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ABSTRACT

This research aims to evaluate seismic behavior of moment frames (MF) and eccentrically
braced frames (EBF), two common systems in most of the steel codes, due to far-field and
near-field ground motions and to propose practical technique for acquiring demand
distributions. Much intensive amounts and distinct patterns of demand are recognized
according to near-field records. Also, the results demonstrate distinctive dissimilarities in
demand distributions, their rate of changes and intensities and different higher mode
participation patterns in MF and EFF systems. In addition, calculated R factors and these
parameters in ASCE and UBC codes were compared thoroughly in this study.

Keywords: Near-field; far-field; moment Frame (MF); eccentrically braced frame (EBF);
nonlinear time history analysis; pushover analysis.

1. INTRODUCTION

1.1. Introduction to Near-field Records
After Loma Prieta 1989 earthquake, Mohraz has divided earthquakes into three groups:

* Near-field earthquakes: the distance between site and fault is less than 20 km,

+ Mid-field earthquakes: the distance between site and fault is between 20 km to 50 km,

+ Far-field earthquakes: the distance between site and fault is more than 50 km [1].

This classification according to distance is not exactly precise and in some research
studies the distance of near-field records is considered less than 10 or 15 km. [2]. Near-field
earthquakes have some distinct characteristics in comparison to far-field ones like higher
amounts of acceleration and restricted frequency content in high frequencies. Also, their
records have some pulses in the beginning of their accelograms with high periods and large
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amounts of domain that are much considerable in the situation of forward directivity
contributing to record transmission from board-band condition to pulse-like ones. These
pluses bring about occurrence of maximum amount of Fourier spectrum in limited periods
unlike the maximum of Fourier spectrum in far-field records that occurs in wide-range of
periods [3, 4]. These pulses also cause the domination of wave-like terms on mode-like ones
for demand distribution in height of buildings mostly affecting structural responses. [4].
Transmitting maximum value of domain to the smaller periods along with intensifying
virtual stiffness and reducing structural damping ratio are the other effects of propagation of
record pulses in height of buildings [5].

The ratio of vertical to horizontal spectrum in near-field records is much greater than far-
filed ones. This ratio is often considered as 0.667 in most of the codes. But, in near-field
earthquakes this ratio can reach to number 2 in short periods [5].

The above explanation shows lots of differences between near-field and the other
earthquakes contributing disparate structural responses under these records. Differences
between bam (near-field) and Morgan (far-field) records could be seen in Fig. 1.

b: Morgan earthquake’s record

a: Bam earthquake’s record
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Fig. 1. Comparing the differences between a: bam (near-field) and b: Morgan (far-field)
earthquakes.

1.2. Introduction to Structural Systems
1.2.1. Moment resisting frames (MF)

Moment resisting frame generally consists of rectangular subdivisions with horizontal
beams and vertical columns. This system has appropriate ductility in comparison with the
other structural systems, however because of low stiffness, lateral displacement limitations
are hardly satisfied especially for tall buildings; thus, application of MF for tall building
designs will be non-economical.

The nonlinear deformations in MFs take place in particular points which could modify to
hinge and suffer large rotations with almost constant forces in large inelastic strains. Hinges
often occur in the ends of a beam at beam-column connections or in the place of occurring
maximum moman between two ends of a beam. An expert designer should avoid hinge
fabrication in columns. Northridge earthquake taught designers to get distance between
hinge occurrence points and the connection sections between beams and columns. All details
about steel moment frame design are available in most of the steel codes. One general
moment frame and arbitrary hinge locations causing instability in the frame were shown in
Fig. 2 (a).

1.2.2. Eccentrically braced frames (EBF)
In eccentrically braced frames, lateral behavior of structure is the combination of axial
forces, shears and moments of the beams and columns and the compressions and tensions of
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braces in the braced spans. In these systems braces in each span are located with distance in
longitudinal axis of beam or with distance by beam to column connections.

These systems are expected to withstand significant inelastic deformations in the links
whereas other segments of the system (out of link-beam) shall be designed to remain
essentially elastic; therefore, although having convinced ductility, it has sufficient stiffness
too. The EBF’s ductility and stiffness change by changing the length of link-beam and
therefore can be set to get optimum condition. The aim of designer is not preventing hinge
production; however, the object is controlling hinge development positions, and providing
adequate rotation capacity for link-beams [6]. Samples of eccentrically braced frames could
be seen in Fig. 2 (b).

The length of link-beams affects the type of hinges and consequently the type of
mechanism. Considering the stability equation, these two boundaries were gained for link-
beams.

1.6M
e< Vip Shear Link-beams, (1
p
2.6M
e~ Vip Moment Link-beams. (2)

Where e is the length of link-beam, is the amount of plastic moman and is the amount of
plastic shear. When the length of link-beam is between these limitations both shear and
moment mechanisms occur simultaneously.

