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Abstract

Field observations of the incurred damages to the buildings and bridges due to earthquakes in near field show there are various failure
modes which are in relation to the forces caused by vertical component. While vertical component of earthquake for ordinary buildings in
most seismic regulations and standards is not considered. Therefore, in the current study the effects of vertical and horizontal components
of earthquake on regular and mass asymmetric structures are investigated simultaneously. The study considers a model of one-story
structure with 3 degrees of freedom, lateral displacement, torsional displacement of roof level and vertical displacement, on a rigid
foundation. It is concluded that for all such structures in the near-fault zones, the effect of vertical component must be considered. In case
of stiff structures, the effect of the force on displacement of such structures is of importance and the effect of vertical component can be
disregarded. The use of vertical design response spectrum to calculate the vertical forces caused by near field earthquakes is also
recommended.

Keyword: Seismic Responses, Regular and Irregular Structures in Plan, Vertical Component, Near-field Effects, Iranian Code of Practice for Seismic
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1. Introduction

Field observations of the earthquakes in near field
regions such as Northridge (1994), Kobe (1995), Turkey
(1995), Athens (1999), Bam (2003) and analytical results,
indicate that certain failure modes are more convincingly
attributable to high vertical earthquake-induced forces.
The failure modes relating to the vertical component are
caused by either compression forces or tensile forces or
effects of tensile forces in reduction of shear strength [1-
3]. The vertical excitation can reduction of vary the
distribution of energy among the elements of the frames,
with a possible greater demand in the columns [4]. The
main effect of the vertical motion is variation of axial
force in columns. The high values of compression, or
even tension, induced by the vertical excitation could
produce damage in the structure which leads to a decrease
of structural capacity to withstand the horizontal seismic
motion, resulting in an increase of horizontal
displacements in nonlinear behavior [1-6]. The change of
axial force in stiff structures (i.e., period less than 0.4
seconds) is much more than in structures with medium or
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high periods [7]. The varying axial force in the columns
results in pinched hysteretic behavior that causes larger
horizontal displacement and column end moments and
curvature [8]. The vertical component has also the
significant effect of changing the plastic hinge
distribution, sequence of hinging and mode of failure of
the structure [8-9]; even though, it increases the design
forces of the non-structural components joints [10].
Moreover, it changes the cracking model of piers of
concrete bridges from flexural ductility fracturing to
brittle shear fracturing [11].

The studies on vertical acceleration show that it is much
larger in near-field than far-field and by increasing in
distance this acceleration component will reduce more
than horizontal ones. The ratio of vertical to horizontal
acceleration is a function of period and is much larger in
short periods than long periods. When the period is
between 0.05 to 0.1 seconds, the ratio is at maximum
value and when the period is between 0.4 to 0.8 seconds,
the ratio is at minimum value. This ratio will increase
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slowly in higher periods. Meanwhile, this ratio increases
to reach 1 in near-field records [12].

Most of the codes and standards assume a value of 2/3 to
scale vertical spectrum from horizontal spectrum which is
not conservative for the near-fault areas. This is one of the
short comings about effect of vertical component in
seismic codes [13].

Another shortcoming of seismic codes regarding vertical
ground motion is the assumption that all the earthquake
components have the same frequency content, while the
vertical ground motion has higher frequency content. The
maximum vertical spectral acceleration for EI-Centro
record is at the period about 0.1 second and for
Northridge and Kobe earthquakes it is between 0.25 and
0.35 seconds. The other important point is that all the
energy content of the vertical component concentrates on
a narrow high-frequency range and the other difference is
the amplitude of vertical component in the case of near-
fault records. Therefore, the other problem of seismic
codes is the non-conservative definition of period values
of the spectrum boundaries [14] which has been modified
in the EuroCode8, but not in the other codes.

