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Local and global effects of forward directivity

Previous studies have revealed that near-fault ground motions perpendicular to the fault slip
are very destructive for structures. Due to the common use of moment resisting frames and the
importance of near-fault strong motions, the local and global effects of long-period (Tpulse>0.7s)

Assoc.Prof. Mohsen Gerami, PhD. CE pulse-like ground motions are studied on 5 samples of steel moment resisting frames by
University of Semnan considering variations in the height of models. Results obtained show the forward directivity
Faculty of Civil Engineering increases global and local demands of models forabout 1.1t0 2.6,and 1.2 to 3.5times, respectively.

mgerami(@semnan.ac.ir

Key words:

near fault earthquake, steel moment resisting frames, pulse-like motions, seismic evaluation

Izvorni znanstveni rad
Mohsen Gerami, Davood Abdollahzadeh

Lokalne i globalne posljedice primarnog udara

Ranija istrazivanja pokazuju da pomaci tla u blizini rasjeda djeluju vrlo destruktivno

Davood Abdollahzadeh, MSc. CE na gradevine smjeStene poprecno na plohu loma rasjeda. Zbog uobicajenog koristenja
University of Semnan okvira otpornih na savijanje te zbog znacaja snaznih pomaka u blizini rasjeda, u ovom se
Faculty of Civil Engineering radu razmatraju utjecaji pulsirajucih pomaka tla dugog perioda (Tpulse>0,7s) na lokalno
d_abd87@semnan.ac.ir i globalno ponasanje pet uzoraka Celi¢nih okvira otpornih na savijanje, uzimajuci u obzir

varijacije zbog promjene visine modela. Rezultati pokazuju da se kod primarnog udara
globalni i lokalni zahtjevi modela povecavaju za 1,1 do 2,6 puta tj. za 1,2 do 3,5 puta.

Klju€ne rijeci:

bliski potres, celi¢ni okviri otporni na savijanje, pulsirajuci pomaci, seizmicka ocjena

Wissenschaftlicher Originalbeitrag

Mohsen Gerami, Davood Abdollahzadeh

Lokale und globale Effekte der Vorwartsrichtwirkung

Vorherige Untersuchungen haben gezeigt, dass nahe an VVerwerfungen und orthogonal zur
Bruchflache auftretende Erdbeben starke destruktive Auswirkungen auf Konstruktionen
haben konnen. Aufgrund des Ublichen Einsatzes von Rahmenkonstruktionen und der
Bedeutung von Erdbeben in Verwerfungszonen, sind in dieser Arbeit die Effekte pulsartiger
Bodenbewegungen langer Perioden (Tpulse>0.7s) untersucht. Der Einfluss auf das globale
und lokale Verhalten ist an flinf Beispielen von Stahlrahmenkonstruktionen verschiedener
Hohen erforscht. Die Resultate zeigen, dass globale und lokale Anforderungen der Modelle
durch Vorwartsrichtwirkung mehrfach ansteigen kdnnen (1.1 bis 2.6, bzw. 1.2 bis 3.5-fach).

Schlisselworter:

Verwerfungsnahe Erdbeben, Stahlrahmenkonstruktionen, pulsartige Beben, seismische Auswertung
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1. Introduction

Previous studies have demonstrated that the directivity of
a fault fracture causes different effects in near field ground
motions compared to far-fault earthquakes [1-6]. Comparing
the forward directivity and the backward directivity in the near
field of fault, the forward directivity usually has the highest
effects on engineering structures [3, 4]. In regions located near
active faults (usually less than 15 km away from the fault), the
forward directivity causes pulse-like ground motions with a
high amplitude and long period normal to the rupture plate of
the fault, in such a way that the pulse like motion is visible in
the velocity time history. After destructive earthquakes such
as Landers (1992), Northridge (1994), and Kobe (1995), it was
established that structures designed according to modern
seismic codes experience severe damage due to the forward
directivity effect [7]. Because of near fault importance, many
researchers have studied the inelastic response of buildings
in case of near-fault motions. They showed that by increasing
two parameters: the ratio of pulse period to the natural period
of structures, and the ratio of Peak Ground Acceleration (PGA)
to lateral stiffness of structures, the non-linear response
and damage to structures increase in near fault regions. In
addition, the concentration of displacements at lower parts
of structures causes axial force increase in columns, while the
P-4 effectintensifies at lower storeys of structures [8]. ). F. Hall
(1997) investigated the effect of the near fault ground motion
on low and high-rise moment frames. He pointed out that
the residual strength in damaged connections, undamaged
connections after earthquake, structure-slab interaction,
girder axial strength, strength of simple connections in
gravity frames, higher strength of steel and strain hardening,
have caused the structures stability after near field ground
motions [S].

Because of the existence of some populated cities and
metropolises near active earthquake sources, and due to
severity of near source motions, the study of the near fault
ground motion effects is still under way, and the objective is
to achieve better understanding of the behaviour of structures
located in the near fault regions. Relevant studies have
revealed that the behaviour of structures and the damage
pattern may differ depending on the structure specification
and ground motion characteristics in near field of the fault,
[10-13]. Other researches are related to the development of
new modelling approaches focusing on near fault effects in
the loading pattern, and on design regulations [12]. These
researches should lead to the development of some criteria
for the seismic design of new structures in the near field of
the fault. The 1997 Uniform Building Code (UBC97) is a pioneer
in this significant topic. It provides some coefficients for
considering near fault effects in the calculation of shear at
the base of structures [13]. After Bam earthquake (2003), the
Iranian Seismic Design Code (Standard No.2800, 3" edition)
was prepared in Iran in 2005 by the Ministry of Housing and

Urban Development of Iran. In this edition of the Iranian
Seismic Code, it is only recommended to avoid constructing
buildings in the vicinity or near active faults. However, in the
cases when buildings have to be built close to an active fault,
some special technical advices must be considered, but none
of these advices are specified in the Iranian code.

After the Bam earthquake (2003), observations and field
studies have shown that most of buildings were damaged at
the ground floor level, and in the direction normal to the fault
line [14-18]. Additional studies [16-19] on Bam earthquake
(2003) have shown severe effects of forward directivity on
frame structures. In order to continue with the studies on the
effects of near fault ground motions on structures, and in the
light of the above mentioned reasons, the forward directivity
effects on the local and global behaviour of moment frames
will be analyzed in this study. The effects of long-period
pulse-like motions have been investigated with regard to
the base shear, drift, demand and capacity of columns and
girders, moment forces and bending ductility by means of the
nonlinear time history analysis conducted on five structural
models. These structural models are 2D steel moment frames
with 3,5, 7,10 and 15 storeys, which were analyzed using the
nonlinear dynamic analysis based on FEMA 356 provisions
regarding 20 earthquake records. In addition, the effect of
intensification of forward directivity on the axial force of
columns was also investigated with respect to variations in
the aspect ratio of the structure.