UBC code confines the ultimate rotation of link-beams, =0.09 for shear-links and =0.03
for moment-links; however, AISC limitations are =0.08 for shear-links and =0.03 for
moment-links and these limitations in Iran’s code are =0.08 for shear-links and =0.02 for
moment-links.

Il.;.l.: BaLE
§ 1 .

a: General moment frame system and one arbitrary mechanism b: Samples of eccentrically braced frames

Fig. 2. General samples of moment frame and eccentrically braced frame systems

2. RECORDS

All employed near-field records in this research have source-to-site distances less than 10
km and all of them except the Bam and Chichi records are picked up from [7], [8]. The Bam
and Chichi records were derived from the websites of [9] and [10] respectively. All
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incorporated records were registered in soil type D based on NEHRP, equal to Zone 4 of
UBC [6] and soil class II according to Iran Seismic Code (2800) [11] or adjusted for this
type of soil. All of the record’s stations have distance less than 10 km and for all of them
6.2<M, <7.4, as shown in Table 1. Three far-field records were applied to comprehend the

comparison with distances above 50 km and not containing any pulse-like waves presented
in Table 2 [8].

3. MODELING AND DESIGN

In this research, the moment frames with two ductility levels, Intermediate and special
ductility, and eccentrically braced frames with short and long link-beams have been modeled
having residential occupancy. The lengths of link-beams were respectively considered equal to
0.5 m and 3.0 m for short and long link-beams. Buildings were modeled with three, five, eight
and fifteen number of stories and the height of each story is considered equal to 3 m. Loading
and complete design of each model is individually done incorporating very high earthquake
probabilistic hazard level according to Iran Seismic Code (2800) [11], much similar to UBC97
[6], and Iran's Steel Design Code [12], much similar to AISC2005 [13] by the means of
Sap2000 software that is a very common software for analyzing and design of structures. All
the stories have similar and regular plans with four longitudinal spans and three spans in the
other side that each span was equal to 4 m and the accidental torsion was considered equal to

5% . Considered plan and position of braces could be seen in Fig. 3.

IPE, BOX and UNP double sections are correspondingly used for beams, columns and
braces and all of them are chosen to be compact. Sections in different stories were chosen by
considering regularity in hinge production in height; it means that before producing plastic
hinges in all of the stories, the structure does not go under instability and collapse mode.

Definition of plastic hinges and nonlinear static analysis were executed based on
FEMAZ273 [14], considering P-A effects in all analyses. In addition, all the linear dynamic
analyses were done as modal transient time history analyses applying Eigenvector method and
all the nonlinear dynamic analyses were performed as direct integration transient time history
analysis using direct integration in Hilber, Hughes and Taylor's (HHT) method by considering
damping ratio for all modes equal to 5%.

Table 1: Specification of near-field ground motions
Earthquake Year Station Distance A, Duration

(km) (sec)
Tabas 1978 Tabas 1.2 7.4 32840
Bam 2003 Bam 1 6.8 66.555
Loma Prieta 1989 Los Gatos 3.5 7 24.96
Mendocine 1992 Petrolia 8.5 7.1 3598
Erzincan 1992 Erzincan 2 6.7 20775
Landerz 1992 Lucerne 1.1 7.3 4812
Northridge 1994  Olive View 6.4 6.7 3998
Kobe 1995 IMA 0.6 6.9 47.98

Chichi 1999 TCU0D68  1.09 7.6 90.00
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Table 2: Specification of far-field ground motions

Earthquake Year  Station Distance M, Duration
(km) (sec)
Tabas 1978 Ferdoos 04.4 7.4 40.00
Morgan Hill 1984  Morgan 76.25 6.8 35.995
Landerz 1992 12026 Indio 55.7 7.3 60.00
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a: Moment frame b: Eccentrically braced frame

Fig. 3. Plan of each story for a: Moment frame and b: Eccentrically braced frame systems.

4. EVALUATION OF RESULTS

As there are several systems with different properties subjected to various records, we
should choose a method for evaluating and comparing the results in an easy and
understandable manner. Referring to Fig. 4, there are several patterns of story shear
distribution subjected to near-field and far-field records. It is obvious that for evaluation of
results, it is not possible to compare the diagrams one by one and a straightforward method
should be substituted.

Utilizing mean value is the one way of assessing the result easily. The error of this
simplification is assessed through calculation of standard deviations which are presented in
Fig. 5 and Fig. 6 for different number of stories, different analysis methods and for two
groups of records for SMF and EBF systems and it is discovered that dissimilarities between
standard deviations of nonlinear analysis under near-field earthquakes and these parameters
from linear analysis or under far-field ones, are extremely large.

In favor of better understanding about the dispersion of results around the mean value,
the dispersion ratio (B) was calculated by equation (3).

_O
= (3)

Where: : Dispersion ratio, : Standard deviation and p: Mean value.

