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A B S T R A C T

This study presents a simple, efficient, accurate method for nonlinear time-history earthquake analysis of spatial
steel frames. The proposed new fiber plastic hinge method simulating only one element for each member captures
the time-history dynamic behavior of steel frames as accurately as sophisticated plastic zone methods. Stability
functions and the geometric stiffness matrix are employed for predicting the second-order effects that aim to
minimize computational time and computer resources. Residual stresses are considered through two fiber plastic
hinges by assigning initial stress values. A numerical integration procedure using Newmark integration combined
with the Newton-Raphson balanced iteration algorithm is developed to find a solution to nonlinear dynamic
equilibrium equations of the structural system. Shear deformation effects are also considered in the dynamic
analysis. The proposed software, named Direct Advanced Analysis and Design (DAAD), is proved to be accurate
and reliable as compared with the analysis results generated by expensive commercial Finite Element Analysis
(FEA) software packages. The proposed DAAD program can be improved for performance-based direct design and
analysis.
1. Introduction

Over the past thirty years, several researchers have developed
advanced methods for analyzing and designing steel frame structures [1,
2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21]. An
advanced analysis method may consider some of the following relevant
aspects: geometric nonlinearity, inelasticity of material, nonlinear con-
nections, residual stresses, imperfections, buckling, and others. Re-
searchers have investigated two advanced analysis methods, namely
plastic hinge approaches [1, 2, 5, 7, 8, 11, 18, 19, 20, 21] and distributed
plasticity approaches [3, 4, 6, 10, 12, 13, 14, 15]. In general, distributed
plasticity approaches are more accurate but also more complicated and
computationally expensive than plastic hinge approaches [22]. Re-
searchers have mainly focused on developing analysis methods for static
problems rather than dynamic problems [9, 12, 14, 18, 23, 24, 25, 26, 27,
28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38].

Distributed plasticity methods for static problems have been devel-
oped by Foley and Vinnakota (1997) [3], Teh and Clarke (1999) [4],
Jiang et al. (2002) [6], Nguyen and Kim (2016) [15], and others. By
contrast, dynamic problems using distributed plasticity methods are
rarely considered; exceptions include recent studies by Nguyen and Kim
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(2014, 2015) [10,12,14]. In distributed plasticity methods, beam-column
members have been meshed into many sub-elements along the member
length. Cross-sections of sub-elements have also been meshed into many
small fibers. The aim of this work is to monitor the stress-strain rela-
tionship of the fibers at each monitoring position of the beam-column
members, finally integrating along the member length to obtain the
elemental tangent stiffness matrix used for nonlinear analysis. Chiorean
(2017) [16], Du et al. (2017) [17], Du et al. (2019) [21], and others have
proposed a second-order flexibility-based framed element for direct
analysis of steel frames. The work of Du et al. (2019) [21] considers the
interaction of initial imperfections, shear deformation, and inelasticity of
material simultaneously. They employ Hellinger-Reissner functions for
precisely capturing the forces inside the element. The distributed plas-
ticity methods are more accurate, but they are complicated for pro-
gramming and obtaining convergence in highly nonlinear problems,
especially dynamic analysis.

Plastic hinge methods [1, 2, 5, 8, 11, 18, 20] are also called
concentrated plasticity approaches. Plastic hinges are often formed at
two member ends; the middle segment of the element is always in the
elastic regime. Liu et al. (2014) [39,40] proposed a beam-column
element with an arbitrarily-located plastic hinge. To reduce
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Figure 1. A fiber plastic hinge method.
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computational time and resources, stability functions [1, 2, 5, 8, 9, 11,
13, 14, 18, 19, 41, 42] are employed to accurately consider the
second-order effects that aim to minimize the analysis modeling. The
effects of distributed plasticity, residual stresses, and initial imperfections
along the member length are calculated using the tangent modulus
concept proposed by King et al. (1992) [1]. Ziemian and McGuire (2002)
[43] proposed a novel tangent modulus formulation for capturing the
nonlinear static response of steel frames as accurately using the plastic
hinge method as the plastic zone method has done. Nguyen and Kim
(2012, 2013, 2014, 2015, 2017, 2018) [8,9,11,13,14,18,19] successfully
developed software named PAAPS for the advanced analysis of 3D steel
frames with semi-rigid connections under static and dynamic loadings.
They used stability functions for both the plastic hinge method and the
Figure 2. ECCS residual stress pattern.
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distributed plasticity method; however, in some steel frames under
seismic loadings, the results of the analysis cannot converge, and the
analysis is interrupted. In this study, a fiber plastic hinge method is
improved to overcome existing limitations.