2. Research assumptions and modeling
2.1. Selection of earthquake records

In case of an earthquake, different effects are observed in
terms of both the shape and type of motion in different
regions around a seismic fault, which is dependent on the
mechanism and directivity of the fault rupture. The fault
rupture propagation directivity with respect to the site can be
either forward or backward. Under conditions in which the fault
rupture propagation velocity is almost equal to the propagation
velocity of earthquake waves, and the fault rupture propagation
direction is toward the site, the accumulation of waves from
each rupture causes 1 to 3 pulses with long period and high
amplitude in the component normal to the fault plane, which
then vibrate near-fault regions in a short effective time [2,
23]. Therefore, the forward directivity effect causes pulse-like
records normal to direction of the fault line. If the fault rupture
propagates away from the site, the ground vibrates with a
relatively high number of low-amplitude oscillations. This
situation is called backward directivity. Other regions without
the forward or backward directivity effect are called regions
with a neutral directivity effect [20].

Based on the studies by Alavi and Krawinkler (2001) [3], and
in order to consider the forward directivity effects according
to the mentioned definitions, ten records were selected
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Table 1. Earthgauke records used in this study

Earthquake name Station Com.-Azi.2 R® PGA« Iz(é\lllﬁ SEDe CAVf Tpe Tm"
Date (yy-mm-dd) [km] [g] (] [m?2/s] [m/s] [s] [s]
Chi-Chi, Taiwan 99-09-20 CHYO065 N-0° 83.43 0.1 0.14 0.09 9.88 0.56 0.79
Chi-Chi, Taiwan 99-09-20 TAPOS5 E-90° 109.01 0.15 0.18 4L.66 56.56 0.98 0.84
Loma Prieta 89-10-18 CDMG58224 290° 72.2 0.24 0.15 1.88 27.69 0.32 0.86
Loma Prieta 89-10-18 CDMG58472 270" 74.26 0.26 0.16 2.12 28.35 0.64 0.85
Kobe, Japan 95-01-16 HIK 0° 95.72 0.14 0.11 2.08 45.02 0.6 0.76
Loma Prieta 89-10-18 CDMG58223 0° 58.65 0.23 0.11 1.02 33.26 0.3 0.53
Manjil, Iran 90-06-20 Qazvin 336° 49.97 0.13 0.09 2.54 59.48 0.16 0.46
Northridge 94-01-17 CDMG13122 0 82.32 0.10 0.07 0.50 31.22 0.38 0.44
Tabas, Iran 78-09-16 Ferdows T 91.14 0.10 0.08 2.18 48.38 0.24 0.29
Kocaeli, Turkey 99-08-17 Bursa Tofas 90" 60.43 0.10 0.21 11.40 100.90 0.68 0.93
Denali, Alaska 02-11-03 Pump St.10 47° 2.74 0.32 0.43 19.79 47.83 0.94 1.52
Bam, Iran 03-12-26 Bam T3-8 R<15 0.59 0.43 41.96 118.26 0.78 0.91
Chi-Chi, Taiwan 99-09-20 CHY101 N-0° 9.96 0.44 0.27 13.27 48.15 0.9 0.98
Chi-Chi, Taiwan 99-09-20 TCUO68 E-90° 0.32 0.56 0.32 36.53 30.52 0.42 1.51
Imperial Valley 79-10-15 CDMG 5158 230° 1.35 0.43 0.26 7.64 23.33 0.24 1.31
Northridge 94-01-17 DWP 75 288° 5.19 0.49 0.15 2.04 25.50 0.22 0.72
Silakhor, Iran 06-03-31 Chalan Cho. L-99° R<15 0.45 0.33 52.61 93.81 1.52 1.82
Kocaeli, Turkey 99-08-17 Yarimca 60° 4.83 0.26 0.25 19.93 39.12 0.52 1.29
Zanjiran, Iran 94-06-20 Meymand L-0° R<15 0.42 0.28 44,69 123.41 1.36 1.73
Kobe, Japan 95-01-16 Takatori 0’ 1.47 0.61 0.21 6.34 42.52 1.22 1.10

2 Component-Azimuth, ® Closest distance from the recording site to the ruptured area, ¢ Peak Ground Acceleration, ¢ Peak Ground Velocity to Peak

Ground Acceleration Ratio, ¢ Specific Energy Density, f Cumulative Absolute Velocity, & Predominant Period, " Mean Period (Kramer,1996) [22]

from the regions located less than 15 kilometers away from
active faults, which were pulse-like and had long periods
and large magnitudes in the velocity time historey [3, 271. In
addition from two horizontal components recorded in each
accelerogram station, the component having higher values
of acceleration response spectrum in the long-period range
(T>1s) was selected. In order to compare the results of the near
and far field of fault, ten records in the far field of fault with
neutral directivity were selected. All earthquake records were
chosen from famous world earthquakes with the moment
magnitude of higher than 6.5. To avoid errors arising from
records in the regions situated very far away from the fault,
the value of 0.1 g was adopted as the minimum PGA value.
Since the forward directivity has higher effects in soil sites, all
records were selected from the stiff soil sites (Class D based
on FEMA 356 soil classification [26]). The records used in this
study are presented in Table 1. Past studies have shown
that the forward directivity causes the amplitude of velocity
response spectrum increase in the period range of more than
0.6 to 1.1 seconds, in such a way that in the grounds with
stiff soils in the period range of 2 s the amplitude of response
spectrum increases to the value that is two times greater
than that registered in the far-fault region [21].