Values of § for SMF and EBF systems with short link-beam (length of link-beam: e =0.5
m), are got in Table 3. It could be seen that there is less dispersion for EBF systems than MF
systems demonstrating more accuracy in application of mean values for EBFs than MFs. In
addition, the evaluations have showed that for both systems the amounts of standard
deviation gained from nonlinear dynamic analysis are remarkably high and the mean values
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Fig. 4. Story shear for SMF systems by different number of stories for each record and the
distribution of the mean values for near- and far-field records from nonlinear dynamic analysis
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Fig. 6. Standard deviations of story shears for SMF and EBF systems with 15 stories against near
and far-field records under linear and non linear dynamic analysis

Table 3: B for story shears from nonlinear dynamic analysis under near-field records for SMF and
EBF systems

No of Story 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
3 Story SMF Building | 0.56 0.37 045
5 Story SMF Building | 048 035 040 020 0.29
8 Story SMF Building | 0.39 018 020 041 066 072 058 041
15 Story SMF Building | 039 035 051 069 042 074 153 1114 404 201 248 2226 124 069 100

SMT
Systems

No of Story 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
3 Story SMF Building | 030 031 033
5 Story SMF Building | 039 021 010 0039 018
8 Story SMF Building | 025 022 025 030 041 037 045 039
16 Story SMF Building | 035 034 034 031 032 040 054 061 058 049 066 097 100 094 094

4.1. Evaluation of Lateral Forces

4.1.1. Evaluation of lateral forces under nonlinear analysis

It has been shown in Fig. 7 that the least lateral story shears are in SMF systems and the
most are in EBF systems with short link-beams from nonlinear dynamic analysis. Also, it
could be recognized that for far-field records, lateral story shears for different systems are
very close to each other, but in near-field ones considerable dissimilarities are perceived.

Because of more shear in EBF systems with short link-beams, the negative or inverse
story shears have not been observed in their diagrams, whereas for the other systems
negative shears usually exist in some stories below the roof story. As columns are usually
designed for positive momans and not for inverse ones, these negative shears influence
design procedure of the columns in these stories.

It could be seen for all systems under both near and far-field earthquakes by raising the
number of stories, the maximum story shear moves to the lower height ratios. This fact is
intensely observed in SMFs than the other systems. For instance, in a 3-story SMF model
under near-field records the maximum story shear occurred in story 3 (height ratio=1), in 5-
story SMF model occurred in story 3 (height ratio=0.6), in 8-story SMF model occurred in
story 2 (height ratio=0.25) and in 15-story SMF model occurred in story 3 (height ratio=0.2).
Whereas, for EBF systems with long link-beams under near-field records the maximum
story shear for 3-story model occurred in story 3 (height ratio=1), 5-story model occurred in
story 3 (height ratio=0.6), 8-story model occurred in story 3 (height ratio=0.375) and 15-
story model occurred in story 5 (height ratio=0.33).

EBF(c=0.5m)
Systems
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4.1.2. Evaluation of Modal Participations
As it could be anticipated before, the modal participation increases by increasing the height
of building shown in Fig. 8.

SMF . IMF

=3 yrary-Mean
Sear Field

== sty Mean
Near Field

e stary Mean
Near Fiekd

1% wary Mean
Near Fiekd

—=dstary- Mean
Far Farld

=3 stery-Sican
Far Field

(Height / Building Height|
(Height ! Busldirg 1eight)

a8 sary Mean
Far ol

~1-18 sory Mean
Far.Firld

w3 M 0 W W N0 40 M M0 T B W MO M NM TN W WO W 40 N 00 D W M W 4 N B T W W00 10 1 N0 0
Shear (ton) Shear (ton)

EBF (¢=0.5m) EBEF(e=3.0m)

—4=3utary Mean
Near Fiehd

== Suinry Mean

A story Mean
Near. Fiekd

== ey Abean
Sear Fikd

—+—=3viery Mran
Far-Fiedd

{Height/ Building Height )
{Height ! Building Height)

40 30 0 % 0 ' 2 MW 40 N 80 M B W MO TG LD 1M WO 10 18 0 W WD D W I ON K X TO B RN DI NN R0 N

Shear (ton) Shear (1on)
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If we notice Fig. 8 more cautiously, it will be detected that the mode participation for Bam
(near-field) record is much more than Morgan (far-field) one. This is because of the wave-
like characteristic of this type of records that was mentioned previously in sectionl. This
characteristic cause the wave of earthquake record, especially the record's vertical
component propagates in height of structure. Also, containing more intense vertical records,
amplification of mode participation occurred in the results under near-field earthquakes
more than far-field ones. Mode participation could be noticed in moment frame systems
much more than EBF systems and it is one of the important motivations for transmission of
maximum story shear to lower height ratios and occurrence of negative shears.