In 1985, Hilmy and Abel [44] presented a graphic program for
nonlinear dynamic analysis of 2D steel frames considering second-order
effects and material yielding. Nader and Astaneh (1991) [23] carried out
Figure 3. Stress-strain relationship and hysteretic model for steel.



Figure 4. Notations of forces and displacements at two member ends.
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44 shaking table tests of past major earthquakes for steel frames with
flexible connections. Elnashai and Elghazouli (1994) [24] carried out
dynamic tests of two-story steel frames with rigid and semi-rigid con-
nections; they concluded that frames with semi-rigid connections
demonstrate ductile and stable hysteretic behavior and can be utilized
effectively in earthquake-resistant design. Chen et al. (1997) [25] studied
the dynamic behavior of steel frames through shaking table tests. In these
tests, beam flanges were shaved around beam-to-column connections.
Khudada and Geschwindner (1997) [26] studied the nonlinear dynamic
behavior of steel frames using the modal superposition method. In this
study, the authors mainly presented the dynamic behavior of the pro-
posed linear and nonlinear panel zone models and linear and nonlinear
semi-rigid connections by the spring element. Recently, Sharma et al.
(2020) [38] researched dynamic responses of rigid and semi-rigid steel
frames under near- and far-field earthquakes.

This study proposes a nonlinear beam-column finite element formu-
lation for predicting the dynamic behavior of spatial steel frames under
earthquakes. Stability functions are employed to predict second-order
effects, and the geometric stiffness matrix is used to consider the P� Δ
effect. The proposed novel fiber plastic hinge method can accurately and
efficiently predict the nonlinear behavior of 3D steel frames utilizing the
plastic zone method, but with a simplified formulation. Shear deforma-
tion effects and residual stresses are considered simultaneously in the
analysis. The Newmark integration method, combined with the Newton-
Table 1. Time steps and peak ground acceleration of earthquakes.

Earthquake Time step (s) PGA (g)

El Centro (1940)
(Array, #9, USGS Station 117)

0.020 -0.319

Loma Prieta (1989)
(Capitola, 000, CDMG Station 47125)

0.005 -0.529

Northridge (1994)
(Simi Valley-Katherine, 090, USC Station 90055)

0.010 -0.640

San Fernando (1971)
(Pacoima Dam, 254, CDMG Station 279)

0.010 -1.160

3

Raphson balanced iteration algorithm, is applied to solve the nonlinear
dynamic equations. A proposed program employing the Fortran pro-
gramming language is developed for predicting the seismic behavior of
steel frames. The one element per member modeling approach of the
proposed program leads to greater efficiency in computational time and
memory use compared with the commercial general finite element soft-
ware, which uses many small elements per member. The detailed for-
mulations are shown in the next sections.

2. Nonlinear beam-column element

2.1. P� δ effects

Chen and Lui [41] and Ekhande et al. [42] proposed stability func-
tions for predicting the P� δ effects accurately by using one element per
beam-column member. The P� δ effects are the impact of the axial force
on bending moments, and moments are increased by axial force. This
physical phenomenon is also called a second-order effect. Such an
approach minimizes the number of elements (one element per member)
and computer resources and saves computational time. The equilibrium
equation for a spatial beam-column element is written as follows

8>>>>>><
>>>>>>:

ΔP
ΔMyI

ΔMyJ

ΔMzI

ΔMzJ

ΔT

9>>>>>>=
>>>>>>;

¼ 1
L

2
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EA 0 0 0 0 0
0 Sy1EIy Sy2EIy 0 0 0
0 Sy2EIy Sy1EIy 0 0 0
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0 0 0 0 0 GJ
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8>>>>>><
>>>>>>:

Δδ
ΔθyI
ΔθyJ
ΔθzI
ΔθzJ
Δφ

9>>>>>>=
>>>>>>;

