside or along the initial yield surface, the element
is assumed to remain fully elastic with no stiffness reduction. If the force point moves
beyond the initial yield surface, the element stiffness is reduced to account for the effect of
plastification at the element end.
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2.8. Shear deformation

The stiffness coefficients should be modified to account for the effect of the additional
flexural shear deformation in a beam-column element. The flexural flexibility matrix can
be obtained by inversing the flexural stiffness matrix as

k; k;:

] ij _ y .
2 2
?MA _ | ik k_ ki kiilzj.‘. —ky ATIA (18)
0MB ] u MB

ii

where ki;, kij, and k;; are the elements of stiffness matrix in a planar beam-column. fyia and
Oup are the incremental slope of the neutral axis due to bending moment. The flexibility
matrix corresponding to flexural shear deformation may be written as

. 1 1 .
{ o } = |Gk o {MA } (19)
Osg My
GA, GA,

where GA; and L are shear rigidity and length of the beam-column, respectively.
Incremental rotation at the A and B is obtained by combining Eqgs. (18) and (19) as

0 0 0
Op Onp Osp
The incremental force—displacement relationship including flexural shear deformation
is obtained by inversing the flexibility matrix as
2 2

: > 2 2D

ki + k; + 2k; + AGL Ky + k;; + 2k; + A,GL

O

The incremental force—displacement equation may be expanded for the three-
dimensional beam-column element as

. -EA 1
P % 0O 0 0 0 0 0 0
M, 0 Ciy Cj 0 0 0 O, M ga
Mg 0 G Gy 0 0 0 [ Mg
(1o 0o o0 c.c. oV, (7). (22)
M fiz iz N M gp
M 0 0 0 Cj Cj 0 i Mg
. GJ .
T 0 0 0o 0o o |4 0

in which
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2
C‘, _ kiiykjjy - kl]y + kiiyASZGL (233)
B kyy + kyy + 2k, + A GL
2
o = “Kinkiy + Ky + kA GL (23b)
D ey + kg + 2k + ALGL
2
C.. = kiiykjyy — kij_v + kjA . GL (23¢)
W ey + Ky + 2k + A GL
2
C.. = kiizkjjz B kijz + kiizAsyGL (23(1)
" kiiz + kjjz + 2k;j; + A GL
2
C“ _ _kiizkjjz + kijz + kljZAS}GL (238)
v kiiz + kjjz + 2kijz + AS}’GL
2
C.. = kiicKjje — kij: + kjj: Ay GL (23f)
e ke, + kg, + 2k, + Ay GL

where Ay, and A, are the effective shear flexure shear areas with respect to y and z axes,
respectively.

The incremental force—displacement relationship from Eq. (22) may be symbolically
written as

{f.} = [K.Hd.} 24)

in which {f,} and {d,} are the incremental end force and incremental displacement, and
[K.] is the tangent stiffness matrix.

2.9. Element stiffness matrix accounting for P— A4 effect

The incremental end forces and end displacements used in Eq. (22) are shown in
Fig. 2(a). The sign convention for the positive directions of element end forces and end
displacements of a beam-column element is shown in Fig. 2(b). By comparing the two
figures, we can express the equilibrium and kinematic relationships in symbolic form as

{fa} = [Tlexiaife} (25)

{d.} = [Tlexinldr} (26)
{f,} and {d| } are the incremental end force and displacement vectors of a beam-column
element expressed as
{fn}T = {rnl T2 T3 T4 Tos Tue To7 Tog "o Talo Tnil Thni2 }
(27a)
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Fig. 2. Notation of element end forces and displacements.

{dL}T:{dl d2 d3 d4 dS d6 d7 d8 d9 le dll

{f.} and {d.} are the incremental end force and displacement

[Tlgx 1> is a transformation matrix written as

—1 0 0 0 0 0 1
1
0 0 — 0100
L
1
0O 0 —— 0 0 0 O
[(Tlexi2 = 1L
0 - 0 0010 —
L
1
2z 0 _
L
L 0 1

0

Myb * P T

— wt— =X

(=)

S Nl

0
—1

dpp }
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(27b)

vectors in Eq. (22).