4.1.3. Evaluation of lateral forces under linear dynamic and static analysis

Lateral force distributions in various systems by different number of stories under near-field
and far-field records from linear dynamic and linear static analysis were displayed in Fig. 9.
It could be inferred that for all of the systems, the results from far-field records are less than
linear static results and the results from near-field records are approximately equal or more
than linear static results particularly in the middle stories. Similarities between the results
from linear dynamic analysis under near-field earthquakes with the linear static results in
MF systems are more than EBF systems. It could be concluded that utilizing linear static
results for design is satisfying if the seismic hazard of the site is controlled only by far-field
records. However, in the regions with high occurrence probability of near-field earthquakes,
using linear static method could cause inadequacy in lateral shear capacity especially in the
middle stories of EBF systems.
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Fig.9. Lateral force distributions under near and far-field records from linear dynamic and static
analysis
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Similar to the results gained from nonlinear dynamic analysis, the least lateral story
shears are in SMFs and the most are in EBFs with short link-beams form linear dynamic
analysis and mode participation are more in MF than EBF systems. Going back to Fig. 7, it
could be observed that the EBFs with short link-beams are able to suffer more lateral forces
than EBFs with long link-beams in nonlinear analysis, but in linear analysis the distributions
and amounts of lateral forces in both systems are close to each other showing that the
nonlinear capacity of EBFs with long link-beams is less than this system with short link-
beams as well as the most portion of shear carrying capacity of EBFs with short link-beams
is in nonlinear region.

4.2. Evaluation of Lateral Displacements

It has been shown in Fig. 10 that the most lateral displacements are in SMFs and the least
are in EBFs with short link-beams from nonlinear dynamic analysis as well as mode
participation effects are seen more in SMF's lateral displacement in comparison with the
other systems. Also, it could be observed that lateral displacements for different systems are
very close to each other under far-field records.
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Fig.10. Lateral displacement distributions under near and far field records from non linear
dynamic analysis

It could be inferred from nonlinear dynamic analysis that in EBF (e=3.0m) with 3 and 5
stories lateral displacements are more than EBF (e=0.5m). But by rising the number of
stories and extending the nonlinear behavior of the models, lateral displacements in EBF
(e=0.5m) become more than EBF (e=3.0m). The reason is that the EBFs with short link-
beams have more ductility and could go in nonlinear region more than EBFs with long link-
beams. In addition, considering Fig. 7 and Fig. 10, we could deduce that EBFs with short
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link-beams could suffer more story shear as well as more lateral displacement than the EBFs
with long link-beams. If we consider the fact of greater linear dynamic displacements in
EBF (e=3.0m) than EBF (e=0.5m) in all of the models, the majority of nonlinear portion of
lateral displacement in EBFs with short link-beams could be figured out. Furthermore, since
ductility could be defined as maximum nonlinear displacement divided by maximum elastic
displacement, containing more ductility by EBFs with short link-beams in comparison to
EBFs with long link-beams could be anticipated.

4.3. Evaluation of Nonlinear Parameters

According to FEMA273 [14], two distributions were applied for lateral forces. First,
uniform lateral distribution and second, corresponding to shear values from linear spectrum
analysis. Two gravitational load combinations were used too, Q,=09Q, and

Q. =1.1(Q, +Q,)- We adjoin to these distributions, the lateral distribution according to story
shear patterns from linear static in company with the gravitational load of Q,=Q,+Q,

Furthermore, there are accidental torsions in each direction equal to ¥3% and considering
two directions for each lateral load, as there are 16 models, 320 nonlinear static analyses
should be done.

16(models) x 2(torsion) x 2(directions) x (2x2+1) (gravitational + lateral loads) = 320

Among 20 nonlinear static analyses for each model, critical analysis with the least
maximum nonlinear displacement has been chosen for investigation. The pushover diagrams
have been shown in Fig. 11. Some common parameters are often used for assessing the
behavior of structures in nonlinear zone that could be described as:

T: Period of the model

W: Weight of model, defined as Q, + oQ, , where a gotten from [11]. (here a=0.2)

F ... : Maximum base shear suffered by the model before collapse.
F,: Yield base shear, model's shear when yielding starts that was determined in

accordance to FEMA273 [14] guidelines.
A, Maximum displacement occurred in the control point of whole structure. (Control

point is usually recognized as the stiffness center in the roof level)
A, : Yeild displacement corresponding to F,

. ili Amax
u: Ductility factor, e e @
y
c: Static linear base shear strength factor, ¢ ==t )
(6)

v: Yield strength factor, » = \'/:VV

'1': Maximum strength factor or strength factor,
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(7

These parameters are available in Table 4 and for more comprehend discussion some of
them have been shown by diagrams in Fig. 12.

It could be seen more ductility in MF models in all number of stories than EBF ones. The
trend of ductility diagram for EBFs with long link-beam is different from other systems. The
rate of ductility changes in EBF system with long link-beam rises by increasing the number
of stories but in the other systems constant or decreasing patterns have been observed. The
EBFs with short link-beam has much more ductility than the EBFs with long link-beam
providing more capacity of energy absorbing and better nonlinear behavior.