(1)

where Sy1, Sy2, Sz1 and Sz2 are the stability functions proposed by Chen and
Lui [41];E is Young'smodulus of steel;G is the shearmodulus of steel;A is the
area of the cross-section; L is the length of a beam-column element; J is the
torsional constant of the cross-section; In is the moment of inertia about the n
axes ðn ¼ y; zÞ; ΔP, ΔMyA, ΔMyB, ΔMzA, ΔMzB, and ΔT are the incremental
axial force, themoments at twoends of anelement about the y and z axes, and
torsion, respectively; and Δδ, ΔθyA, ΔθyB, ΔθzA, ΔθzB, and Δφ are the incre-
mental axial displacement, joint rotations, and angle of twist, respectively.
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2.2. Proposed fiber plastic hinge

In this section, a novel fiber plastic hinge element is presented. This
approach can also be applied to nonlinear analyses of concrete and
composite framed structures. In this approach, two fiber plastic hinges
are assumed to gradually appear at two member ends, as illustrated in
Figure 1, under the impact of external forces. By discretizing cross-
sections into many fibers, initial residual stresses are assigned easily.
The equilibrium equation for a three-dimensional beam-column element,
using stability functions and considering the inelasticity of the material,
is written in the incremental form of the force-displacement relationship,
as presented below:
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where
Figure 5. Time-history ground motion and corresponding response spectra of earthquakes (a. El Centro; b. Loma Prieta; c. Northridge; d. San Fernando; e.
Response spectra).

Figure 6. Portal steel frame under earthquakes.
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Table 2. Modal analysis and Rayleigh damping parameters for the portal frame.

Program 1st period (s) 2nd period (s) ξ αМ βΚ
ABAQUS 0.81619 0.029069 0.05 0.74334 44.67*10�5

DAAD 0.82145 0.029136 0.05 0.73869 44.78*10�5

Diff. (%) 0.64 0.23 0.00 -0.63 0.25

P.-C. Nguyen et al. Heliyon 7 (2021) e06832
kyii ¼ ηyI Sy1 �
S2y2 �1� ηyJ

� EIy (3)
 
Sy1

!
L

kyij ¼ ηyIηyJSy2
EIy
L

(4)
Figure 7. Time-history displacement responses of the portal frame under El Cent
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kyjj ¼ ηyJ Sy1 �
S2y2 �1� ηyI

� EIy (5)
 
Sy1

!
L

kzii ¼ ηzI

�
Sz1 �

S2z2
Sz1

ð1� ηzJÞ
�

EIz
L

(6)

kzij ¼ ηzIηzJSz2
EIz
L

(7)

kzjj ¼ ηzJ

�
Sz1 � S2z2

Sz1
ð1� ηzIÞ

�
EIz
L

(8)

ηyI , ηyJ , ηzI , and ηzJ are parameters considering the gradual yielding of
hinges. These parameters vary from 1.0 for fully plastic to 0.0 for fully
elastic. They are expressed as
ro earthquake (a. Nonlinear elastic analysis; b. Nonlinear inelastic analysis).



Figure 8. Time-history displacement responses of the portal frame under San Fernando earthquake (a. Nonlinear elastic analysis; b. Nonlinear inelastic analysis).
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where m is the index considering the cross-section divided into many
small fibers; EIi and EJi are the tangent Young's moduli of the ith fiber at
the two ends I and J, respectively, EIi and EJi are equal to zero when the
fibers are yielding, and if the fibers are in the elastic behavior regime, EIi
and EJi are equal to E; Ai is the rectangular area of the ith fiber; Iyi and Izi
are the y-axis moment of inertia and the z-axis moment of inertia of the ith

rectangular fiber around its center axis; and yi and zi are the center po-
sition of the ith fiber, as presented in Figure 1.

For the I-shape hot-rolled section, the ECCS residual stress pattern
[45] shown in Figure 2 is initially inputted to fibers. The elastic-perfectly
plastic model and the isotropic hardening rule are assumed for steel
materials subjected to cyclic loadings, as shown in Figure 3.

The state of fibers is an essential algorithm for predicting the gradual
plasticity of fiber hinges. It is noted that Nguyen and Kim (2014) [11]
employed the refined plastic hinge method for predicting the inelastic
behavior of steel frames. The gradual plasticity of members is considered



Figure 9. Effects of residual stresses on time-history displacement responses of the portal frame under earthquakes (a. El Centro; b. San Fernando).

