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Abstract—This paper presents the influence of the vertical
seismic component on the non-linear dynamics analysis of three
different structures. The subject structures were analyzed and
designed according to recent codes. This paper considers three types
of buildings: 5-, 10-, and 15-story buildings. The non-linear dynamics
analysis of the structures with assuming elastic-perfectly-plastic
behavior was performed using RAM PERFORM-3D software; the
horizontal component was taken into consideration with and without
the incorporation of the corresponding vertical component. Dynamic
responses obtained for the horizontal component acting alone were
compared with those obtained from the simultaneous application of
both seismic components. The results show that the effect of the
vertical component of ground motion may increase the axial load
significantly in the interior columns and, consequently, the stories.
The plastic mechanisms would be changed. The P-Delta effect is
expected to increase. The punching base plate shear of the columns
should be considered. Moreover, the vertical component increases the
input energy when the structures exhibit inelastic behavior and are
taller.

Keywords—Inelastic behavior, non-linear dynamic analysis, steel
structure, vertical component.

1. INTRODUCTION

HE study of earthquake motions observed in recent

earthquakes indicates that the vertical ground acceleration
could be more than a horizontal component [1], [2]. The
vertical component increases in near-source earthquakes [3],
such as the Northridge earthquake of January 1994, the Kobe
earthquake of January 1995 and, the Bam earthquake of
December 2003. According to reports of the Northridge
earthquake, the vertical component of the earthquake could
have had an important effect [4].

For numerical evaluation, earthquake motions are generally
represented by three components. The peak ground
acceleration of the vertical component is usually smaller than
those of the two horizontal components. Therefore, most
building codes with earthquake provisions require that an
equivalent lateral load due to horizontal ground motion be
used in simplified empirical approaches which directly
contradicts the current codal provision that assumes the value
of the vertical ground motion to be 1/2 to 2/3 of the horizontal
component [5], [6]. The effect of the vertical component is
considered indirectly. Obviously, if the vertical component is
much stronger than that which considered normal, then the
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simplified code approaches may underestimate the seismic
load and the structure will not perform as intended.

According to the studies performed on the influence of the
vertical ground acceleration on structures, the vertical
component may increase the axial load [7]-[9]. In most of
these researches the effects of vertical component of
earthquake in near-fault areas was considered as very
extensive in both compression and tension, and can lead to
serious uplift problems [4].

By studying 5-, 10- and 15-story buildings, the seismic
responses have been calculated using the RAM PERFORM-
3D program, which can apply the three components of ground
motions simultaneously. Analyses have been performed once
considering and once without considering the vertical
component of ground motion to decipher the effect of vertical
excitation in combination with horizontal excitations. The
increasing axial force in the middle columns and the
increasing input energy are presented. Graphs depicting the
columns’ axial force versus axial strain, the time history of the
yield ratio, the hysteresis of the story axial force versus story
vertical deformation, the time history of the input energy, the
hysteresis of the story shear versus story drift, the maximum
story drift and the story shear and, final displacement of the
structures have been plotted for the study.

II. ANALYSIS PROCEDURE

In this analysis of steel structures, the three most common
assumptions for the material behavior were elastic-perfectly-
plastic behavior, isotropic strain hardening [10], and
contemplation of the problem’s complexity within the context
of typical engineering practices. In this study, the material
nonlinearity of steel is considered to be elastic-perfectly-
plastic.

Time history analysis was used in this study because the
response spectral method cannot describe the response of a
structure when in the near-field of an earthquake.

When an axial force is present in a box-section under
bending action, the plastic moment changes from the value
Mp, at zero axial force, to a reduced value Mp,, at the same
time the neutral axis moves away from the centroidal axis.

Suppose that the box-section in Fig. 1 (a) becomes fully
plastic under the combined action of an axial thrust P applied
through the centroid and a bending moment Mpy, applied in
the plane of the web. At lower values of P, the neutral axis lies
between the flanges with the stress distribution shown in Fig.
1 (b), but at higher values, the neutral axis moves into a
flange, as shown in Fig. 2.
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Fig. 1 The effect of the axial force on the plastic moment of a box-
section when the neutral axis moves in the web
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Fig. 2 The effect of the axial force on the plastic moment of a box-
section when the neutral axis moves in the flange

The relationship between the reduced plastic moment Mpyy
and the thrust P may be obtained by dividing the cross-section
into a symmetrical core area and two equal outer areas. The
core area is subjected entirely to compressive stresses (Figs. 1
(c) and 2 (c)); one of the two outer areas will be under tension,
and the other will be under compression (Figs. 1 (d) and 2
(d)). The core areas depicted in Figs. 1 (c) and 2 (c¢) may be
considered to resist the axial force P, while the remaining
outer areas in Figs. 1 (d) and 2 (d) resist the moment Mp,. If a
is the distance of the neutral axis from the centroidal axis, then
Fig. 1 applies when a < (D/2-t) and Fig. 2 when (D/2-t) <a <
D/2, where D is the depth of the section and t are the flange
and web thicknesses.