Also, it could be seen that the EBFs with all number of stories could suffer more base
shears than MFs. If we assess base shear and displacement diagrams simultaneously, it could
be discovered that by the same displacement the EBF systems with short link could suffer
more base shears which is because of more ductility and better nonlinear behavior of these
systems in comparison with EBF systems with long link-beam illustrating the significance
of nonlinear zone in displacement of EBF (e=0.5m).

Parameter 1) is a useful parameter which facilitates finding out maximum base shear only
by its application to weight of model and without performing time consuming nonlinear
analysis. As we could see in Fig. 12, this parameter has the same trend for all systems and is
more for EBFs than MFs.
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Table 4. Nonlinear parameters

System Max Base Shear  Yield Base Shear  Max Displacement  Yield Displacement T VLstatic  Weight ] 7 ¢
No of Stories Fmax (ton) Fy (ton) Amax (em) Ay (ton) (ton) (ton) Fruax/W Fy'W  V Lstatic/W
IM-3 212.027 165.54 49.9 1230 402 0.843 61.08 500.661 042 033 0.12
SMF-3 157.53 140.887 55.56 1338 4152 1.006 42263 497211765 032 0.28 0.09
EBF (e=0.5m)-3 24804 138.88 257 705 3.64 03438 47119 376.952 0.66 037 0.13
EBF (e=3.0 m)-3 259.661 102.27 3137 10.6 2.96 0.740 63.511 508.088 0.51 0.38 0.13
-5 3562 267988 65.04 1228 537 0914 81581  867.882979 0.41 031 0.09
SMF-5 224.981 163.756 751 12.86 5.84 1214 36387 834348485 026 0.19 0.07
EBF (e=0.5m)-5 502355 335.713 222 8.56 493 0532 107.052 856.416 0.59 039 0.13
EBF (e=3.0 m)-§ 365.655 300.04 42.72 1378 31 0.86 109372 8§74.076 042 0.35 0.13
M-8 351787 243.18 03.63 16.47 5.1 1.404 104973 1399.64 0.25 0.17 0.08
SMF-§ 206.41 21529 110.5 17.84 6.194 138 74089 142478846 021 0.15 0.03
EBF (e<0.5m)-8 362.54 685.398 64.36 12.644 5.00 0.818 143671 140853022 040 0.49 0.10
EBF (e=3.0m)-§ 47201 368.58 58.08 17.035 341 1179 14489 14204902 033 0.26 0.10
LIS 34724 201.29 135.8¢ 210 6.47 2335 1802 274U 0.13 0.11 0.03
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Fig.12. some nonlinear parameters for different systems with different number of stories

4.4, Evaluation of R (strength reduction factor) parameter

Behavior of a structure could be accessed through various approaches. If a structure behaves
linear and exhausts inserted energy as an elastic system, its behavior is like diagram Fig.
13(a). If the design has been done considering all the hinges of a structure were formed
simultaneously and all of them were fully elasto-plastic and no time gap assumed between
the time of beginning nonlinear behavior in a specific point and entirely altering that point to
hinge; then, the behavior of the model is like diagram Fig. 13(b) however, the actual
behavior of a typical model is like diagram Fig. 13(c). We see in diagram (c) up to V, the

behavior is elastic, the difference between v, and Vv, is named strength reduction in view of
over strength. Some codes utilize less base shear than v_ for design; but, they apply more
coefficients for earthquake loads in load combinations. In the other word, they adjust design
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in allowable stress level (V, ). Iran's seismic code applied Vv, and ASCE applied V, for static
linear analysis.

VemCoW |msemennomans

Vy=CyW|= === === 3 :l<lln
Ll "

Ve=CoW == = = = A 1 ()

Vw=Cw W= = ==d

0

o dw bz dy

Fig.13. Different behavior of structures

Applied parameters could be defined as:

Riuciiiy OF Ry © Response factor of ductility
Ce
Rawetiey = Ra = c (8)

Q, or R, : Response factor of over strength
C

Q=R =" ©9)
R powabie stress OF R - Response factor of allowable stress level,
CS
RAIIowabIe Stress — Ras = Ci (10)

w

So we have
R, = Response factor of structure according to allowable stress level,

Rw:RdXRoXRas (11)

R, = Response factor of structure according to first hinge fabrication,
R, =R, xR, (12)

R Could be calculated from equality between the area under diagram (c) and

ductility

diagram (a) for each model. R is usually considered 1.4 and Rois calculated from

Allowable Stress
the equation below:
Ro = R x R¢ X Ryield x Rsh X Rmech (13)

size
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Where:
R,,. : consider the effects of model's size

R,:

Ryiea - cOnsider the effects of first and second yielding

consider the effects of actual and nominal yielding

Ry, : consider the effects of strain hardening
R ... consider the effects of mechanism and hinge generation.

mech *

We could gain these parameters from Table 5 [15].