Table 3. Peak displacements (mm) of the portal frame.

Earthquake Max/Min Analysis type ABAQUS Present Error (%)

El Centro Max Elastic 90.34 91.84 1.67

Inelastic 90.42 91.93 1.67

Inelastic-RS 85.09 -7.44

Min Elastic -79.11 -80.49 1.75

Inelastic -79.11 -80.49 1.75

Inelastic-RS -80.33 -0.20

San Fernando Max Elastic 119.48 120.63 0.97

Inelastic 122.45 124.03 1.30

Inelastic-RS 120.76 -2.64

Min Elastic -93.45 -94.93 1.59

Inelastic -79.05 -79.35 0.38

Inelastic-RS -80.53 1.49

P.-C. Nguyen et al. Heliyon 7 (2021) e06832
by the parabolic function [11] and the yield surface equation proposed
by Orbison [46]. In this study, all fibers at the two member ends are
monitored (for stress and strain) during the analysis process. Three strain
components of deformations are estimated at the fiber hinges: axial strain
ε, and curvatures χz and χy . Section forces and deformations are rewritten
in the form of vectors as

Section forces fSg¼ ½N My Mz �T (13)

Section deformations fDg¼ ½ ε χy χz �T (14)

The incremental section forces fΔSg at the fiber hinges are estimated
using the force interpolation matrix ½HðxÞ� as

fΔSg¼ ½HðxÞ�fΔFg (15)
Note: Nonlinear Elastic analysis (Elastic), Nonlinear Inelastic analysis (Inelastic),
Nonlinear Inelastic analysis including Residual Stress (Inelastic-RS).
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Table 4. Modal analysis and Rayleigh damping parameters for the two-story
spatial frame.

Program 1st period (s) 2nd period (s) ξ αМ βΚ
SAP2000 v22 0.98492 0.29493 0.05 0.49093 36.12*10�4

DAAD 0.99036 0.29645 0.05 0.48828 36.31*10�4

Diff. (%) 0.55 0.52 0.00 -0.54 0.53

Figure 10. Two-story spatial steel frame under earthquakes.
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½HðxÞ�¼4 1 0 0 0 0 0
0 ðx=L� 1Þ x=L 0 0 05 (16)
2
0 0 0 ðx=L� 1Þ x=L 0

3

where x¼ L andx¼ 0 for positions of thefiberhinges at the twoends J and I.
The section deformation is calculated by multiplying the inverse of

the sectional stiffness matrix ½k sec� by the section forces fΔSg as

fΔDg¼ ½k sec��1fΔSg (17)

in which ½k sec� is the stiffness matrix of the section at the monitoring end
formulated as

½k sec� ¼

2
6666666664
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EiAiyizi
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EiAiyizi
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Aiy2i þ Izi

�

3
7777777775

(18)

where Ei is the elastic modulus of the ith fiber, and the value of Ei is
calculated as EIi or EJi.

The longitudinal strain of fibers fΔeg is calculated by the geometric
matrix and the incremental section deformation as
8

6 1 z1 �y1
1 z2 �y2 7
fΔeg¼

2
64 ::: ::: :::
1 zm �ym

3
75fΔDg (19)

Based on Eq. (19), the total and incremental fiber stresses are esti-
mated by the stress-strain relationship of steel, as shown in Figure 3.
Internal forces at fiber hinges are calculated as follows:

fSRg¼
8<
:

N
My

Mz

9=
; ¼

8>>>>>>><
>>>>>>>:
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σiAi

Xm
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�
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σiAiyi

9>>>>>>>>=
>>>>>>>>;

(20)

2.3. Shear deformation effects

The coefficients of bending moments in the element stiffness matrix
are modified to consider the effects of shear deformation. The equilib-
rium equation for a three-dimensional beam-column element using sta-
bility functions, considering the inelasticity of the material and the
effects of shear deformation, is written in the incremental form of the
force-displacement relationship as follows:
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where

Diiy ¼
kiiykjjy � k2ijy þ kiiyAszGL

kiiy þ kjjy þ 2kijy þ AszGL
(22)