2.2. Structural models

Five two-dimensional models of special steel moment frame
were designed in sites characterized by stiff soil conditions,
as shown in Figure 1. The models are moment frames with
3,5, 7,10 and 15 storeys, 5m span length, and 3.2m storey
height. Steel materials types ST37 and ST52, manufactured
by Esfahan steel company, are nowadays used to construct
steel structures in Iran. Therefore, based on steel material
specifications provided by Iranian code [28], the steel type
ST37, with the vield point of 2400 kg/cm? and ultimate stress
of 3600 kg/cm? is considered for the design and evaluation of
the models. Iranian seismic design code offers peak ground
acceleration of 0.35 g for high seismic hazard level regions with
10 % probability of earthquake event in the 50 years of useful life
of a building [25]. The seismic code does not provide a different
PGA for near source earthquakes. In other words, based on
Iranian code, and given the same hazard level, the peak ground
acceleration (PGA) is equal for both the near and far fields of
a fault. The seismic loading of models was done based on the
3" edition of the Iranian seismic design code for the regions
with high rate of seismicity and with maximum PGA of 0.35 g.
The dead and live loads of storeys, except for the roof, are the
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Section No. Section name Type | Blem] t[em] H[cm] slem]
B1 2PL150X12PL276X8 Grider 15 12 30 08
B2 2PL150X15PL270X8 Grider 15 15 30 08
B3 2PL200X15PL270X8 Grider 20 15 30 08
B4 2PL200X20PL260X8 Grider 20 2 30 08
B5 2PL200X20PL310X10 Grider 20 2 35 1 ]—-B--—| }__B | B2 B2 B2 stomy1s
B6 2PL200X20PL360X10 Grider 20 2 40 1 [ —— c3 c3 c3 c3
B7 2PL250X20PL310X10 Grider 25 2 35 1 T T |_B4| B4 B4 | stomv 1s
B8 2PL250X20PL360X10 Grider 25 2 40 1 'r 1 H |+ & o4 B4 = B4 o3 B4 cf:“[UP!' 13
@ BOX150X150X10 Column 15 1 15 1 i _l_ r c4 Cc5 C5 c4
(w) BOX200X200X12 Column 20 12 20 12 1 I| 1' = B4 = B4 = B4 ;;ORY 12
c3 BOX200X200X15 Column 20 15 20 15 Grider section Column section __B5| BS BS | stomy 11
cu BOX200X200%20 Column 20 2 20 2 B2 B2 B2 sisivio C5 BS Cé BS C6 s cs?‘l:lR\rm
(o] BOX250X250X20 Column 25 2 25 2 - - ca ca ca c3 cs cs ce cs
6 BOX250X250X25 Coumn | 25 25 25 25 Stories height = 320 cm B4| B4| B4 stopvs B6, BE| B6|srorye
c7 BOX300X300X25 Column 30 25 30 25 Spans Eength =500 cm C3 B4 C3 B4 C3 B4 cs:?nm'a C6 B Cc7 86 CT 86 ngnms
8 BOX300X300X30 Column 30 3 30 3
c4 _|ca_ [ca__|ca 6 __|C7 7 . |ce
c9 BOX350X350X20 Coumn | 35 2 35 2 B2 B2 B2 sropyy | BS| B5| BS|gronvs b B6| B6 GJ_ STORY 7
c10 BOX350X350X25 Column 35 25 35 25 c3 B4 c3 B4 c3 B4 E‘I?Gl!\'s C4 BS C5 BS C5 BS %!‘DP\"E Cé 88 c7 B8 cT B8 CS?UR\-'G
[ah] BOX350X350X30 Column 35 3 35 3 c3 C3 c3 c3 C5 cs C5 Cc5 CT c8 C8 c7
B2 B2 siorys | B4| " B4 storys | B5| BS| BS5|sopys | B8] BB| B8 | cionvs
4 7
9 50 [P s Pag Seve P as/Pes @ as S P Par e (B (e[ e T
Bt 81 Bt sons |86l e[ ee e %0808 P asShes [Ber|Per®ar (%, %08 0e | e T
C1 B3 C1 83 c1 B3 g“onn NB‘ C4u MB‘ f‘fﬂnrz Cst Cias C5 BS ET‘OR!’! Cc5 87 Cc7 B7 c7 87 (é?onn C?Bs c"’Bﬂ C‘ll)Ba Cg?mmz
cz2_.lc2_. [cz2__ lc2 c4_ lcs . [c5_ [c4 cs__lce__lce __|c5 ce __leT__le7 __|ce C8 g (1054 (€19, [CB
B3| B3| B3 smomrs B4| B4| Bdisiopyr [ BS| B5| BS |sronvy BT B7 BY | story1 | B8 | _h STORY 1
cz |e3 [c3 ez c4 o5 |c5  [c4 c5 |c6 [c6 [c5 ce [c7 |c7 o cs |c11 [c11 [cs
SMRF-3 SMRF-5 SMRF-7 SMRF-10 SMRF-15
Figure 1. Structural models used in this study
same for all models and amount to 2500kg/m and 1000 kg/m, Q Q
. 2
respectively. The dead load for roof amounts to 1750 kg/m for
the 3-storey and 5-storey models, 2083 kg/m for the 7-storey Q, 1 12,3
and 10-storey models, and 2250 kg/m for the 15-storey model.
The roof live load of 750 kg/m has been adopted for all models.
The importance factor of residential buildings and the reduction 3
factor have been assumed to be 1 and 10, respectively (based on a b
Iranian code). The P-A effects are considered in the analysis and |
0 g e d A O g A

design of structures. Material specifications of the elements,
including the module of elasticity, yield strength and Poisson's
ratio, were assumed to be £=2.1x10° kg/cm?, f, = 2400 kg/cm?
and v = 0.3, respectively. In addition, according to the Iranian
Steel Structure Design Code (The Iranian Steel Structure Design
Code features two methods ASD and LRFD for the design of
steel structures and some parts of its regulations are similar to
AISC-89, while others are similar to UBC-97) structural elements
are designed as seismic compact elements. Girders and columns
are designed by I-shapes and tube sections, respectively.

2.3. Assumptions for the non-linear dynamic analysis

The non-linear time history of structures was analysed using
the RAMPerform-3DS software, according to the following
assumptions:

- The force-displacement relationship was considered
according to FEMA 356. Details of plastic hinges of brittle
and ductile elements are shown in Figure 2 [26].

- Thetime step for the nonlinear dynamic analysis was chosen
to be 0.005s and, in order to control duration of the analysis,
1000 sub-steps were considered for each time step.

- Large displacements and P-A effects were taken into
account in the non-linear dynamic analysis.

Ductile elements Brittle elements

Figure 2. Behaviour curve of: a) ductile element; b) brittle element [26]

- According to the recommendation from the Iranian Seismic
Code (2005), the structure damping was considered to be 5 %
of critical damping [25].