Containing values of R,; and R, comparison between the R values from models, Iran's
seismic code (UBC97) and ASCE was performed and mentioned in Table 6. It is realized
that by increasing the building height the R values increases too. This is the disregarded fact
in almost all codes that the R value changes by changing the height of buildings or by
changing the period of structures.

If we calculate the mean value for R and R, we reach to Table 7. It is observed that the

value of R, for IMFs is larger than the R assumed in ASCE presenting better nonlinear
behavior than what expected in this code for IMF systems. The R, for SMF systems is
approximately similar to R assumed in ASCE and R, for EBF systems are smaller than the R

assumed in ASCE code which means that the code overestimation of nonlinear behavior for
EBFs. The R,s got from analysis are more than the amounts of R considered in Iran's

seismic code (similar to UBC97), which means of underestimation of this code for nonlinear
properties for all of the systems.

Although, assumed R factors for IMF systems are less than EBF systems in ASCE code,
the calculated R factors for IM and EBF systems are approximately equal implying
approximately same nonlinear behavior of these systems; however, if we consider Fig. 12,
better nonlinear behavior and more ductility were recognized for IMs than EBFs. Therefore,
using only R factors for assessing nonlinear behavior could cause some confusing errors in
deductions.

Table 5. Parameters used for calculation over strength reduction factor for steel structures [15]

System Cat Calculation of Ro Proposed
Rsize RI® Ryleld Rsh Rmech Ro Ro
Moment Resisting D 105 111 110 115 1.00 1.47 1.50
Frames MD 1.05 111 110 115 1.00 1.47 1.50
LD 1.05 111 110 1.05 1.00 1.35 1.30
Concentrically MD 105 111 110 105 1.10 1.48 1.50
Braced Frames LD 105 111 110 1.05 1.00 1.35 1.30
Ecentrically Braced D 1Los 111 110 115 1.00 1.47 1.50

Frames

Plate walls D Lo 1i1r 110 110  1.10 1.63 1.60
LD Lo 111 110 105 105 148 1.50
Conventional Constr.  ===-=-- 105 111 110 100 100 128 13

D-Ductile, MD- Moderately Ductile, LD-Limited Ductile
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Table 6. The comparison of calculated R by the amounts in ASCE and Iran's seismic code2800

System

. | Rd Ro Rs=Rd.Ro R (ASCE) Ras Rw=Ras.Rs R 2800
No of Stories

IM-3 3mn 147 545 4.50 1.40 764 7.00
SMF-3 4.1 147 6.92 8.00 140 9.69 10.00
EBF (e=0.5 m)-3 3.68 147 541 7.00 140 757 7.00
EBF (e=3.0 m)-3 348 147 512 7.00 140 7.16 7.00
IM-5 4.26 147 6.26 4.50 140 8.77 7.00
SMF-5 577 147 8.48 8.00 140 11.87 10.00
EBF (e=0.5 m)-5 377 147 5.54 7.00 1.40 1.76 7.00
EBF (e=3.0 m)-5 4.26 147 6.26 7.00 1.40 8.77 7.00
IM-8 4.33 147 6.37 4.50 1.40 801 7.00
SMF-8 5.46 147 8.03 8.00 1.40 1124 10.00
EBF (e=0.5 m)-8 4.25 147 6.25 7.00 1.40 875 7.00
EBF (e=3.0 m)-8 4.05 147 595 7.00 1.40 833 7.00
IM-15 448 147 6.59 450 140 922 7.00
SMF-15 6.12 147 9.00 8.00 140 1259 10.00
EBF (e=0.5m)-15 | 4.81 147 T7.07 7.00 1.40 2.90 7.00
EBF (e=3.0m)-15 | 4.21 147 6.19 7.00 1.40 8.66 7.00

Table 7. comparison between ( R, and R (ASCE)) as well as (R, and R 2800) (Iran's Seismic Code)

| NUS(;‘;’;';':‘M Rs R(ASCE) Rw  R2800
' M 6.17 4.50 8.63 7.00
SMF 8.11 8.00 1135 10.00
EBF (e=0.5m) | 6.07 7.00 8.49 7.00
| EBF (¢=3.0m) | 5.8 7.00 823 7.00

4.5. Evaluation of nonlinear parameters from nonlinear static and dynamic analysis

One simple method for assessing nonlinear parameters under a specific record is considering
lateral story shears by nonlinear dynamic analysis under that record as the input distribution
for nonlinear static analysis. It means in our research as there are 12 records, 12 pushover
analyses should be done for each model or 12x16=192 pushover analyses for all of the
models. Then the mean of results should be calculated for two groups of records, near and
far-field records. In this research, the mean of lateral shears under nonlinear dynamic
analysis for near and far-field earthquakes have been employed as the input shear
distribution for pushover analysis of each model. By this technique, the number of pushover
analysis reduced to 2 for each model, one for near-field and one for far-field earthquakes, or
32 analyses for all of the models.