(28)

Using the transformation matrix by equilibrium and kinematic relations, the
incremental force—displacement relationship of a beam-column element may be written as

{fo} = [K,}dL}.

[K,] is the element stiffness matrix expressed as

[Knlizxiz = [TlexialKeloxs Tloxia-

(29)

(30)
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Eq. (30) can be subgrouped as

[K.]i  [Ky]n
[Knlizxiz = T G
[Kn]z [Kn]3
where
(@ 0 0 O 0]
0 b 0 O c
K| 00 d 0 — 0 323)
= a
" loo 0 f 0 0
00 — 0 g O
00¢c 0 0 0 &
[—a 0 0 0 0]
0 —b 0 c
K1 — 0 —d 0 —e 0 (32b)
ne 0 0 —f 0 0
0 0 i 0
0 — 0 0 0 ]
(@ 00 0 0 0]
0 b 00 0 —c
1 00 d 0O e O (320)
— C
"Tlo o0 f 0 o0
0 0 e 0O m O
_0 c 00 0 n ]
where
_EA Gy +2C;, + Cy, _ G +Cy;
a—T, b—#, c = L ’
Cii, 4+ 2Cii, + Cii, Ciiy + Ciiy GJ
\/E: Y szy JJ)’ e = ,VL J}’ f:T’ g Ciiy’
h=Ciy, ~i=Cy, j=Cpu, m=Cy, n=C (33)

Eq. (31) is used to enforce no sidesway in the element. If the element is permitted to
sway, an additional axial and shear forces will be induced in the element. We can relate
this additional axial and shear forces due to an element sway to the element end



S.-E. Kim, S.-H. Choi / Thin-Walled Structures 43 (2005) 135-160 147

displacements as

{f} = [K{dL}. (34)

where {f <, {dL}, and [K] are incremental end force vector, incremental end displacement
vector, and the element stiffness matrix. They may be written as

{3 = {ra ro re ra rs re ra re e Tso s Tz} (35a)
{aY ={d dy dy dy ds dg dy dy dy dyg dy dp} (35b)
K, —IK]
[Kslioxi2 = . (35¢)
—[KJs K]
where
[0 a —b 0 0 0]
a ¢ 0 00O
K], = —-b 0 ¢ 0 0 O 36)
0O 0 0 0 O
0O 0 0 0 O
0 0 0 00 0]
and
g =Mt Moy Mon + Myn tMyB c=%. 37
L L L

By combining Egs. (29) and (34), we obtain the incremental force—displacement
relationship as

{fL} = [KliocaldL} (38)
where

il =1+ (39)

[Kliocal = [Kal + [K]. (40)

2.10. Moving node strategy

When a member is subjected to distributed lateral loads, a plastic hinge may occur at
the member ends or within the member. The plastic hinge occurred within the member is
called an internal plastic hinge. The exact location of the internal plastic hinge varies
depending on the member end forces and distributed lateral loads. In this study, a member
has two elements and three nodal points shown in Fig. 3. This internal nodal point, that is
moving node, traces the location of maximum moment within a member where might be
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Fig. 3. Beam-column member with moving node.

the location of the plastic hinge when the member forces get to the yield surface. The
location of the moving node is calculated considering both Ist-order moment (primary
bending moment) and 2nd-order moment (P — ¢ moment). The nonlinear displacement of
the member may be written as

If P<O0 then,

Mg + My coskL ~ w, —w, “cos kLY .
y=\- 7 .y in kx
Elk* sin kL EIk* sin kL

Wq MA W, =W, 3 Wq 2 L(zwu + Wb)
+ A ) cos kr + -
<E1k4 E1k2> ST et T 2Ene” 6EIK?