As Fig. 1 (c) represents the resistance to the thrust P, then

P=4atf, €))
Moreover, as Fig. 1 (d) represents the resistance to the
reduced plastic moment Mpy,, then

Mpr:Mp-zt[@]fy @)

The value of Mp, is obtained by noting that the reduction of
the plastic moment below the value Mp (when no axial force is
present) is represented by the loss of the plastic moment of the
web area in Fig. 1 (c).

If the section becomes plastic under an axial thrust only, the
value of the thrust would be Pp = Afy, where A is the area of
the cross-section. This thrust Pp is known as the squash load
representing the load that would be sustained by a very short
member failing by pure axial compressive deformation. If the
ratio P/Pp (the squash load ratio) is denoted by n, then from

(D),
a = P/(4tf,) = nPp/(4tf,) = nA/(4t)

Substituting this value of a into (2), it follows that
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This formula applies until the axial thrust becomes so high
that the neutral axis ceases to lie in the web.

Turning now to the case when the neutral axis is in a flange
(Fig. 2), it can be seen that the core area (Fig. 2 (¢)) is the area
left after removing two flange areas each with width D and
thickness (D/2-a) from the original section of area A. Hence,

P=1A-2(D -a)Djf, (4)
2

The moment of resistance Mpyy is derived from the two
flange areas in Fig. 2 (d). The centroids of these areas are at a
distance [a + 0.5(D/2 — a)], i.e., .5(D/2+a) from the centroidal
axis. Hence,

Men=2[( D -a)Dfy][ L (P +a)] (5)
2 2 2

Substituting P = nAfy in (4), gives a = .5[D — (1-n)A/D],
whence from (5),

Mprn= A"y (1-n)[ 2D” +n-1]
4D A

(6)

These relationships, (3), and (6), obtained for a box-section
are similar to those obtained for an I-section [11]. As steel
columns (with box-section) under combined axial
compression and bending stress shall be evaluated using
Equation, it has the following form:

R

PUO

-1 (N

MU
1.18M,,

where P is the axial force; M is the bending moment; and P
and My, are the axial strength capacity and the flexural
strength capacity, respectively.

III. DESCRIPTION OF STRUCTURES AND EARTHQUAKES

Three  structures  representing  different  dynamic
characteristics are considered in this study: a five-, ten- and
fifteen-story steel structure, all shown in Fig. 3. They
represent short, intermediate and tall buildings, respectively.
The geometry of these three structures and their plans, which
show the location of columns, are shown in Fig. 3, and their
member sizes are given in Table I. The story height for these
structures is a constant 3 m, and the width of each bay is 5 m.
All three structures are assumed to have rigid connections, and
are assumed to be located in Tehran. These three structures

were subjected to the five strong-motion earthquakes
identified in Table II.
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TABLEIII
INCREASE IN AXIAL FORCE IN MIDDLE COLUMNS (%)
Structure Analysis ~ Northridge ~ Bam  Tabas Kobe  Manjil
5-Story 0,V 97% 55% 24% 25% 43%
90,V 73% 51% 15% 20% 40%
3D 103% 56% --- --- ---
10- Story 0,V 101% 34% 30% 25% 36%
90,V 91% 29% 26% 23% 29%
3D 101% 35% - - ---
15- Story 0,V 100% 33%  24% 25% 33%
90,V 100% 35%  26% 20% 30%
3D 95% 23% - - -

B. Effect of the Vertical Component on the Hysteresis of
Axial Force-Strain in Columns

The effect of the vertical component on the hysteresis of the
axial force-strain in columns deserves attention. In some
cases, the vertical component causes the column to yield
earlier than in the case in which the effect of the vertical
component is not considered consequently the plastic
mechanisms would be changed, but the effect of the vertical
component on bending moments in columns is negligible.

Figs. 4-9 show, respectively, the time history of the yield ratio
and the hysteresis of the axial force-strain in columns.