The effect of the vertical component on a case of regular
and irregular concrete structures is studied by Kim and
Elnashai [2] and [15]. The irregular structure has six rows
of columns, two of which are cut in the first floor.
According to this study, taking vertical component into
consideration causes increase in axial forces in the
columns of regular and irregular structures; moreover, the
change in axial forces leads to a decrease in the shear
capacity of the vertical components (columns) and an
increase in the shear failure potential of the components.
Although, this will not affect the relative displacement
and ductility demand curves of regular structures; but, it
significantly change those of irregular structures [2] and
[15].

Another study on the effect of vertical component in
behavior of torsional models is done by Gupta and
Hutchison [16]. First they presented some mathematical
relations for a simplified model with three degrees of
freedom (3-D.O.F), including: horizontal displacement
(u), torsional displacement (ug), and vertical displacement
(v). Then, the model has been verified using the above
mentioned relations in linear range subjected to two
earthquake records; north-south component of El-Centro
(1940) and Konya (1967). In the current study, after
developing the three degree-of-freedom simplified model
presented by Gupta and Hutchison, the effect of vertical
component has been studied on a wide range of regular
and irregular structures. The structural degrees of freedom
include:  horizontal ~ displacement  (u), torsional
displacement (ug), and vertical displacement (v) [1].

At the first phase of the present study, all models are once
nonlinear analyzed taking only horizontal component of
earthquake into consideration, then both vertical and
horizontal components has been considered using seven
3-component near-field earthquake records recorded on
soil type Il in OpenSees Software. In second phase, the
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obtained results from the previous phase are compared to
the acceptance of criteria of Standard No. 2800 and
finally, some recommendations are derived for buildings
with periods equal to 0.2 seconds and less.

This study shows that the effect of vertical component
must be taken into consideration for all structures located
in the near-field areas. Of course, for very stiff structures
only the force is significant and the effect of vertical
component on displacement of these structures may be
ignored. It is also strongly recommended that a vertical
response spectrum, like those presented in this study, shall
be used to calculate the vertical forces due to earthquakes
occurred in the near-field areas.

2. Consideration of vertical component in American
and European seismic codes

1.1. American code [17]

According to this regulation, each building is analyzed
and designed once with and once without considering
vertical component. According to clause 1617.1.1.1,

vertical component of earthquake is calculated as
(0.2xSy x D).
= +
E pQE_O.ZSDSD 1)
Where:

E, is combinational effect of vertical and horizontal
forces; D, is dead load effect; p, is redundancy factor; Qg,
is the effect of horizontal forces; and Sps, is acceleration
response design spectrum in short periods.

In this code, design response spectrum is illustrated in fig
(1) using the following relations:

SDS

Sor

Spectral Response Acceleration Sa

Period T
Figure (1): Design acceleration response spectrum

Sws @)

SMS =F Ss (3)
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Where:

T, is fundamental period of vibration of the structure in
the direction under consideration, in second; F,, is site
effect factor; Sys, is the maximum spectral acceleration
responses for short periods; and Ss, is spectral
accelerations for short periods.

1.2. European Code [18]

According to this code, the vertical component of the
seismic action should be taken into account in the cases
below, if the design ground acceleration in the vertical
direction is greater than 0.25g:

1. For horizontal or nearly horizontal structural members
spanning 20 m or more;

2. For horizontal or nearly horizontal cantilever
components longer than 5 m;

3. For horizontal or nearly horizontal pre-stressed
components;

4. For beams supporting columns;

5. In base-isolated structures.

The analysis for determining the effects of the vertical
component of the seismic action may be based on a partial
model of the structure, which includes the elements on
which the vertical component is considered to act and
takes into account the stiffness of the adjacent elements.
On the other hand, the effects of the vertical component
are needed to be taken into account only for the elements
under and their directly associated supporting elements or
substructures. If the horizontal components of the seismic
action are also relevant for these elements the following
combinations may be used for the computation of the
action effects:

0.3E, +0.3E, +E,, (4)
E, +0.3E, +0.3E, (5)
0.3E, +E,4 +0.3E, (6)

If non-linear static (pushover) analysis is performed, the
vertical component of the seismic action may be
neglected.