MA +MB Wy, — W, W, MA

— — — 41
LEK® " LENR* T ER T EIZ (41a)
If P> 0 then,
Mg +M h kL —w, “cosh kL
_ B . A COS Wy \1/“ : COS sinh k_x
EIk~ sinh kL EIk* sinh kL
M — LQ2w, +
Wa4 _ A2 cosh kx — Wp M;a X3 _ Wq > )C2 ( Wq Zwb)
EIk Elk 6LEIk 2EIk 6EIk
M A + MB Wy, — W, W, M A
— — — + 41b
LEE " LEI T EN T EIR (41b)
And the shear force may be written as
vV, = —EL" (42)

where
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for P<0

o (k(MB + My coskL)  w, —w, “cos kL)
y'= — S kx

EI sin kL Elk sin kL
4 Wa T A J;I"MA sin kx + 7WzE_Ikv:“
for P>0
o (O G )
+ W“;—IMA sinh kx — %
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(43a)

(43b)

The location of moving node may be obtained by setting the shear force equal to zero.
The numerical technique of the bi-section method is used to calculate the location of x.

Fig. 4 shows the flowchart of the proposed method.

( START )

INCLOD
Increment the spplied loads

Update the position of moving node

Fig. 4. Flowchart of the proposed method.
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2.11. Numerical implementation

The simple incremental method, as a direct nonlinear solution technique, is used in the
analysis. Its numerical procedure is straightforward in concept and implementation. The
advantage of this method is its computational efficiency. This is especially true when
the structure is loaded into the inelastic region since tracing the hinge-by-hinge formation
is required in the element stiffness formulation. For a finite increment size, this approach
only approximates the nonlinear structural response, and equilibrium between the external
applied loads and the internal element forces is not satisfied. To avoid this, an improved
incremental method is used in this program. The applied load increment is automatically
reduced to minimize the error when the change in the element stiffness parameter (An)
exceeds a defined tolerance.

3. Verifications

In the open literature, no available benchmark problems of space frames subjected to
distributed loads with moving node are available for verification study. One way to verify
the proposed analysis is to make separate verifications for the nonlinear behavior of the
space frame and for the effect of moving node.

3.1. Nonlinear behavior of space rigid frame

This verification study is performed to compare the load—displacement of the proposed
analysis method with that obtained by [14,16]. Fig. 5 shows a six-story space frame. The
yield strength of all members is 250 MPa (36 ksi) and Young’s modulus is 206,850 MPa
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Fig. 5. Six-story space frame.
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Table 1
Analysis result considering shear deformation

Method

Proposed Liew’s
Plastic strength surface LRFD Orbison Orbison
Ultimate load factor 1.990 2.057 2.062
Displacement at A in y-direction 208 mm 219 mm 250 mm
Table 2
Analysis result ignoring shear deformation

Method

Proposed Orbison’s
Plastic strength surface LRFD Orbison Orbison
Ultimate load factor 1.997 2.066 2.059
Displacement at A in y-direction 199 mm 208 mm 247 mm

(30,000 ksi). Uniform floor pressure of 4.8 kN/m? (100 psf) is converted into equivalent
concentrated loads applied on the top of the columns. Wind loads are simulated by point
loads of 26.7 kN (6 kips) in the Y-direction at every beam-column joints.

The load—displacements calculated by the proposed analysis compare well with those
of Liew and Tang (considering shear deformations) and Orbison (ignoring shear
deformations) (Tables 1 and 2, and Fig. 6). The ultimate load factors calculated from the
proposed analysis are 2.057 and 2.066. These values are very close to 2.062 and 2.059
calculated by Liew and Tang and Orbison, respectively.
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—————— Orbison (1982)
0.25 — —_— Liew and Tang (1998)
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Fig. 6. Comparison of load—displacement of six-story space frame.

Diplacement in the Y-Direction (mm)



152 S.-E. Kim, S.-H. Choi / Thin-Walled Structures 43 (2005) 135-160

(a) 350kN/m(2kips/in.)