- ﬂ:ﬁ Structure/r? /77
b el T B Err B B
b) Structurs T ] Hructure 3
Fig. 3 Three steel structures
TABLEI
MEMBER SIZES

Structure Story Columns Girders

1 1-3 Box,280,280,20 IPE400

4-5 Box,240,240,20 IPE360

2 1-3 Box,340,340,20 IPE400

4-5 Box,280,280,20 IPE400

6-7 Bo0x,280,280,20 IPE360

8-10 B0x,220,220,20 IPE360

3 1-4 Box,380,380,20 IPES00

5 Box,320,320,20 IPE500

6-8 Box,320,320,20 IPE450

9-10 Bo0x,260,260,20 IPE450

11-12 Bo0x,260,260,20 IPE400

13-15 B0x,200,200,20 IPE400

TABLE II
STRONG-MOTION EARTHQUAKES
Acceleration
Earthquake Station

PGAH1 PGAH2 PGAV
Bam Bam, Farmandari 0.7896g 0.6337g 1.0118¢g
Northridge  Tarzana, Cedar Hill nurseri ~ 0.9903g 1.7794¢g 1.048g
Kobe Kobe, Takarazu 0.6934¢g 0.6935¢g 0.4335g
Manjil Manjil, Abbar 0.5991¢g 0.4992¢ 0.5033g
Tabas Tabas 0.8358¢g 0.8517¢g 0.6885g

IV. RESULTS AND DISCUSSION

A. Effect of the Vertical Component on Axial Force

The effect of the vertical component on the variation of the
axial force in the middle columns is greater than that in the
other columns because the loading surface of the middle
columns is larger than that of the other columns. The
increasing axial force in the middle columns is presented in
Table III. Consequently, the P-Delta effect is expected to
increase and punching base plate shear of the columns should
be considered [12], [13].
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Fig. 4 Time history of yield ratio for the middle column in the first
story of a 5-story building
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Fig. 5 Time history of yield ratio for the middle column in the first
story of a 10-story building
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Fig. 6 Time history of yield ratio for the middle column in the first
story of a 15-story building
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Fig. 7 Hysteresis of axial force-strain for the middle column in the
first story of a 5-story building

Northridge-2d Northridge-3d

= 0E+0 = 0.00E400

£ £

 -LEHS o 1002405

: p— : =
O 2EHS o 2045

e e

= Es = 30045

= E

=m0 = L mEas

Q.0E-04 S.0E-04 -30E-04 Q.0E40 2E04 EEEN JED4 0E40
AXIAL STRAIN AXIAL STRAIN

Fig. 8 Hysteresis of axial force-strain for the middle column in the
first story of a 10-story building
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Fig. 9 Hysteresis of axial force-strain for the middle column in first
story of a 15-story building

C.Effect of the Vertical Component on Axial Force in
Stories

The effect of the vertical component causes the stories’
axial forces to increase up to twice their primary value. In the
analysis conducted without the vertical component, the axial
force in stories was constant. Fig. 10 shows the hysteresis of
the axial force-vertical deformation stories.
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Fig. 10 Time history of input energy

D.Effect of the Vertical Component on Input Energy

An energy balance equation is determined by integrating
the equation of motion with respect to the displacement, u,
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For (8), m is the mass, C is the coefficient of viscous

damping, f; is the restoring force, U, is the ground

g
acceleration, and U, U and U are the displacement, velocity,
and acceleration of the mass, respectively.

It should be noted that the restoring force, fs, represents the
spring force of the inelastic system. From the left to the right
side of (8), the first term is referred to as the kinetic energy Ey,
the second term is the damping energy, Ep, and the third term
represents the absorbed energy and consists of the elastic
strain energy, Es, and the inelastic hysteretic energy, Ey. The
term on the right-hand side of (8), corresponds to the input

energy of the ground motion, E,, or the work done by the
- mug .
balance equation can be expressed as [14],

effective earthquake force, Hence, the energy

Ex+E, +E; +E, =E, )

When considering the vertical component of the ground
motion, causing the input energy of the ground motion to
increase. According to Fig. 10, the input energy increases
when the structures exhibit inelastic behavior and are taller.
The increasing percent of the input energy in the structures is
presented in Table I'V.

TABLE IV
INCREASE IN INPUT ENERGY (%)
EI 5Story 10Story 15Story

Northridge 90, V 4% 18% 48%
Bam 0, V 6% 13% 25%
Kobe 0, V 0.3% 2% 5%
Manjil 90, V 11% 14% 18%
Tabas 0,V 7% 10% 16%

E. Hysteretic of Shear Force-Story Drift

To properly control the modeling and analysis of the
structures using RAM PERFORM-3D software, one must be
able to rely on the hysteresis of the shear force-story drift. Fig.
11 shows the stiffnesses of the stories. From the lower to
upper stories, respectively, the effect of the vertical
component on the hysteresis of the shear force versus story
drift is negligible.