Eq and Eg, are the horizontal components and Eg; is the
vertical component of earthquake.

The schematic spectrum is demonstrated in fig (2):

Seiag
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Figure 2: Elastic response spectrum

The vertical component of the seismic action shall be
represented by an elastic response spectrum derived using
following expressions:

0<T <T, :S.(T)= av{uTl(&on—l)}

B

T, <T<T,:S,(T)=a,xnx3.0

T @)
T. <T<T,:S,.(T)=a, xnx3.0{?°}

T, <T<4s:S,(T)=a, xnxs.OFCTID}
Where:

Sve(T) is vertical elastic response spectrum; T is vibration
period of a linear single-degree-of-freedom system, a,g; is
vertical design ground acceleration; ag is horizontal design
ground acceleration; Tg and T are limits of the constant
spectral acceleration branch. Tp is value defining the
beginning of the constant displacement response range of
the spectrum; S is soil factor; and 1 is damping correction
factor may be determined by the following expression
with reference value n = 1 for 5% viscous damping.

10
n= (5 N E_,) >0.55 (®)

& is viscous damping ratio of the structure and the
amounts of Tg, Tc, Tp and ay can be obtained
ag

using table (1).

a
Table (1): Amounts of TB, TC, TD and % according to Eurocode
g

8, 2002

Yol To | Te | Ts

Areas where M . 255 0.90 1.0 0.15 0.05

M, <5.5 Areas

where

0.45 1.0 0.15 0.05
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1.3. lranian code of practice for seismic resistant
design of buildings [19]

The vertical seismic load shall be considered for design in
the following cases:

@ Beams with spans exceeding 15 meters. The
adjacent columns and supporting walls shall also be
considered.

(b) Beams with considerable concentrated loads,
with respect to other applied loads. The adjacent columns
and supporting walls shall also be considered. A
considerable concentrated load is a load with magnitude
of at least half of the sum of all other applied loads.

(©) Balconies and cantilevers

The vertical seismic load for cases (a) and (b), above,
shall be determined from eq. (9). For the case (c), above,
this load shall be doubled. Moreover, for this latter case
the load shall be considered in both upward and
downward directions, ignoring the reducing effect of
gravity loads.

F, =0.7AIW, ©)

In this equation, A is the design base acceleration ratio; I,
is the building importance factor; and W, is the weight of
the element plus its total live load.

The wvertical and horizontal seismic loads shall be
considered in the following load combinations:

e 100 percent of horizontal seismic load in any
direction, plus 30 percent of the horizontal load in the
perpendicular direction and 30 percent of the vertical
seismic load.

e 100 percent of the vertical seismic load plus 30
percent of the horizontal seismic load in any two
perpendicular directions.

2. The models and time history analyses

In this study, a simplified three degree-of-freedom model
which includes horizontal, torsional and vertical D.O.F is
chosen as the base model, which is actually the modified
model of Gupta and Hutchison [16], [20-21] (fig 3).

The total mass of the structure (m) in both horizontal and
vertical directions, with eccentricity (e) from the center of
resistance (that matches the center of the area), is modeled
in accordance with the horizontal axis (x) which is caused
due to different mass densities ofp,, p, andp, >p,. In

order to investigate the effect of irregularity of the plan on
responses of model, each model is considered both as
regular and irregular with eccentricities equal to 15% and
30%. The viscous damping ratio (&) is supposed to be 5%
of critical damping.