- A number of methods for scaling the earthquake records are
provided in seismic codes for the design of new structures,
or rehabilitation of the existing structures. For instance, the
response spectrum of records should be equal to a certain
design spectrum in a specific time range, or all record response
ranges must be equal in the fundamental period of the structure.
These methods are suitable for designing new structures but,
in this study, the near and far field records were scaled to the
same PGA for the following reasons. First, the goal of this study
is to compare responses of the models to pulse-like motions
and cyclic motions, and not to design or rehabilitate structures.
Hence, except for directivity effects, because of lower attenuation,
the PGA value is greater in the near field than in the far field of
the fault. Therefore, in order to consider only pulse-like motions
caused by forward directivity effects, all the records were scaled
by the maximum ground acceleration of 0.35g. The second
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reason is that, according to the Iranian Seismic Code, an equal
PGA is assumed for regions located in both the near and far field
of active faults as a constant hazard level, in case of regions with
a high seismic hazard.

- Based on FEMA 356 (2000) criteria [26], if seven or more
consistent pairs of horizontal ground motion records are
used for the time historey analysis, the use of an average of
all responses of the parameter of interest shall be permitted
for design. Hence, average results of maximum response of
structural models were adopted for comparing parameters in
the near and far field of the fault.

3. Design demand of structural models

Due to simplicity of calculations, the equivalent static method,
which can be used for designing regular low-height buildings, is
one of the common methods for estimating earthquake forces.
This method is suitable for the buildings in which more than 90 %
of the effective mass participates in the first oscillation mode. To
investigate the design demand, the mean plus standard deviation
of response spectra of near and far fault records is used in this
study. The spectra are presented in Figure 3 for the 5 % damping
value. Smoothed results of the mean plus standard deviation for
near and far fault response spectra are compared in Figure 3.

4

& = === FF (Mean + Stdv)
35 4 h
n s = FF Smoothed Spectrum
"B I
<= NF (Mean + Stdv)
o
-ﬁ s \F Smoothed Spectrum
P 25 4 NF - near field of fault
o FF - far field of fault
[v] 2
]
€
3 15 -
]
o 1J
.,
‘-““'\-.
05 1 “—
e e ]
[ f R 1T oo o S e 1 e B e o e i e e e e s e e )

2 3
Period [s]

Figure 3. Smoothed response spectra for near and far field of fault,
(=5%

Based on Figure 3, smoothed near and far fault response
spectra were obtained by considering the same area under the
smoothed and main spectra curves. Results show that the near-
fault smoothed spectrum at the period of 1s or higher is greater
than that for the far-fault. This result is in good accordance with
the near-fault design spectra of studies carried out by Saiidi and
Somerville (2005), as shown in Figure 4 [24].

18
16 ——— Somerville M=75

------ Calatrans ARS far-field M=70-75

— - — - - Calatrans ARS near-fault M =70-75

14— S~

SA[g]

00

Period [s]

Figure 4. Comparison of acceleration response spectrum for near and
far field of fault, { =5 % [24]

To examine the design demand of the models by means of the
equivalent static procedure according to the Iranian Seismic
Code, 3™ edition (2005) [25] and the smoothed spectra from
Figure 3, the base shear of each model is calculated using
equations 1 and 2.

3
T =0.08H* (1)
ABI
V= R w (2)

Parameters used in equations 1 and 2 are: T - fundamental
period of structure (s); H - structure height (m); I/ - base
shear; A - maximum ground acceleration at the intended
damage level of earthquake (in this case, it is 0.35g);
B - design spectrum at the fundamental period of the
structure obtained from Figure 3; |, importance factor (here
it is 1); R - earthquake force reduction factor (R=10); W -
effective weight of the structure (dead load+0.2 live load).
The base shear of each model is presented in Table 2 based
on the relationships from the Iranian Seismic Code, and
the smoothed response spectra in the near and far field of
Figure 3.

After lateral loading of the models, the ratios of available to
allowable stress of each model was calculated for the near
and far field of fault. The results are compared in Table 3.
Results from Table 3 show that the maximum increase in
the percentage of available stress to allowable stress ratio
for the 7-storey and taller models in the near field of fault
is by 10 % to 19 % higher than that of the far field of fault.
For the low-rise models, the ratio of available to allowable
stress in the near fault field is by about 4.5 % lower than
that in the far-fault regions. The above results show that
it is better to use the envelope of the smoothed near and
far fault response spectrum, rather than to use one of them

Table 2. Seismic parameters of models based on NF and FF response spectra and Iranian Code

Structural parameters SMRF-3 SMRF-5 SMRF-7 SMRF-10 SMRF-15
Period [s] (equation (1)) 0.44 0.64 0.82 1.08 1.46
FF Base shear [kg] (equation (2)) 11037 23225 24000 31115 37525
NF Base shear [kg] (equation (2)) 8963 17811 30290 37193 42511
GRADEVINAR 65 (2013) 11, 971-985 975
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Table 3. Available stress to allowable stress ratio in near (NF) and far
(FF) field of fault