175kN/m(1kips/in.)

890kN 890kN

RN —— o —— RN
(200kips/in.) <« —p» (200kips/in.)
moving node
|‘ 5.08 m(200 in.) '|
(b) 350kN/m(2kips/in.)
175kN/m(1kips/in.)
890kN » ¢ 890kN
(200kips/in.) fixed node (200kips/in.)

2.54 m(100 in.) 2.54 m(100 in.)

Fig. 7. Simply supported beam-column. (a) Moving node. (b) Fixed node.

3.2. Effects of moving node

3.2.1. Simply supported beam-column

Fig. 7 shows a simply supported beam-column subjected to linearly varying distributed
lateral loads. W16 X 77 of A36 steel is used for the analysis. Three analyses are carried out:
(1) second-order inelastic analysis with moving node (proposed); (2) second-order
inelastic analysis with fixed node in mid-span; (3) plastic zone analysis [22]. While the
analyses (1) and (3) use the moving node strategy tracing the maximum moment location,
the analysis (2) uses the fixed node not moving from the center of a member. The ultimate
load factors and the moving node locations are compared in Table 3. The ultimate load
factors obtained from the analyses (1), (2), and (3) are 0.642, 0.644, and 0.666,
respectively. The proposed analysis predicts precisely the ultimate load factor compared
with ABAQUS (error is 3.7%). While the maximum moment locations obtained from the
proposed analysis and ABAQUS are 2.68 and 2.67 m from point A with difference 0.4%,
the analysis (2) show 4.8% difference in the location compared to the ABAQUS result.

Table 3
Analysis result of simply supported beam-column

Method

Moving node method Fixed node method ABAQUS
Ultimate load factor 0.642 0.644 0.666
Location of moving node 2.68 m 2.54m 2.67m

from A
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Fig. 8. Stress contour of simply supported beam-column.

Stress contour obtained by ABAQUS is shown in Fig. 8. The load—displacements obtained
by three analyses are shown in Fig. 9.

3.2.2. Fixed-hinged beam-column

Fig. 10 shows a fixed-hinged beam-column subjected to linearly varying distributed
lateral load. W16 X 77 of A36 steel is used for the analysis. Three analyses are carried out:
(1) second-order inelastic analysis with moving node (proposed); (2) second-order

07 1
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o
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— -o— —Fixed node

o
=

Applied load ratio
(=]

02 ---A--- ABAQUS
01
o i i i i ; i
0 5 10 15 20 25 30 35 40

Displacement at the B(mm)

Fig. 9. Load—displacement of simply supported beam-column.
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Fig. 10. Fixed-hinged beam-column (a) Moving node, (b) Fixed node.

inelastic analysis with fixed node in mid-span; (3) plastic zone analysis [22]. While
the analyses (1) and (3) use the moving node strategy tracing the maximum moment
location, the analysis (2) uses the fixed node not moving from the center of a
member. The ultimate load factors and the moving node locations are compared
in Table 4. The ultimate load factors obtained from the analyses (1), (2), and (3) are
0.905, 0.933, and 0.867, respectively. The proposed analysis predicts precisely the
ultimate load factor with the error of 4.4% better than analysis (2) with the error
7.6%, compared with ABAQUS. While the maximum moment locations obtained
from the proposed analysis and ABAQUS 3.37 and 3.17m from point A with
difference 6.3%, the analysis (2) show 19.8% difference in the location compared to
the ABAQUS result. Stress contour obtained by ABAQUS is shown in Fig. 11. The
load—displacements obtained by three analyses are shown in Fig. 12.