In these models, o, represent the

translational, torsional and vertical natural frequencies,
respectively. The torsional and vertical frequencies ratio

¢ 0‘)62 5 (’0\/

and

. (Dez O*)V
values are defined as A, =— ¢« A, =
0‘)U O‘)U

12

Q =2
O*)u
torsional coupled system.
Changing the stiffness values, models which have
uncoupled natural period between 0.2 to 2.0 seconds
within a time interval of 0.2, are created. Also the effect
of changing stiffness on the responses of the models were
investigated for cases with torsional frequency ratios (Ar;)
equal to 0.6, 1.0 and 1.4, and vertical frequency ratios (Ay)
equal to 1.0, 10.0 and 20.0.

, where ®, is the natural frequency of

(C]
ICR(center of resi;

Farthquake i in’\ig(()

> x, Uig®

(@) Model introduced in Gupta and Hutchison research

(b) The modified model [21]

Figure (3) Lumped mass model of a single story building
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In order to investigate the vertical component effect, all
models, are analyzed, at first with no vertical component,
then using both vertical and horizontal earthquake
components. To compare the linear and nonlinear analysis
results, all of the models are analyzed both using linear
and nonlinear dynamic  procedures, while the
accelerations are scaled to 0.35g, 0.70g and 1.05g. In such
analyses, three-component near field records are used.
The analyses are done by OpenSees software [22].
"Zero-length Element” and the material properties of
"Steel01" were used for modeling nonlinear springs. The
behavior of this element is described through a bi-linear
curve, as shown in fig (4). In this figure, $£0 and $b are
spring stiffness and strain hardening ratio respectively.

F Y

stress or force

T 3ED

“
A

b S

IEO

.
- -
strain or deformation

———-§Fy

FLrEED

Figure (4) Definition of material properties of "Steel01" in Open Sees
software

2.1. Near-Field records

The investigations about near field records show that they
have limited frequency contents but higher frequency
values, as compared to far field areas. There are severe
pulses in displacement and velocity earthquake records
[23]. Earthquake energy in the near field areas is also

higher than far field areas, and decreases when distance
increases from the source. The research on vertical
component effect in near field area specifies that it is
much higher than far field area corresponding value and
by getting further; this acceleration component value
reduces more than horizontal component values. The ratio
of vertical and horizontal acceleration component is
considerably sensitive to spectral period and the distance
form a fault, and it has a maximum value in short periods
which is more than 2/3 in the near field areas [24-25].

In the current study, seven sets of near field records were
selected from table Al of Mavroeidis research [26] in
which, the soil types is type Il, according to Standard No.
2800; the average shear wave velocities are between 375
to 750 m/s; their magnitude were greater than 5.5 in
Richter scale; and finally, the distances were up to 15
kilometers from the fault.

The procedure of Standard No. 2800 is used to scale the
accelerograms as shown in fig (5). The scale factor was
selected such that the average value of the SRSS spectra is
not less than 1.4 times the 5 percent damped response
spectrum (B on figures) for periods 0.2T seconds to 1.5T
seconds on soil type 1. The scaled accelerograms are been
multiplied by selected scale factor and are used in linear
and nonlinear dynamic analyses.

Table (2): Near field acceleration records on soil type Il

Horizontal Vertical Peak Shear
. Distance Peak Ground Ground Wave
N el BEE S (Km) Acceleration Acceleration VAR Velocity i
PGA(g) PGA(g) Vs (m/s)
Coyote Lake, .
1 CA. USA 8-Jun.-79 | Gillroy Array 6 (GA6) 1.2 0.434 0.146 0.336 663 5.6
o | Landers CA, | 28-dun- | come Valley (Luc) 11 0.785 0.818 1.27 685 7.28
USA 92
. Los Gatos
3 | LomaPrieta, | 17-Oct- | b contation Center 3.0 0.605 0.89 165 475 | 693
USA 89
(LGP)
Morgan Hill, 24-Apr.- .
4 CA USA 84 Gillroy Array 6 (GA6) 9.9 0.292 0.405 1.39 663 6.19
Nahani, 23-Dec.- Iverson, NW
5 Canada 85 Territories(Sitel) 94 1.0%6 2.086 1.90 659.6 6.76
. 17-Jan.- Los Angeles Dam
6 Northridge 04 (LAD) 5.9 0.511 0.424 0.83 629 6.7
Wittier 10-Oct.-
7 Narrows 87 Alhambra (ALH) 14.3 0.414 0.19 0.46 550 5.99