Dijy ¼
�kiiykjjy þ k2ijy þ kijyAszGL

kiiy þ kjjy þ 2kijy þ AszGL
(23)

Djjy ¼
kiiykjjy � k2ijy þ kjjyAszGL

kiiy þ kjjy þ 2kijy þ AszGL
(24)

Diiz ¼
kiizkjjz � k2ijz þ kiizAsyGL

kiiz þ kjjz þ 2kijz þ AsyGL
(25)

Dijz ¼
�kiizkjjz þ k2ijz þ kijzAsyGL

kiiz þ kjjz þ 2kijz þ AsyGL
(26)

Djjz ¼
kiizkjjz � k2ijz þ kjjzAsyGL

kiiz þ kjjz þ 2kijz þ AsyGL
(27)

in which Asy and Asz are the areas subjected to shear.

2.4. P� Δ effects

To consider the P-Δ effects, the geometric stiffness matrix is utilized.
Figure 4 illustrates a spatial beam-column element with twelve degrees of
freedom. The equilibrium and kinematic relationships can be expressed
as follows:

ffng¼ ½T �T6�12ffeg (28)



Figure 11. Time-history displacement responses of the two-story spatial frame at node A in the X direction under Loma Prieta earthquake (a. Nonlinear elastic
analysis; b. Nonlinear inelastic analysis).
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fdeg¼ ½T �6�12fdLg (29)
where ffng and fdLg are the incremental end force and displacement
vectors of a beam-column element expressed as

ffngT ¼fFxI FyI FzI MxIn MyIn MzIn FxJ FyJ FzJ MxJn MyJn MzJn g (30)

fdLgT ¼fuI vI wI θxIn θyIn θzIn uJ vJ wJ θxJn θyJn θzJn g (31)

and the coordinate transformation matrix ½T�6�12 for the framework
element is calculated as
9
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0 0 �1=L 0 1 0 0 0 1=L 0 0 07
½T �6�12 ¼

2
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0 1=L 0 0 0 1 0 �1=L 0 0 0 0
0 1=L 0 0 0 0 0 �1=L 0 0 0 1
0 0 0 1 0 0 0 0 0 �1 0 0

3
777775
(32)

The element force vector is formulated as

ffng¼ ½T �T6�12½Ke�6�6½T �6�12fdLg (33)



Figure 12. Time-history displacement responses of the two-story spatial frame at node A in the X direction under Northridge earthquake (a. Nonlinear elastic analysis;
b. Nonlinear inelastic analysis).
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The geometric stiffness matrix ½Kg � is employed to consider the P-Δ
effect. The equilibrium equation is written as follows:

�
fg
�¼ �Kg

	fdLg (34)

in which ½Kg � is written as

�
Kg

	
12�12 ¼


 ½Ks� �½Ks�
�½Ks�T ½Ks�

�
(35)

where
10
66
0 a �b 0 0 0
a c 0 0 0 077
½Ks� ¼

2
66664
�b 0 c 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

3
77775

(36)

a¼MzI þMzJ

L2
; b ¼ MyI þMyJ

L2
; c ¼ P

L
(37)

The tangent stiffness matrix of the element is calculated from the
combination of Eqs. (33) and (34) as



Figure 13. Effects of residual stresses on time-history displacement responses of the two-story spatial frame at node A in the X direction under earthquakes (a. Loma
Prieta; b. Northridge).
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½K�T ¼ ½T �T6�12½Ke�6�6½T �6�12 þ Kg 12�12 (38)

� 	

3. Developed software: DAAD

A software program named Direct Advanced Analysis and Design
(DAAD) was developed for the nonlinear time-history earthquake
analysis of steel frames. The program solves dynamic problems
using Newmark's [47] direct integration method combined with the
Newton-Raphson balanced iteration algorithm. It has been verified
by commercial Finite Element Analysis (FEA) software such as
11
ABAQUS [48] and SAP2000 [49] version 22. Beam and column
members are simulated using one element for both beams and
columns using the proposed DAAD program. For a more accurate
investigation, all W-sections were divided into 6 � 30 ¼ 180 fibers
on each flange and 30 � 2 ¼ 60 fibers for the web; a total of 420
fibers were used for the calculation. All steel materials were
assumed to be elastic-perfectly plastic. Time-history acceleration
ground motions and corresponding response spectra were collected
from the PEER Ground Motion Database [50], as illustrated in
Table 1 and Figure 5. The self-weight of structures was neglected in



Table 5. Peak displacements (mm) of the two-story spatial frame.