3.2.3. Vogel’s six-story frame
Fig. 13 shows a Vogel’s six-story frame. The yield strength of all members is
235 N/mm? and Young’s modulus is 205 kN/mm?. Three analyses are carried out: (1)

Table 4
Analysis result of fixed-hinged beam-column

Method

Moving node method Fixed node method ABAQUS
Ultimate load factor 0.905 0.933 0.867
Location of moving node 337m 2.54m 3.17m

from A
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Fig. 11. Stress contour of fixed-hinged beam-column.

second-order inelastic analysis considering distributed lateral load with moving node
(proposed); (2) second-order inelastic analysis using equivalent concentrated load with 4
elements per member; (3) second-order inelastic analysis using equivalent concentrated
load with 2 elements per member. The load—displacements calculated by three analyses
and Vogel’s plastic zone analysis are compared in Fig. 14. The ultimate load factors
calculated by four analyses are 1.131, 1.090, 1.088, and 1.111, respectively. The proposed

09
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Applied load ratio

—e— Moving node(proposed)
— = — Fixed node
- -4 -+ ABAQUS

1 1 1 1 1 ]

0 5 10 15 20 25 30 35
Displacement at B (mm)

Fig. 12. Load—displacement of fixed-hinged beam-column.
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10.23 kN

20.44 kN

20.44 kN

20.44 kKN

20.44 kN

20.44 kN

analysis predicts a very close ultimate load factor compared with Vogel’s. While the
ultimate load factors calculated by analysis (2) and (3) are very close to that of proposed
analysis, the displacements of analysis (2) and (3) are considerably different from that of
proposed analysis. The locations of moving node calculated by proposed analysis are

shown in Fig. 15.
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Fig. 13. Vogel’s frame.
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Fig. 14. Load—displacement of Vogel’s frame.
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Fig. 15. Location of moving node.

4. Case study

Fig. 16 shows a two-story frame subjected to the distributed gravity load and the
concentrated wind load. Each story is 4.572 m (180 in.) high, 6.096 m (240 in.) wide in the
x-direction, and 4.573 m (180 in.) wide in the y-direction. The member sizes of beams and
columns are W27X94 and W14 X43, respectively. The yield stress used is 250 MPa
(36 ksi) and Young’s modulus is 200,000 MPa (29,000 ksi). Two analyses are carried out:

w (Unit:kN)

4572m
(180in.)

3202 ¢ Y § g
48.04 48.04 |z
w7 V. —
A.‘;ﬂ':@)
4 w7 V4 O%
‘ : Y 6.096m
. (2%0m) W =35.02 kN/m

Fig. 16. Two-story frame.
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Fig. 17. Load—displacement of two-story frame in the x-direction.

(1) second-order inelastic analysis considering distributed lateral load with moving node
(proposed); (2) second-order inelastic analysis using converted concentrated load with 2
elements per beam. The load—displacements in x and y direction calculated by two
analyses are compared in Figs. 17 and 18. The ultimate load factors calculated by two
analyses are very close as 1.179 and 1.209, respectively. However, the displacements
between two analyses are considerably different up to about 20%.
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Fig. 18. Load—displacement of two-story frame in the y-direction.
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5. Conclusions

In this paper, a practical second-order inelastic analysis of three-dimensional steel
frames subjected to linearly varying distributed lateral loads has been developed. The
conclusions of this study are as follows.

(1) The proposed analysis can practically account for all key factors influencing steel
frame behavior: gradual yielding associated with flexure and residual stresses and
second-order effect.

(2) Stability functions enable only one or two elements per member to capture second-
order effects which make the proposed analysis practical.

(3) The CRC tangent modulus and softening plastic hinge model consisting of member
forces predict inelastic behavior reasonably well.

(4) For Orbison’s six-story space frame, the load—displacement from the proposed
analysis compares well with Orbison’s ignoring shear deformations and Liew’s
considering shear deformations.

(5) When compared to plastic zone analysis, the location of the internal plastic hinge and
the ultimate load factor are accurately captured using moving node strategy.

(6) While the second-order inelastic analyses with the moving node and fixed node show
small difference of 3% in the ultimate load factors in case of the fixed-hinged beam-
column, they show big difference of up to 20% in the displacement for the case study.

(7) The proposed analysis can be used in lieu of the costly plastic zone analysis.
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