13
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Record Sealing
Average

148

Coyote Lake
Landers
LomaPerieta
MorganHill
MNahani
MNorthridge
Whitier Narrow

Figure (5): The records spectra [21]

2.2. Nonlinear dynamic analyses results

First, the effect of the vertical component is investigated
on the nonlinear dynamic displacement response of
structures with different periods. In the next step, the
change in axial force of the columns is studied. The
results generally show that the displacements of more
flexible structures were increased, but the vertical
component had a slight effect on the stiffer structures. On
the other hand, axial force values of the columns of stiff
structures significantly increased.

2.2.1. Displacement responses

In order to compare the results, first, the average value of
the resultant of displacement responses derived from the
seven time history records in the near-field area was
calculated using eg. (10).

X, =[(u, ) +(v )27 (10)

In this equation, X; is the resultant displacement, U; is the

horizontal ~ displacement and V; is the vertical

displacement of the structural system in each time step of
analysis. Then, the difference ratio of the resultant
displacement response of the center of resistance in a
3D.0.F. model (affected by both vertical and horizontal
components of earthquake) and a 3D.O.F. model (affected
only by horizontal component) is calculated using eq.
(11), and are demonstrated in fig (6) and fig (7) as
response curves vs. the natural period of uncoupled
systems. In this equation, DR represent Difference Ratio

and also X;(BDOF(H & V)) and X, (3DOF(H))
are response of 3D.O.F. model (affected by vertical and

horizontal component) and response of 3D.O.F. model
(affected by only horizontal component) respectively.
DR =[X,(3DOF(H &V ))—- X,(3DOF(H ))]/
[ X;(3DOF(H ))] (11)
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1. According to fig (6), due to vertical component, the
increasing ratio of the resistance center response is more
than the edge one, because the vertical component,
opposite to the horizontal component, affects axial force
of the central columns more than edge- columns.

2. With increase in eccentricity, the effect of the vertical
component on increasing rate of resistance center
response goes up and on increasing rate of edge response
comes down.

Difference Ratio of Resultant Responss of Resisiance center
[Z0olVE&H] & IDOFH] LandaT=0U6 Landay'=1.0 acos0, 35}

Increase i displecament (%)

1 )
Tu{sec)

A) Resistance center

Difference Ratio of Resuitant Response of Edge
3z | |FD0NVEH] & JDOFHY LandaT=0.8 Landa\=1.0 acc=0.35)

¥
A

Incraase in dispiacement (%)

o az a4 oE =¥ 1 1.2 £4 1B 1.8 2
TuiseL)

B) Edge
Figure (6): The displacement difference ratio for A\V=1.0 [21]

3. By increasing the vertical stiffness (i.e. increase in
frequency ratio Ay) from one to ten and then twenty, the
resultant responses of the resistance center and the edge is
decreased; so that the maximum rate of change in the
response, regarding the effect of vertical component, is about
30%, 0.06% and less than 0.01% if Ay=1.0, A,=10.0and Ay =
20.0 respectively. Therefore, it can be stated that the
existence of vertical component have an insignificant effect
on the increasing of the displacement response of structures
with higher vertical stiffness (fig 7).
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Figure 7: The displacement difference ratio of resistance center [21]

The difference ratio of the resultant response of the
resistance center and edge displacement due to the effect
of the vertical component on models, with different
eccentricity and torsional frequency for A,,=1.0, have been
shown in fig (8) and fig (9) respectively. To calculate the
resultant displacement of the 3D.O.F. model affected by
vertical and horizontal components of earthquake from
the response of the resultant displacement of the 3D.O.F
model affected by only horizontal components of
earthquake, eq. (12) is derived from data regression
analysis:
X,(3DOF(H &V ))=(1+y)* X;(3DOF(H)) (12)