9_>,‘ Perimeter Columns| Interior Columns | Outside Girders Inside Girders
ﬁ FF NF FF NF FF NF FF NF
SMRF-15
15| 0.77 | 0.80 | 058 | 063 | 0.72 | 0.75 | 0.83 | 0.87
14 | 0.78 | 082 | 0.82 | 090 | 0.80 | 0.85 | 0.71 | 0.76
13| 071 | 0.75 | 069 | 0.76 | 0.86 | 0.91 | 0.90 | 0.96
12 | 070 | 0.74 | 0.79 | 0.86 | 0.99 | 1.07 | 0.98 | 1.06
11 | 072 | 0.76 | 0.80 | 0.87 | 099 | 1.06 | 0.90 | 0.98
10 | 0.87 | 093 | 0.89 | 0.96 | 1.01 1.10 | 0.96 | 1.04
9 | 073|078 | 0.74 | 0.80 | 094 | 1.02 | 092 | 1.01
8 | 084 | 08 | 079 | 086 | 096 | 1.04 | 097 | 1.07
7 089 | 095 | 091 | 098 | 098 | 1.06 | 1.00 | 1.10
6 | 074 | 079 | 080 | 086 | 0.89 | 097 | 0.86 | 0.94
5079 | 084 08 | 092 | 093 101 086 | 094
4 | 083 | 094 | 089 | 095 | 094 | 1.03 | 0.87 | 0.96
3 /08 |09 | 087 | 092 09 | 101 089 | 058
2 | 087 | 093 | 091 0.97 | 050 | 0.98 | 0.88 | 0.97
1 092 | 1.00 | 092 | 098 | 0.77 | 0.85 | 0.78 | 0.85
SMRF-10
10 | 0.70 | 0.74 | 0.48 | 055 | 0.72 | 0.75 | 0.76 | 0.81
9 | 082 | 090 | 083 | 095 | 071 | 0.78 | 0.72 | 0.78
8 | 090 | 099 | 089 | 1.02 | 087 | 096 | 0.83 | 091
7 080 | 088 | 084 | 095 | 0.78 | 0.88 | 0.85 | 0.95
6 | 078 | 0.86 | 0.88 | 0.99 | 0.91 1.02 | 091 1.02
5 1079 | 088 | 090 | 1.02 | 1.00 | 1.14 | 0.5 | 1.07
4 | 093 | 104 | 094 | 1.05 | 088 | 1.01 | 0.84 | 0.95
3 | 091 1.01 | 0.79 | 0.88 | 0.87 | 099 | 0.90 | 1.03
2 | 09 | 101 | 08 | 094 | 089 | 1.01 | 0.83 | 1.06
1 097 | 1.10 | 1.01 113 | 085 | 096 | 0.85 | 0.96
SMRF-7
7 | 066 | 072 | 046 | 055 | 0.74 | 0.79 | 0.74 | 0.78
6 | 080 | 090 | 0.79 | 094 | 069 | 0.77 | 0.69 | 0.76
5 /085 | 097 | 087 | 103 | 084 | 096 | 0.80 | 0.90
4 | 083 | 09 | 078 | 092 | 079 | 091 | 0.80 | 0.92
3 1093 | 1.07 | 091 1.07 | 0.87 | 1.01 | 0.91 1.05
2 078 | 089 | 082 | 096 | 0.92 | 1.07 | 0.91 1.05
1 088 | 1.04 | 095 | 1.11 090 | 1.04 | 0.85 | 0.98
SMRF-5
5 | 073 | 069 | 0.51 0.43 | 091 | 087 | 0.87 | 083
4 | 08 | 074 | 089 | 074 | 074 | 067 | 0.70 | 0.64
3 103 | 089 | 1.04 | 08 | 095 | 0.83 | 0.88 | 0.77
2 |09 |08 |08 |075 | 108 | 093 | 1.05 | 0.90
1 103 | 086 | 1.11 | 093 | 1.10 | 095 | 1.08 | 0.93
SMRF-3
3 |073 | 069 | 051 | 043 | 091 0.87 | 087 | 0.83
2 |08 | 074 |08 | 074 | 074 | 067 | 070 | 0.64
1 103 | 089 | 104 | 086 | 095 | 083 | 0.88 | 0.77

only, in cases when new structures are designed in regions
affected by the near and far source motions with the same
PGA for a given hazard level.

4, Global effects of forward directivity on
structural models

4.1. Base shear

Average results of base shear in the near and far field of fault
were obtained by nonlinear time history analysis, in order to
study forward directivity effects on base shear by varying
heights of the models. In Figure 5, average base shear results
are compared in the near and far field of fault for each model.
Results of each model show that the difference between the
base shears of the near and far field of fault increases with an
increase in the model height.
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1520 -
=1 NF Base shear (Mean)
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Figure 5. Comparison of average base shear results in near and far
field of fault
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Figure 6. Comparison between average results of roof drift in near
and far field of fault

4.2, Drift

Controlling relative displacements in structures is one of
important steps in the design of structures. In this respect, the
drift demand is directly related with the ductility demand of
the structure. The following equation (Equation 3) is specified
in the Iranian Seismic Design Code for the estimation of
relative drift (inelastic drift) of storeys by the method of static
analysis [25]:

Aine = 0’7 RAel (3)
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Figure 7. Comparison of mean results of storey drift demand in near (NF) and far (FF) fields of fault

where:

A, - the inelastic drift of storeys,

R - the seismic force reduction factor,

A, -the elastic drift of storeys obtained by the linear
equivalent static analysis.

The Iranian seismic code (2005) limits inelastic drifts to 0.025
of the storey height for structures with periods equal to or
lower than 0.7 s,and to 0.02 of the storey height for structures
with periods higher than 0.7 s [25]. In order to study the effect
of forward directivity on drift demand, the average of roof
relative displacements is investigated in Figure 6 for each of
the models in the near and far field of fault. Average results
show that the ratio of roof drift in near field to that of the
far field of fault increases with an increase in model height.
According to Figure 7, long-period pulse-like motions (7, >
0.7 s) in near-fault regions lead to the increase in storey drift,
which is by about 1.1 to 2.6 times greater compared to the
far-field of fault. Average storey drift results show that the
maximum drift demand occurs in the lower half of the models.
These results correspond well with the studies of Sehhati el
al. (2011) [10].

5. Local effects of forward directivity on
structural models

5.1. Nodal rotations under the effect of forward
directivity

Assuming that the joints between girders and columns are
rigid, the rotation of nodes can be approximately considered
as a criterion for evaluating the ductility demand of
structural elements. In Figure 8, the effects of forward
directivity on the rotation of nodes over the height of the
structure are studied by comparing results in the near and
far field of fault.

According to Figure 8, nodal rotations at the top of the models
are very close for the near and far field of fault. However,
for the lower parts of the models, the rotations of nodes in
the near field of fault are between 1.2 to 3.5 times greater
than the corresponding values of the far-fault regions. In

the near field of fault, most nodal rotations are concentrated
in the lower half of the models, and the difference between
average results of near and far field of fault clearly increases
with an increase in height. The comparison of Figures 8-a and
8-b shows that the perimeter nodes rotate 1.05 to 2 times
more than the corresponding interior nodes, except for the
nodes located at the highest storey. The perimeter nodes
of the highest storey rotate 2 to 2.5 times more than the
interior nodes. Results show that in the near field of fault,
the vulnerability is significant for the perimeter structural
elements that are located in the lower half of the structure.

5.2. Forward directivity effects on columns

5.2.1. Relationship between aspect ratio and forward
directivity effects on columns

To show in a simple way an approximate relationship of the
building aspect ratio and the forward directivity effect on the
increase of column axial forces, as shown in Figure 9, three
one-degree-of-freedom moment frames with equal lateral
stiffness, and with the same gravitational and lateral loads,
were considered at different aspect ratios of (h/b), 0.5, 1 and 2.
Then, the values of bending moment and columns axial forces
were computed according to Equations 4 and 5 by using the
Slope-Deflection method [25] and the equilibrium relationship
of XM, =0. In addition, the axial deformation of columns and
the P-A effect were not considered in Equations 4 and 5 for
models shown in Figure 9.