Earthquake Max/Min Analysis type SAP2000 Present Error (%)

Loma Prieta Max Elastic 124.42 128.79 3.52

Inelastic 125.41 130.56 4.11

Inelastic-RS 127.42 -2.41

Min Elastic -97.41 -101.73 4.44

Inelastic -97.14 -105.51 8.62

Inelastic-RS -108.98 3.29

Northridge Max Elastic 204.62 200.65 -1.95

Inelastic 83.91 85.09 1.41

Inelastic-RS 85.85 0.89

Min Elastic -201.48 -202.72 0.62

Inelastic -127.77 -116.58 -8.76

Inelastic-RS -114.72 -1.60

Note: Nonlinear Elastic analysis (Elastic), Nonlinear Inelastic analysis (Inelastic), Nonlinear Inelastic analysis including Residual Stress (Inelastic-RS).

P.-C. Nguyen et al. Heliyon 7 (2021) e06832
all the analyses. Rayleigh damping [51] was used as the structural
viscous damping in the analyses.

4. Verification and discussion

4.1. Portal steel frame under El Centro and San Fernando earthquakes

A portal frame was fabricated using W8x31 sections; its geometric
characteristics and material properties are shown in Figure 6. The frame
included lumped masses of 10 kNs2/m at the column tops; the frame was
subjected to the El Centro and San Fernando earthquakes, as shown in
Figure 5 and Table 1. In this study using the DAAD program, the beam-
column member was simulated using only one element per member
and was monitored at two ends for plastic hinges. To predict the
nonlinear inelastic behavior of the frame accurately, the ABAQUS pro-
gram [48] must divide the beam-column member into many
sub-elements; thus 40 elements per member were used in the
time-history analysis. W-sections were meshed into 6 � 30 ¼ 180 fibers
on each flange and 30 � 2 ¼ 60 fibers for the web; a total of 420 fibers
were used for calculation in the proposed DAAD program. Rayleigh
damping coefficients were estimated using the first two natural vibration
modes of the structure and a damping ratio of 0.05, as calculated in
Table 2. The results of the vibration periods predicted by ABAQUS and
the proposed DAAD program were almost identical, with errors less than
0.65%. The participating mass ratios of the two main vibration modes
generated by the proposed program were 0.9999954 and 0.0000046,
respectively. Thus, the proposed DAAD program predicted the modal
analysis accurately for the portal frame.

By considering Rayleigh damping and ignoring residual stresses
in all of the below nonlinear analyses, the time-displacement re-
sponses of the frame generated by nonlinear elastic and inelastic
analysis by the proposed DAAD program were identical to the results
generated by the ABAQUS program, as shown in Figure 7 for the El
Centro earthquake and Figure 8 for the San Fernando earthquake.
The results matched well with the expensive commercial FEA soft-
ware ABAQUS.

Analyzing the nonlinear inelastic responses of the frame under the
San Fernando earthquake using the same computer configuration (Intel®
Core™ i7-7500U CPU @ 2.70GHz; 16.00 GB RAM; 1000.0 GB HDD;
Windows 10), the computational times of the proposed DAAD program
and ABAQUS were 1 min 55 s and 9 min 48 s, respectively. The
computational time of ABAQUS was 5.1 times longer than the proposed
program. This result proves the computational efficiency of the proposed
DAAD program. However, the computational time obtained by the pro-
posed program depends on the number of divided fibers on the fiber
12
plastic hinges. In this study, a total of 420 fibers were used for each fiber
plastic hinge in the analysis. In the ABAQUS modeling, each frame
member was divided into forty small elements using the B22 Timoshenko
beam element, since ABAQUS cannot accurately predict the nonlinear
inelastic responses of the frame if only a few elements per member are
used in the modeling.