Where:

X,(BDOF(H &V)), X,(BDOF(H)) and y, are the

resultant displacement of the 3D.O.F model affected by

vertical and horizontal components of earthquake, the
response of the resultant displacement of the 3D.O.F
model without vertical component of earthquake, and the
response correction function based on the fundamental
period of vibration of the structure T, respectively.
Equation (13) is used to calculate the displacement of the

resistance center (Yg ), and eq. (14) is used to calculate
the edge displacement:

Yo =—2.72T 7 —142T, +25

B ®r o#2 ® &

FT -

DHfferereos pabio of 1esuftant resposs (%)

xxxxxxxxxxxxxxxxxx

i

[1 0 e t5 LT
0wl 1 LasdnTiol 4
{1 a0 Tre0g
| w30 LardaTre1
110 a0 LandTat
e

¥ THM S 1AM e 28 000
R'eiE1g

| --Puf -]

L=

02 04 08 0B 1 2 14 E 1B 2

Tu i

Figure 8: The effect of vertical component on the increase of the

nonlinear response of the resultant displacement of the resistance center,

for AV=1.0 [21]

Center of resistance (13)
2
ye =—87T, +182T,+7.2
Edge (14)
% E e ea s |
F T ¥ B @ i
N - ¢ gl
i LS | ' LaediTzs08
i geiE.
B* g @ LaedaTee10
2" - * g5
i LandaTzet 4
L1 * H necie
8 AT & 101550 + T I08 w gl ¥}
i . . Rf w023 H LadaTz=th
EE T ¢ o el
g i LandpTaotd
] Difference rafo of rewultant e posas of b Reagh
En dge DRV L 0K
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Figure 9: The effect of vertical component on the increase of the
nonlinear response of the resultant displacement of the edge, for AV=1.0

[21]
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2.2.2. Vertical force due to earthquake

Most of the studies in the past showed that the ratio of the
maximum response spectrum of vertical to horizontal
component of earthquake is more than 2/3 [24-25].

In this study, the ratio between axial force of columns
caused by nonlinear dynamic analysis when vertical
component exists and base acceleration multiply to model
weight (A*W) for vertical frequency ratios equal to 1, 10
and 20 are demonstrated in fig (10), fig (11) and fig (12).
The horizontal periods are assumed to be between 0.2 to
2.0 seconds with time step of 0.2 second. Vertical period
of the models, when the ratio between vertical and
horizontal equals to 10, are considered to be between 0.02
and 0.2 second with time step of 0.02; and when the ratio
between vertical and horizontal equals to 20, is considered

f 4 {ivertosl Force)! (AW} |
| i | Lapdav=20acce9.35 ML

Mormalizedforcs

N v

o =
A Yers

Figure 10: Ratio between axial force of columns due to vertical
component and base shear, AV =20 [21]

LA (Pverticad Force) ! (A™W))
24 | Landav=1.0 scc=038 NL)

Marmalized force

to be between 0.01 and 0.1 second with time step of 0.01.
Figures (10), (11) and (12) show that:

@ The ratio of normalized axial force starts from a
value close to 1, in periods of 0.01 second and increases
to reach its maximum value (about 7.8) in periods of 0.06
to 0.08 second, when A,=20. As the period increases, the
value of this factor decreases; so that as shown in fig (12),
this ratio for periods between 0.2 to 1.0 second is around
1.8. Then, it increases a little and later, it remains
constant.

(b) Comparing normalized axial force in regular and
irregular models in fig (11), there is a significant decrease
in irregular models for periods equal to or higher than
0.08 second.