Ph
M =M, ="
a b 4 (A)
P(h)y W
F.y = 2(5J+7 (5)

where:

M - the columns bending moment,
F - the column axial force,

P - the earthquake lateral load,

W - the ceiling weight,

h - the frame height,

b -the frame width.
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Figure 8. Average results of nodal rotation in near and far field of fault

As can be seen from Figure 9, the change of the aspect
ratio has no effect on the columns bending moment, but
it is directly related to the columns axial force; thus, one
unit change in the aspect ratio (h/b) changes the columns
axial force for (P/2). In order to determine the relationship
between the aspect ratio on one hand, and the forward
directivity effect on the columns axial force on the other
hand, the equation 5 was rewritten with and without

Rigid Rigid
beam P beam P
F.,=Fb=5 Fa=Fy =5
W WP T w P
povT2a v eI
w, P l w_ P
=—t— = —
,J Fa=2*% A Fu=3*3
M Ph M
_JCPP{:_ -J:P—: M, =M, =— -QID\M—E _Jc’:l_b M. =M =ﬂ
an bx 4 Eu Fbu( L 2 4
F E F
ay oy Ty

b=2h
Aspect Ratio=05

Aspect Ratio=1

the forward directivity effect. The equation (6) shows
the column axial force without considering the forward
directivity effect, and the equation (7) illustrates the
column axial force while taking into account the forward
directivity effect. By subtracting the equation (6) from the
equation (7), the relationship between the aspect ratio and
the forward directivity effect on the columns axial force is
obtained, as shown in equation (8).

b=0.5h
Aspect Ratio=2

Figure 9. Comparison of variations of frame columns axial force and bending moment of one-degree-of-freedom systems with respect to aspect

ratio variations
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Po(h) W

Foyivoy = %(5)*? (6)
P+ AR,

Fby(sz( ND+2A FD)(%)+% (7)

(P +APL)(hY W By(h) W AP, (h

AP :Fby<po)‘Fny(~o):+(3J+7—7(5)—7: 2 (B] (8)

where:

Fomp - the column axial force in the regions with neutral
directivity feature (without the forward directivity
effect),

Foyep = the column axial force considering forward directivity
effects,

P, - thelateral force without forward directivity effect,

AP, - the amount of lateral force variations arising from the
forward directivity effect,

- the amount of column axial force variations arising
from the forward directivity effect.

AF,

FD

The equation (8) shows that there is a direct relationship
between the aspect ratio (h/b) and the columns axial force
variations arising from the forward directivity effect; thus, by
one unit increase in the aspect ratio, the forward directivity
effect increases the axial force by 4P, /2, which is a half of the
forward directivity effect in the storey shear.

5.2.2. Forward directivity effect on column demands

In order to investigate the forward directivity effect on the
internal forces of perimeter (external) and interior (internal)
columns, the average percentage of increase in columns
axial forces in near fault field is plotted in Figure 10 using
the non-linear dynamic analysis. According to Figure 10,
in the models with less than 10 storeys, the axial forces
of perimeter columns increase by about 2.7 % to 9.47 %,
while the increase percentage of axial forces of internal
columns decreases by 0.57 %. It can also be seen that, for the
15-storey model, the forward directivity has increased the
axial forces by about 13.77 % for perimeter columns, and by
7.5 % for interior columns.
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Figure 10. Average increase percentage of axial forces for perimeter
and interior columns due to forward directivity effects
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Figure 11. Average percentage of increase in axial forces for perimeter
columns of modelled storeys

Figure 11 shows an average percentage of increase in axial
force for perimeter columns under the forward directivity
effect at the relative height of structural models. According
to Figure 11, the forward directivity effect increases the axial
force of perimeter columns by about 3 % to 15 % for low and
middle-rise frames (3 to 10-storey models). For the high-rise
models, the forward directivity effect increases the axial force
of perimeter columns by about 15 % and 23 % in the lower 50
% of the structure height. The results show that an increase in
the aspect ratio causes an increase in the forward directivity
effect on the axial force of perimeter columns. It can be seen
that an increase in the aspect ratio of about 2 times, leads to
a 2.2 times increase in the effect of forward directivity on axial
force of perimeter columns.
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Figure 12. Percentage of increase in bending moments of columns in
near field of fault

An average percentage of increase in the maximum bending
moment of columns is investigated in Figure 12. Results show
that average bending moment values of columns in the near field
of fault are by about 6.4 % to 9.51 % greater than those in the far
fault in case of low and middle-rise models (7-storey and less). In
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addition to that, perimeter columns results are very close to interior
columns results, with a difference of less than 1.5 %. For high-rise
models (10-storey and more), an increase in the height leads to an
increase in the percentage difference between bending moments
of internal and external columns, so that in the 15-storey model
the forward directivity increases the bending moment of the
columns by about 32.61 % to 43.89 %. As can be seen from Figure
13, the values of increase in the bending moment of models with
less than 7 storeys are very close to one another, so that the effect
of forward directivity increases the columns bending moment by
about 10 % and 20 % for external (perimeter) columns, and 4 % and
16 % for internal columns. As the height increases, the percentage
of the columns bending moment also increases, so that an
average percentage of increase in bending moment is about 30 %
to 50 % for the 10-storey model, and about 40 % to 56 % for the
15-storey model. Results given in Figure 13 show that an average
percentage of increase in bending moment for interior columns is
by about 3 % to 12 % higher than that of external columns, and that
most part of the percentage of increase in the bending moment
arising from the forward directivity in the first and the second
floors of high-rise models occurs at perimeter columns.

Perimeter columns

Interior columns

Relative height [%]
Relative heigh [%]

|
H
|

0 20 40

Moment increasing [%] Moment increasing [%]

Figure 13. Average percentage of increase in bending moments of
perimeter and interior columns

5.2.3. Forward directivity effects on columns capacity

Columns of the steel moment resisting frames are subjected
to combined effects of the bending moment and axial forces.
Therefore, the interaction curve of axial force and bending moment
is considered in the design of the columns. In other words, an
increase in the amount of axial force decreases the values of

strength and ductility of bending moment for columns. Since the
forward directivity effect increases the axial force in the columns,
the capacity of strength and ductility of the columns was studied
to determine dependence of bending on the variation of axial forces.

Bending strength capacity of columns

In this study, the FEMA 356 criteria are considered to
determine the strength capacity of columns. Based on FEMA
356 [26], columns subjected to compression forces are force-
control elements. Equations (9) to (11) are provided by FEMA
356 for evaluating the columns under the combined axial force
and bending moment by means of linear-analysis methods.