F. Comparison between Static and Dynamic Shear Force

The ratio D/S of the dynamic shear force relative to the
static shear force in the stories of a structure is very different.
Fig. 12 shows that the D/S ratios of the stories of tall buildings
are very different from one another. Fig. 13 shows that the
pattern of static loading in 10- and 15-story buildings is not
related to code pattern, the true pattern in tall buildings
according to the reverse S shape.
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force in stories

G.The Maximum Story Drift

Fig. 14 shows that the maximum story drift often occurs in
middle stories because the stiffness in these stories is less than
that of the lower stories, and the yielding elements of middle
stories are greater than those of upper stories. Also, Fig. 11
shows that the maximum story drift occurs in the middle story.

H.The Final Displacement of Structures

Fig. 15 shows that the final displacement shape of the
structures in some of the earthquakes is the same as that of the
first or second mode.

International Scholarly and Scientific Research & Innovation 9(8) 2015 1095 1SN1:0000000091950263



Open Science Index, Civil and Environmental Engineering Vol:9, No:8, 2015 publications.waset.org/10002359.pdf

STORIES

STORIES

STORIES

(1

World Academy of Science, Engineering and Technology
International Journal of Civil and Environmental Engineering
Voal:9, No:8, 2015

(2]

(3]

(4]

(5]
(6]
(7]

(8]

(9]

[10]

[11]
[12]

G. Warn, and A. Whittaker, “Vertical Earthquake Loads on Seismic
Isolation Systems in Bridges.” J. Struct. Eng., 134(11), 1696—1704,
2008.

W. D. Iwan, “Near-Field Consideration in Specification of Seismic
Design Motion for Structure”, Proc. of the 10th European conference on
Earthquake Engineering, Vienna, Austria, 28 August- 2 September1994.
B. Hosseini Hashemi, and E. Abbassi, “Rational Suggestions for
Vertical Component Requirement in 2800 Iranian Standard for Near-
Fault Areas”, J. Seismol. Earthquake Eng., 10(4), 189-194, 2009.

C.G. Salmon, and J.E. Johnson, Steel Structures: Design and Behavior,
4th ed. HarperCollins College, New York, USA, 1996.

E. Kalkan, and P. Giilkan, “Empirical attenuation equations for vertical
ground motion in Turkey”, Earthquake Spectra, 20(3), 853-882, 2004.
A. Salazar, and A. Haldar, “Structural Responses Considering the
Vertical Component of Earthquakes”, Computers and Structures, 2000
74,131-145.

M. Hosseini, and M. Firoozi Nezamabadi, “A Study on the Effect of
Vertical Ground Acceleration on the Seismic Response of Steel
Building”, Proc. of the 13th WCEE, Vancouver, B.C., Canada, August
2004.

S. G. Kim, C. J. Holub, and A. S. Elnashai, “Analytical Assessment of
the Effect of Vertical Earthquake Motion on RC Bridge Piers”, J. Stru.
Eng., 137 (2), 252-260, 2011.

O.R. Owen, and E. Hinton, Finite Element in Plasticity: Theory and
Practice. Pineridge Press, Swansea, UK, 1982.

M. R. Horne, Plastic Theory of Structures, Nelson, London, UK, 1971.
E. Kalkan, and V. Graizer, “Multi-component ground motion response

BAM-0 TABAS-90
— i :
- g :
-]
28 15 5 5 15 28 25 15 5 5 15 28
FINAL DISPLACEMENT {cm) FINAL DISPLACEMENT (cm)
¢ i e
3 } T
i w Lz
: % %
: 5 i
17 ® bl
il il
25 5 = : 5 28 25 5 = : 5 28
FINAL DU SPLACEMENT (cm) FINAL DISPLACEMENT (cm)
= | |
[ 4 T
: / 1
|
|
g 1
il e
T E , ]
1/ & I
17 i i
M A
il MV
: 1/
=25 -15 -5 5 15 25

5 = 5

FINAL DISPLACEMENT {cm)

-5

FINAL DISPLACEMENT (cm)

Fig. 15 Final displacement of structures

V. CONCLUSION

Based on the numerical results of this study it can be
concluded that:

The effect of the vertical component of ground motion
causes an increase in the axial force in middle columns
and that the axial force in stories increases up to twice
(~103%) its primary value; consequently, the P-Delta
effect is expected to increase punching base plate shear of
the columns should be considered.

The effects of the vertical component on the bending
moment in columns, story shear and drift are negligible.
In some cases, the vertical component causes the column
to yield earlier than in the case in which the effect of the
vertical component is not considered consequently the
plastic mechanisms would be changed.

The vertical component of the ground motion causes the
input energy to increase up to 48% when the structures
exhibit inelastic behavior and are taller.

According to the results, the pattern of static loading for
tall buildings abiding by current codes is unsuitable.
Often, the maximum story drift occurs in the middle
stories.

The final displacement shape of structures in some
earthquakes adopted that of the first or second mode.
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