Figure 9 was drawn by the proposed DAAD program. It shows the
effects of residual stresses on the frame's nonlinear inelastic time-
displacement responses. Residual stresses do not significantly affect the
earthquake behavior of the portal frame. Table 3 shows peak displace-
ments of the portal frame under the conditions of various earthquakes.
4.2. Two-story spatial steel frame under Loma Prieta and Northridge
earthquakes

A two-story spatial steel frame was fabricated using all W8x31 sec-
tions; its dimensions are shown in Figure 10. Elastic modulus, Poisson's
ratio, and the yield stress of steel were 200,000 MPa, 0.30, and 350 MPa,
respectively. Lumped masses of 50 kNs2/m were placed at the column
tops. The frame was subjected to the Loma Prieta and Northridge
earthquakes in the X-direction. Time-history ground motion records are
shown in Figure 5 and Table 1. Using the proposed DAAD program, each
beam-column member was simulated using one element per member,
while SAP2000 software [49] also used modeling with one element per
member for the analysis. All W-sections were divided into 6 � 30 ¼ 180
fibers on each flange and 30 � 2 ¼ 60 fibers for the web; a total of 420
fibers were used for calculation in the proposed DAAD program. Rayleigh
damping coefficients were estimated using the first two natural vibration
modes of the structure and a damping ratio of 0.05, as shown in Table 4.
The vibration periods and Rayleigh damping parameters generated by
the proposed program were similar to those of the SAP2000 program,
and the difference was not larger than 0.55%. The participating mass
ratios of the two main vibration modes were 0.82135 and 0.17864,
generated by SAP2000 v22. Those ratios estimated by the proposed
program were 0.82126 and 0.17873. Therefore, the proposed DAAD
program predicted the modal analysis accurately for the two-story spatial
frame.

By considering Rayleigh damping and ignoring residual stresses in all
of the below nonlinear analyses, the time-displacement responses of the
frame at node A in the X direction generated by the nonlinear elastic and
inelastic analysis of the proposed DAAD program were identical with
those of SAP2000, as shown in Figure 11 for the Loma Prieta earthquake
and Figure 12 for the Northridge earthquake. The results almost agreed
with the expensive commercial software SAP2000. The differences be-
tween the results of DAAD and SAP2000 in the nonlinear inelastic



Figure 14. Six-story spatial steel frame under earthquakes (a. Plan view; b. Perspective view).
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Figure 15. Time-history displacement responses of the six-story spatial frame at node A in the Y direction under Loma Prieta earthquake (a. Nonlinear elastic analysis;
b. Nonlinear inelastic analysis).

Table 6. Modal analysis and Rayleigh damping parameters for the six-story spatial frame.

Program 1st period (s) 2nd period (s) ξ αМ βΚ
SAP2000 v22 5.53854 1.99584 0.05 0.08339 23.35*10�3

DAAD 5.55470 2.00200 0.05 0.08315 23.42*10�3

Diff. (%) 0.29 0.31 0.00 -0.29 0.30
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Figure 16. Time-history displacement responses of the six-story spatial frame at node A in the Y direction under Northridge earthquake (a. Nonlinear elastic analysis;
b. Nonlinear inelastic analysis).
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analysis, as shown in Figure 11b and Figure 12b, can be explained by
the differences between SAP2000 and DAAD in terms of their plas-
ticity approaches and finite element formulations. SAP2000 uses the
hinge interaction surface (P-M2-M3) to consider plastic hinges, while
the proposed DAAD program uses the proposed fiber plastic hinge
method.
15
Figure 13 shows the effects of residual stresses on the nonlinear in-
elastic time-displacement responses of the frame at node A in the X di-
rection generated by the proposed DAAD program. Residual stresses did
not significantly affect the earthquake behavior of the two-story spatial
frame. Table 5 shows the peak displacements of the two-story spatial
frame under various earthquakes.



Figure 17. Effects of residual stresses on time-history displacement responses of the six-story spatial frame at node A in the Y direction under earthquakes (a. Loma
Prieta; b. Northridge).
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4.3. Orbison six-story spatial steel frame under Loma Prieta and
Northridge earthquakes

An Orbison six-story spatial steel frame was fabricated using all W-
sections; its dimensions, material properties, and lumped masses are
shown in Figure 14. The yield stress of the steel was 250 MPa. The frame
was subjected to the Loma Prieta and Northridge earthquakes in the Y-
16
direction; the loading data are shown in Figure 5 and Table 1. Using the
proposed DAAD program, the beam-column member was simulated
using one element per member, while SAP2000 also used modeling with
one element per member for its analysis. All W-sections were divided
into 6 � 30 ¼ 180 fibers on each flange and 30 � 2 ¼ 60 fibers for the
web; a total of 420 fibers were used for calculation in the proposed
DAAD program. Rayleigh damping coefficients were estimated using the



Table 7. Peak displacements (mm) of the six-story spatial frame.