As we could see in Fig. 14, for all of the systems the ductility demands under near-field
earthquakes are much more than ductility demands under far-field ones and also more than
the ductility capacity of the system calculated from static nonlinear analysis. Therefore,
under these records collapse takes place before reaching hinges to ultimate level of their
nonlinear performance. Also, it could be recognized that in MFs, ductility demands from far-
field records are less than their capacities, but in EBFs the demands under far-field records
are a little more than capacities except in EBFs with short link-beams in low rise models.

The patterns of ductility demand against far-field and near-field records are different;
therefore, we could not use amplification factor to attain ductility demand from far-field
records rather than near-field ones and we must do analysis for near-field earthquakes
individually.
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IMF e SMF

Ductility ()

Mo of Stories Mo of Stories.

EBF(e=0.5m) ) EBF(e=3.0 m)

Fig. 14. Ductility for different systems under near and far-field earthquakes and static nonlinear
analysis

4.6. Distribution of ductility demands in height of structures and proposing practical method
for its calculation

Ductility demand and capacity distribution in height of structure is one of the parameters
that influence structural nonlinear behaviors. For obtaining each story’s ductility, one
frequently used method is to perform nonlinear static analysis by considering the
displacement of that story as a control point which omits most of the upper stories effects
and contributes some errors in results.

The other method that was used and proposed in detail in this research is considering
rotation in each hinge and defining level of ductility for each hinge. Then according to
consisted hinges, story ductility could be obtained by calculation of hinges average
ductilities. For instance, in Table 8, adjusted table for reaching the distribution of ductility in
height for 5-story IMF system under nonlinear static analysis is mentioned. We could see the
number of hinges in each ductility group for each story and the amount of assumed ductility
for each of the ductility groups extracted from FEMA273 [14]. For better understanding of
Table 8, some necessary information of FEMA273 [14] was mentioned in Fig. 15. Tables of
ductility distribution were generated for all of the models under near-field and far-field
earthquakes and also static nonlinear analysis similar to Table 8. For simplifying the
comparison diagrams of Figs 16 to 18 were prepared.

It could be noticed that by increasing the height of structures and increasing period of
systems, maximum ductility demand occurs in higher stories. This fact has been intensely
observed in buildings with more number of stories and under near-field earthquakes. The
patterns of ductility distribution under near-field earthquakes are more similar to the pattern
of ductility capacity distribution; however, the pattern of ductility distribution under far-field
records is different with both of those patterns. But, the amounts of ductility demands under
far-field records are closer to the amounts of ductility capacity than near-field records.
Having larger ductility demand than ductility capacity indicates that the structure comes to
collapse before it can reach to its ultimate nonlinear performance level. So, structures under
near-field records encounter leakage of ductility especially in the middle stories.

The shape of ductility diagrams under near and far-field earthquakes are different,
consequently, for getting the ductility demands under near-field records we could not use a
modification factor to the ductility demands from far-field earthquakes and we should do
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analysis for near-field earthquakes individually.

Table 8. Ductility's distribution in height for 5-story IMF under nonlinear static analysis

Storve Step 9 Percent of
£y A-B B-IO 10-LS LS-CP CP-C c-D D-E >E Story's Ductility |Ductility Demand
_Number 1 1.5 3.5 4.5 5 5.5 6 7 - _for each Story |
5 0 32 — | I ! 48 .
4 16 L S I - 80_
3 17 1 3 1 164
2 5 26 1 140
1 32 112
0 ] Q 0 Q 4] Q 4] Q [
Structural Performance Levels: 1O: immediate Occupancy, LS: Life Safery, CP; Collapse Pravention Sum= 544
Modeling Parame_lers i Acceptance Criteria
Plastic i i Plastic Rotation Angle, Radians
Angle, Strength
Radians Ratio Primary Secondary
Component/Action a | b c [=] LS CcP Ls CcP
Beams—flexure
a br. 52
24 Fre " 06 1 &6 8 1
i o6y By - By Yy 8y o8y oy

Q
Qy
8 b
e
2 1.0 B o]
S
2 ey
D
A E A E (‘;
Deformation or deformation ratio BorA

Fig.15. some complementary information about table 4 from FEMA 273
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Fig.16. Distribution of ductility demands under near-field records

It should be mentioned that since the period of structures are variable in addition to the
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kind of seismic resisting systems, the comparison might has some errors, for accurate
comparison it is more convenient to use different systems with same period; however, the
aim of this research is evaluation of the actual structural systems designed consistent with
common codes and specifications; then, both period and kind of seismic resisting system of

models are variable.
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Fig.17. Distribution of ductility demands under far-field records
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Fig.18. Distribution of ductility capacity from nonlinear static analysis
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5. CONCLUSIONS

A comprehensive evaluation and comparison of two frequently used structural systems
have been done and a practical method for obtaining the demand distributions is proposed in
this research employing common software for analyzing and design. Some conclusions of
this research are mentioned below:

- Standard deviation of results under different records from linear analysis is remarkably
less than these values from nonlinear analysis for both MF and EBF systems. Also, standard
deviation of results under near-field records are a lot more than far-field ones.