For Poe <0,2 :
CcL

L

2R,

MM
meCEx

<10
m Me,

(9)

i"05:

CL
i+§( M, + M, ]51.0
PCL 9 meCEx m, Mg,

For 0,2

(10)

For i>0,5:

CL
+%+MS1’O
M

CLx

L2

P, (11)

CLy

where:

P, - the column axial force,

P, - the lower-bound compression strength of the column,

M & M, - bending moments about xandy axes, respectively,

M, & M, - expected bending strengths about x and y axes,

M., & M, - lower-bound flexural strength of the members
about the x and vy axes,

- bending capacity increase coefficients which
are variable depending on the value of P /P,
intended performance level and type of structural
section (slenderness or non-slenderness). The

values of m coefficients are presented in Table 4.

m & m,

Assuming the life safety performance level, one-directional
bending (M, = Mu,, = 0),and M, = 1.1 M, scaled interaction
curves of axial force and bending moment have been

considered for studying variation of bending strength of

Table 4. m-factor presented by FEMA356 in life safety performance level* [26]

P/P, <0.2 0.2<P/P_ <05
Case a: Case b: Case a: Case b:
b o 52 g h < 300 by 65 h < 460 by 52 h < 260 b 65 _h < 400
% = fw S F N i iy % ST f S, 2= e W R
6 1.25 9(1-1.7 P/P,) 1.25

be performed, and the lowest resulting value shall be used

*Linear interpolation between the values of cases a and b for both flange slenderness (first term) and web slenderness (second term) shall
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columns with respect to the variation of axial force. Figures
14.2 and 14.b show scaled axial-bending force interaction
curves for non-slender and slender wall sections, which are
obtained from equations (9) to (11). In addition, according
to FEMA 356 criteria and based on equations (9) to (10), the
percentage of variation in the columns bending capacity
versus axial force changes is shown in Figure 15. The
comparison of Figure 14-a with Figure 14-b shows that the
column bending capacity is reduced by about 0.2 to 0.7 times
of that in structural elements with non-slender wall sections,
in case structural elements with slender wall section are used.

a) Non-slender section b) Slender section

-1 A5
08 -08
-05 4 ' =06 4
04 4 -04
ﬂ_“'q-z 1 S
o + o +—+

Pressing
Pressing

f
o
]

P/
LBRER
Tension
P/P
LBRER
Tension

(=]
e
Y]
w
=
w
o
o
o
w
e
Py
w

Figure 14. Scaled interaction diagram of axial force and bending
moment in columns

According to Figures 14 and 15, if the values of axial force are
increased by about 30 % of P, (lower-bound axial columns
capacity) this will lead to the reduction of bending moment
capacity of columns by about 30 % to 80 %. Therefore, according
to Figures 10 and 11,a 5 % to 20 % increase in the axial force
caused by forward directivity can reduce the column bending
capacity by about 12.5 % to 50 %. On the other hand, according
to Figures 12 and 13, the forward directivity increases the
bending moment of columns by about 10 % to 56 % which can
seriously damage columns, especially at lower storeys.
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Figure 15. Variation of bending capacity vs. axial force
Bending ductility capacity of columns

According to FEMA 356, structural elements are categorized
into three groups: brittle (non-ductile), semi-ductile, and
ductile. Non-ductile elements are force-controlled and
ductile elements are deformation-controlled. Depending on
the axial compression force value, the bending behaviour of
steel columns can be either force-controlled or deformation-
controlled. For steel columns wunder combined axial
compression and bending stress, when the axial compression
force is lower than 50 % of P, (axial lower-bound of column
capacity), the column bending behaviour is deformation-
controlled. If the axial force is higher than 50 % of P, then
the bending behaviour of column will be force-controlled.
FEMA 356 has provided some values of maximum bending
deformation of columns for different performance levels
and different ratios of P /P, and for columns with slender
and non-slender wall sections (Table 5). In order to study the
variation of bending ductility with respect to the variation of

Table 5. Modeling parameters and maximum allowed plastic rotation of columns' [26]

Component/Action Modeling parameters Plastic rotation angle (Radian)
a b C 10 LS cp
Columns-flexure, for P/P_ <0.2
b _ 52 . h 300
a. 2, JF, t, (F. %, 116, 06 16, 66, 86,
b, 65 _ h_ 460
b. 2"k, ' JF, 40, 60, 02 0256, 20, 30,
Columns-flexure, for a 0.2<P/P_<0.5
b, 52 , h _ 260
—L< & —<—
a. 2t~ JF, t, JF, - - 0.2 0,256, -t -2
&> 65 or£> 400
b. 2t, /Fye t, /Fye 16, 150, 0,2 0,250, 0.50, 0.80,

Plastic rotation = 8(1-1.7 P/PCL)GV

1. Linear interpolation between the values on Items a and b for both flange slenderness (first term) and web slenderness (second term) shall
be performed, and the lowest resulting value shall be used. 2. Plastic rotation = 11(1-1.7 P/PCL)OV, 3. Plastic rotation = 17(1-1.7 P/PCL)GV, 4,
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axial force in the columns according to Table 5and Figure 2,the
scaled force-deformation diagrams of columns are plotted in
Figures 16 and 17 for slender and non-slender wall sections.
Figures 16 and 17 demonstrate the relationship between
ratio of M/ M and ratio of6/6 for columns in which P/ P <0.2
and 0.2<P/ P, <0.5. In addition, the bending ductility capacity
of columns is obtained from equation (12). The corresponding
results are presented in figures 16 and 17.
0

H=g (12)

yield

The parameters in equation (12) and Figures 16 or 17 are M
- bending moment; M, - bending moment at yield point; 6 -
columns rotation; 6 - columns rotation at yield point; 6 -

maximum rotation of column without strength reduction, and
His ductility. In Figures 16 and 17 Q/Q, is equal to M/ M,
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12
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Figure 16. Ratio of M/ M, versus ratio of 6/6, for columns in which
P/P,<0.2
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Figure 17. Ratio of M/M, versus ratio of 6/6, for columns in which
0.2<P/P_<0.5