Earthquake Max/Min Analysis type SAP2000 Present Error (%)

Loma Prieta Max Elastic 122.71 124.30 1.30

Inelastic 106.38 117.52 10.48

Inelastic-RS 123.62 5.19

Min Elastic -86.38 -86.30 -0.10

Inelastic -88.99 -90.18 1.34

Inelastic-RS -86.30 -4.30

Northridge Max Elastic 64.30 64.72 0.66

Inelastic 67.42 69.03 2.39

Inelastic-RS 64.48 -6.59

Min Elastic -86.44 -86.12 -0.38

-*Inelastic -94.17 -90.30 -4.11

Inelastic-RS -86.74 -3.94

Note: Nonlinear Elastic analysis (Elastic), Nonlinear Inelastic analysis (Inelastic), Nonlinear Inelastic analysis including Residual Stress (Inelastic-RS).
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first two natural vibration modes of the structure and a damping ratio of
0.05, as shown in Table 6. The proposed DAAD program predicted vi-
bration periods and Rayleigh damping coefficients similar to those of
SAP2000; the difference was not larger than 0.31%. The participating
mass ratios of the two main vibration modes were 0.54705 and 0.09412,
generated by SAP2000 v22. Those ratios estimated by the proposed
programwere 0.54604 and 0.09454. Thus, the proposed DAAD program
predicted the modal analysis accurately for planar and spatial steel
frames.

By considering Rayleigh damping and ignoring residual stresses in all
of the below nonlinear analyses, the time-displacement responses of the
frame at node A in the earthquake Y-direction generated by nonlinear
elastic and inelastic analysis of the proposed DAAD program were almost
identical with the results generated by the SAP2000 program, as shown
in Figure 15 for the Loma Prieta earthquake and Figure 16 for the
Northridge earthquake. The results almost agreed with the expensive
commercial software SAP2000.

Using the same computer configuration (Intel® Core™ i7-7500U CPU
@ 2.70GHz; 16.00 GB RAM; 1000.0 GB HDD; Windows 10), the
computational times of the proposed DAAD program and SAP2000 were
15 min 25 s and 25 s, respectively. The computational time of DAAD was
longer than SAP2000 version 22 (the newest version). In version 22 of
SAP2000, solution algorithms and formulations have improved signifi-
cantly. SAP2000 uses the hinge interaction surface (P-M2-M3) to
consider plastic hinges, while the proposed DAAD program uses the
proposed fiber plastic hinge method. The proposed DAAD program's
solution algorithm and programming techniques need to be improved in
the future.

Figure 17 shows the effects of residual stresses on the nonlinear in-
elastic time-displacement responses of the frame at node A in the Y di-
rection using the proposed DAAD program. Residual stresses result in a
clear tolerance on the six-story spatial frame's earthquake behavior.
Table 7 shows the peak displacements of the six-story spatial frame under
various earthquakes.

5. Conclusion

A novel fiber plastic hinge method has been presented in detail and
has been proved reliable by several quantitative examples using planar
and spatial steel frames. The novel fiber plastic hinge method was used to
develop the DAAD program (Direct Advanced Analysis and Design). The
proposed DAAD program can reliably, efficiently, and accurately simu-
late the nonlinear inelastic behavior of steel frames subjected to earth-
quakes using one element each for both beams and columns. Several
response modes were taken into account, such as residual stresses, geo-
metric nonlinearity, and the plasticity of steel. The nonlinear solution
procedure was developed and coded into the nonlinear inelastic analysis
17
program for steel frames. Initial residual stresses did not significantly
affect the time-history displacement behavior of the investigated steel
frames. The proposed DAAD program can be utilized for daily practical
engineering design. In our next project, we will develop the DAAD pro-
gram for considering the effects of the panel zone and the flexibility of
beam-to-column connections.
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