[Wertical Force)! [A"A)
{ LandaVatlaccefishL]

1+ T T T T T ™ -
B 000008 D00 040G Id 1B DI 52

Hrmaliired force

Figure 11: Ratio between axial force of columns due to vertical
component and base shear, AV =10 [21]

Vertcal Period{sec)

/"‘\_‘_‘_Q

Figure 12: Ratio between axial force of columns due to vertical component and base shear, A\V=1 [21]
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3. Comparison of the analyses results and the
Iranian Standard No.2800

In most seismic codes, vertical component of earthquake
for ordinary buildings is not considered or the related
provisions have some shortcomings which cannot respect
all aspects of this component. The first shortcoming is
using the ratio of 2/3 for near-fault areas; the second one
is that the frequency content of the vertical component is
not considered high; the third is that the periods of
spectrum limits are non-conservative; and the fourth is the
damping ratio which is considered in the analysis and
design should be less than that for horizontal vibration
(Elnashai et. al., 2007). Therefore, in the current study the
results obtained from the linear and nonlinear dynamic
analyses of regular and in-plan irregular structural models
with periods less than 2 seconds subjected to simultaneous
horizontal and vertical components of earthquake are
compared with requirements of Standard No. 2800.

The results are as follows:

1. Regarding to clause 1, 2 and 3 of section 3.2.1 above,
the results obtained from nonlinear analyses show that
vertical stiffness highly affects the displacement response.
Larger wvertical stiffness, causes less displacement
response; so when the frequency ratio is A,=1.0, the
maximum ratio of increase in response of center of
resistance and edge are 30% and 20% respectively; and
when the vertical frequency ratio is Ay=10, the maximum
ratio of increase in response is about 0.06%; and finally,
when the frequency ratio is A,=20, the maximum ratio of
increase in response is less than 0.01%. Thus, one can
ignore the effect of vertical component on displacement of
structures with large vertical stiffness. Meanwhile, the
vertical seismic load shall be considered for calculating
the displacement of the structures with low axial stiffness
such as industrial structures and other buildings described
in clause (2-3-12-1) of Standard No. 2800; the beams with
spans exceeding 15 meters and/or with considerable
concentrated loads also balconies and cantilevers. The
displacement response of the structures due to horizontal
and vertical components of earthquake can be calculated
using their displacement response from the case with no
vertical component then using eq. (12). It should be noted
that this equation is presented to demonstrate the
procedure and in order to present a general equation, more
comprehensive investigations are needed.
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2. Regarding clause 4 of section 3.2.2, the response factor
of wvertical acceleration depends on period and its
maximum value is in period range of 0.06 and 0.08
second. When the period increases, this factor decreases
and it will be about 1.8 for periods between 0.2 and 1.0
second. Clause (2-3-12-2) of Standard 2800 suggests the
eq. (9) as defined above to calculate the vertical seismic
load (for balconies and cantilevers this load shall be
doubled according to the code).

In that equation, A, is the design base acceleration ratio; I,
is the importance factor, and W, is the weight of the
element plus total live load. This equation is period
independent and the design base acceleration ratio is
multiplied by a constant value; but based on fig (10) to fig
(12), the building response factor is not only period
dependent, but also its value is more than 0.7. As a result,
it is recommended that a design response spectrum of
vertical component shall be used to calculate the vertical
force due to earthquakes in near-field areas.

3. Using dynamic analyses results and data regression,
two spectra, average spectrum (50%) and the average plus
one standard deviation spectrum (84.1%) are obtained to
calculate the building response factor of vertical
acceleration which are very well compatible with the
results. Such spectrum can be used to calculate the above
factor for structures with periods equal to 2.0 seconds or
less.