It can be observed from Figures 16 and 17 that the columns
ductility in bending can be reduced by about 25 % to 50 % if
structural sections with slender elements are used. Moreover,
the comparison of Figures 16 and 17 shows that an increase in
the column axial force leads to a decrease in the column bending
ductility (Figure 18) in such a way that depending on the type of
structural section (slender or non-slender wall), a 30 % increase in
the axial force can reduce the columns bending ductility by 60 % to
73.5 %. On the other hand, the investigation of nodes rotation at
the structure height shows that the forward directivity increases
the nodal rotations by about 1.1 to 1.7 times for low-rise models

and by 1.4 to 3.5 times for high-rise models (Figures 8.a and 8.b).
Therefore, the results indicate that the forward directivity has two
major effects on columns. Firstly,depending on the aspect ratio, the
forward directivity increases the axial force and bending moment
of columns by about 5 % to 20 % and 10 % to 56 %, respectively.
Secondly, depending on the column situation and structure aspect
ratio, the forward directivity decreases the bending strength and
bending ductility capacities of columns by about 12.5 % to 50 %,
and 25 % to 50 %, respectively. According to these results, the use
of seismic compact sections and the minimum ratio of £, ./P,,
(conservative rangeis P,/ P, < 0.2) is recommended in the design
of columns, especially at the lower storeys, in the case of seismic
design of steel moment resisting frames subjected to the effect
of forward directivity in near field of fault. This recommendation
results in a higher ductility capacity of columns, without reduction
of strength. It can be seen that there are some parameters whose
effects have not been considered in this study, which is due to
simplifications made in the analysis of models. These parameters
are the columns deformation in the other direction of the structure,
the vertical component of earthquake vibration, and the effect of
bracing system on axial force of columns in the other direction of
the structure. These parameters can have significant effects on
the strength and ductility capacity of columns (especially in case
of corner columns). Therefore, these parameters should be taken
into account in the design of structures on real-life projects.

——— Non-slender

10 4 = == == Slender

Column flextural ductility

o ) ) T ) I
0 10 20 30 40 50

Axial force percentage of column [%]

Figure 18. Variation of bending ductility capacity with respect to axial
force changes

5.3. Forward directivity effects on girders

According to the seismic design concept of steel moment
resisting frames, the plastic hinges formed by structure
deformations during earthquake must occur in girders.
Therefore, girders play an important role in the dissipation of
earthquake energy in steel moment resisting frames. Since
the bending moment is more determinative than shear force
in the design of long girders, maximum bending moments of
inside and outside girders were determined, in the analysis
of the forward directivity effect on girders, using the non-
linear dynamic analysis in the near and far field of fault. Then
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average results of near and far field of fault were plotted with
respect to the relative height of models for inside and outside
girders, as shown in Figure 19.

a) Outside girders b) Inside girders
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Figure 19. Ratio of maximum bending moment in near and far field
of fault

Results from Figure 19 show that the forward directivity effect
increases the bending moment of girders by about 2 % to 16
% for models with 10 or less storeys, while in the 15-storey
model it increases the bending moment by about 10 % to
50 %. This shows that as the height increases, the forward
directivity effect increases severely (about 3 to 5 times) for
the high-rise moment frames. It was established by analyzing
FEMA 356 relationships relating to the strength and ductility
capacity of girders that the bending strength and ductility
capacities of girders are dependent on material properties
and geometrical parameters of the cross-section. Hence, the
forward directivity has no effect on girder capacity.

5.4. Effect of forward directivity on the demand to
capacity ratio of structural elements

To investigate performance of structural elements at life-
safety performance level, the demand to capacity ratios (DCR)
of girders and columns forming the structure were computed
in the near and far field of fault according to FEMA 356 criteria.
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The average ratio of near fault results to the far fault results
over the relative height of structures is presented in Figure 20.
Results given in Figure 20 show that the forward directivity
increases the demand to capacity ratio of structural elements
by about 1.1 to 1.75 times for low and middle-rise models
(less than 7 storeys), while the DCR values of high-rise models
increase by about 1.5 to 5 times. The results also show that in
case of low and middle-rise models (7 storeys and less), the
demand to capacity ratio of both the girders and the columns
increase by about 1.1 to 1.75 times under the forward
directivity effect at the structure height. In case of high-rise
models, the DCR values of columns are affected by forward
directivity by about 35 % to 70 % more when compared to
girders. As can be seen from Figure 20, the forward directivity
increases the demand to capacity ratio of columns by about
1.5 to 5 times, and the demand to capacity ratio of girders by
about 1.5 to 3.2 times. Results show that the structure aspect
ratio has a significant influence on the intensification of
forward directivity effects on columns (especially with regard
to perimeter columns).

The comparison of results of available stress to allowable
stress ratio, and demand to capacity ratio of structural
elements over the models height, as presented in Table 3 and
Figure 20, shows that the static method leads to huge errors
in the evaluation of vulnerability of structures in the near field
of fault.

6. Conclusions

In this study, the effect of forward directivity on the local
and global demand and capacity of steel moment resisting
frames is studied by means of non-linear dynamic analysis
of five samples of structural models. Structural models are
3,5,7,10 and 15-storey steel moment resisting frames that
are analyzed under 20 strong motion records in the near and
far field of fault by nonlinear time history analysis, based on
FEMA 356 provisions. Assuming equal hazard level in the near
and far field of fault, and rigid connections between beams
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Figure 20. Ratio of near to far fault DCRs for structural elements over models height

GRADEVINAR 65 (2013) 11, 971-985

983

Gradevinar 11/2013



Gradevinar 11/2013

Mohsen Gerami, Davood Abdollahzadeh

and columns, the study of the effects of forward directivity on
design demands, base shear, drift and demand and capacity
of structural elements, has led to the following conclusions:

Aspect ratios of moment frames are directly related to
the columns axial force under effect of forward directivity
(especially for perimeter columns of high-rise frames).
Thus, a one-unit increase in the aspect ratio increases
the effect of forward directivity on axial force of columns
by about 50 %. It was also observed that a two-time
increase of the aspect ratio increases severity of the
forward directivity effect on the demand to capacity ratio
of structural elements by about 3 to 5 times.

Long-period pulse-like motions (T, >0.7s) caused by
forward directivity exert two major effects on columns in
steel moment resisting frames. Firstly, depending on the
structure aspect ratio, they increase the axial force and
bending moment of columns by about 5 % to 20 %, and 10
% to 56 %, respectively. Secondly, depending on the location
of the column and structure aspect ratio, they decrease
the bending strength and bending ductility capacities
of columns by about 12.5 % to 50 % and 25 % to 50 %,
respectively. Therefore, the demand increase and columns
capacity reduction result in the increase of the demand to
capacity ratio of columns by about 1.5 to 5 times in the
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