- There is less dispersion in behavior of EBF than MF systems showing more accuracy in
application of mean values for EBF systems than MF systems.

- The least lateral story shears have been observed in SMF systems and the most in EBF
systems with short link-beams from nonlinear dynamic analysis.

- The amounts of lateral story shears for different systems are very close to each other
under far-field records, in spite of their considerable differences under near-field ones.

- The negative or inverse story shears have not been observed in shear distribution
diagrams of EBF systems with short link-beams under near-field earthquakes, whereas for
the other systems negative shears usually exist in some stories below the roof story.

- It could be seen for all of the systems under both near-field and far-field earthquakes by
increasing number of stories, maximum story shear moves to the lower height ratios. This
fact is more intense in SMFs than the other systems.

- The mode propagation effects under near-field records are much more participated in
distribution of shears and displacements than far-field ones. Mode participation could be
noticed in moment frame systems much more than EBF systems and it is one of the
important motivations for transmission of maximum story shear to lower height ratios and
occurrence of negative shears.

- For all of the systems, shears from linear dynamic analysis under far-field records are
less than shears from linear static analysis and shears from near-field records are
approximately equal or more than linear static results particularly in the middle stories.
Similarities between results from linear dynamic analysis under near-field earthquakes with
the linear static results in MF systems are more than EBF systems.

- The EBFs with short link-beams are able to suffer more lateral forces than EBFs with
long link-beams in nonlinear analysis, but in linear analysis the distributions and amounts of
lateral forces in both systems are close to each other. It shows that the nonlinear capacity of
EBFs with long link-beams is less than the capacity of this system with short link-beams and
the most shear capacity of EBFs with short link-beams is in nonlinear region.

- It could be inferred from nonlinear dynamic analysis that in EBF (e=3.0m) with three
and five stories lateral displacements are more than EBF (e=0.5m). But by rising the number
of stories and extending nonlinear behavior of models, lateral displacements in EBF
(e=0.5m) become more than EBF (e=3.0m).

- More ductility could be seen in MF systems than EBF systems in models with all
number of stories. The trend of ductility diagram for EBFs with long link—-beam is different
from other systems. The rate of ductility changes in EBF system with long link-beam rises
by increasing number of stories but it become constant or decrease in the other systems.

- By the same displacement, the EBF systems with short link-beams could suffer more
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base shears compared to EBF systems with long link-beam that is because of more ductility
and nonlinear behavior of these systems.

- The distribution of parameter 1, the maximum base shear divided by the weight of
model, corresponding to the number of stories has the same trend for all of the systems and
its value is more for EBF systems than MF systems.

- By increasing the buildings height, the R factor (strength reduction factor) increases
too. Whereas changing the R values corresponding to height or period of structures is the
disregarded fact in design codes.

- It is observed that the R values for IMFs are larger than the R assumed in ASCE. This
means that the nonlinear behavior of these systems is better than what expected in this code.
The R for SMF systems is approximately similar to R assumed in ASCE and R values for
EBF systems are smaller than the R assumed in ASCE code which means the code
overestimation of nonlinear behavior for EBFs. The R values got from analysis are more
than R values considered in Iran's seismic code (similar to UBC97), which means
underestimation of these codes about nonlinear properties for all of the systems.

- Although the assumed R factors for IMFs are less than EBFs in ASCE code, the
calculated R values for IM and EBF systems are approximately equivalent presenting almost
same nonlinear behavior of these systems.

- For all systems, the ductility demands under near-field earthquakes are much more than
ductility demands under far-field ones and ductility capacities; therefore, collapse was
occurred before reaching hinges to ultimate level of their nonlinear performance under near-
field records.

- It could be recognized that MF's ductility demands from far-field records are less than
their capacities, but EBF's ductility demands under far-field records are a little more than
their capacities except in EBFs with short link-beams in low rise models.

- The patterns of ductility demand distribution against far-field and near-field records are
different; therefore, we could not use amplification factor to attain ductility demand from
far-field records rather than near-field ones and we must do analysis for near-field
earthquakes individually.

- By increasing the height of structure and period of system, the maximum ductility
demand occurs in higher stories. This fact has been seen more in buildings with more
number of stories and under near-field earthquakes.

- The patterns of ductility demand distribution under near-field earthquakes are more
similar to the pattern of distribution of ductility capacity; however, the pattern of ductility
demand distribution under far-field records is different with both of those patterns. But, the
amounts of ductility demands under far-field records are closer to ductility capacities than
ductility demands under near-field records.
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