The average spectra are illustrated in fig (13). These
spectra are identified by the following equations:

Bv=90Tv+1 0<Tv<0.06
R —Squared values=0.97747 (15)
Bv=6.4 0.06 <Tv<0.08 (16)
Bv=0.24Tv** 0.08<Tv<0.2
R —Squared values=0.9977 ()]
Bv=138 Tv>02  (18)

R —Squared values =0.95 For whole the spectra

In which, Bv is the vertical response spectrum factor for
building, TV is the vertical period of building and R-

Squared values represent the compatibility ratio of
regression formula with the data values.
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In fig (14), the average plus one standard deviation

spectra are shown. These
following equations:

Bv=105Tv+1
Bv=7.3

Bv=0.24Tv*®

Bv=26

R —Squared values =0.965

spectra are calculated by the

0<Tv<0.06
0.06 <Tv<0.08

0.08<Tv<0.2

Tv>02

Regarding the fact that the vertical response spectrum
factor of irregular models is less than regular ones, it
can be suggested that the average spectrum (50%) and
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buildings in plan respectively.
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Figure 14: Average plus one standard deviation vertical response spectrum factor [21]
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4. With regards to fig (10) to fig (12), the axial force of
columns has highly increased as the vertical stiffness
increases. This shows that the higher frequency content of
vertical component is more than the horizontal one. The
more vertical stiffness of structure, the less its period and
it is more probable that the period of structure be in the
zone of maximum vertical spectrum acceleration. Change
in axial force of columns leads to change of behavior of
whole structure. The increase in the compressive force
causes buckling of steel columns and changing in
moment-curvature diagram of concrete columns. Also, the
existence of tensile force in columns causes Uplift and it
leads to decreasing the shear strength of concrete columns
and finally increasing their shear failure potential [2] and
[15]. Thus, it seems that the effect of this component shall
be taken into consideration for all structures located in
near-faults area and clause (2-3-12-1) of the Standard No.
2800, which asks that the effect of this component be
considered only in special cases as mentioned above, is
not valid for structures in near fault areas.

4. Conclusion

The most important results derived from this study are as

follows:

1. The effect of vertical component on displacement of
the center of resistance is larger than the edge;
because vertical component, in opposite to
horizontal component, affect mostly the axial force
of central columns rather than columns in the edge.

2. With increase in eccentricity, the effect of vertical
component on increasing the resistance center
response is larger, and its effect on increasing the
edge response is less.

3. When vertical and torsional stiffness increased from
1 to 10 and then to 20 (i.e. increasing in the
frequency ratio of A, and 4 1) the responses of the
resistance center and edge decreased. So, vertical
component has negligible effect on increasing
displacement response of structures with large
vertical stiffness.

4. The response factor of vertical acceleration depends
on period and for period range of 0.06 to 0.08
seconds, it has its maximum value and when the
period goes up, the factor decreases. The axial force
of columns increases significantly when the vertical
stiffness increases from 1 to 10 and 20.

5. The displacement control under vertical component
in Iranian Standard 2800 is only necessary for
industrial structures and similar structures as
described in clause (2-3-12-1). It is shown that it is
possible to develop an equation for calculating
structural displacement responses when vertical
component of earthquake is included. A preliminary
equation was presented.

6. According to Standard 2800, the vertical
component effect is needed to consider only for
structures indicated in clause (2-3-12-1). The current
study shows that the effect of vertical component
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must be considered for all the structures located in
the near-field areas. Of course, for stiffer structures,
the effect of vertical component on structural forces
is significant and the effect of vertical component on
structural displacement can be ignored.

7. It is recommended that a vertical design response
spectrum be used to calculate the vertical force due
to earthquakes occurred in near-field areas.

8. Equations are developed to derive average (50%)
spectrum and average plus one standard deviation
(84.1%) spectrum to calculate the vertical response
spectrum factor (Bv) of buildings with periods equal
or less than 2.0 seconds. As the factor of irregular
models is less than regular ones, it is recommended
that the average (50%) spectrum and average plus
one standard deviation (84.1%) spectrum can be
used to calculate the vertical response spectrum
factor of irregular and regular buildings respectively.
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