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ABSTRACT 

Structures designed by current seismic codes usually undergo large deformations on severe 
earthquakes because in this codes the design procedure is based on elastic analysis and the inelastic 
states are considered indirectly. These problems lead researchers to new design methods that provide 
a higher level of performance, safety, and economy. To achieve these aims, parameters like lateral 
force, strength of members, desired yield mechanism and etc., should be considered in designing 
procedure initially. One of these new methods is Performance-Based Plastic Design (PBPD). Results 
of numerous inelastic static and dynamic analysis performed by the researchers on the structures 
designed by this method show a high level of performance. This study aims to investigate the effect 
of forward directivity as one of the significant characteristics of near-fault records on the inelastic 
response of EBF structures designed based on PBPD method in the form of changes in the ductility 
demand (µ) and reduction factor (Rµ). To achieve this goal, two 12- and 18-story Eccentrically 
Braced Frames were designed by current seismic code and then the same frames were designed by 
PBPD method. In all frames, changes of these two parameters were investigated, the results show 
that the calculated values of this parameters are different from Newmark’s equations and also from 
results of records without the forward directivity effect.     

INTRODUCTION 

Experience of recent earthquakes shows considerable damage in structures located in near-
fault area. Forward directivity effect, fling-step and vertical component are the most important 
characteristics of the near-fault records. This effects cause that most of the earthquake energy to 
impact on the structure by a long-period pulse. This pulse-type records cause a high level of seismic 
demand on the structures (Kalkan and Kunnath, 2006; Nicknam et al., 2013a). As forward directivity 
is one of the most important effects among the near-fault records, it had been always investigated by 
earthquake engineering and structural researchers (Nicknam et al., 2013b; Grimaz and Malisan, 
2014; Kojima et al., 2019). Khaloo et al. by considering this effect on the 5, 10, 20 and 30 story 
frames showed that some of these pulses had considerable damage on even low-rise structures. 
(Khaloo et al., 2015). Investigating the seismic performance of structures subjected to earthquake is 
one of the most important field of structural engineering (Stewart et al., 2002). Eccentrically Braced 
Frame is one of the structural systems that has an appropriate seismic performance which combines 
the advantages of Moment Frame and Concentric Braced Frame (Hamidi et al., 2017Fa). In this 
research, Performance of this system versus forward directivity effect and also designed by new 
methods such as Performance-Based Plastic Method (Goel et al., 2010) is investigated. For this 
purpose two 12- and 18-story EBF frames were designed initially by the Iranian seismic code 
(Standard No. 2800, 2015) using ETABS 2015 computer program. Then after, Incremental Dynamic 
Analysis was applied using SeismoStruct 2018 software versus records with forward directivity 
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effect. Ductility demand (µ) and reduction factor (Rµ) were calculated for this frames; on the next 
step, similar procedure was carried out for the same frames designed by PBPD method to evaluate 
the above mentioned parameters. Finally, the results was compared for the two methods.  

PERFORMANCE-BASED PLASTIC DESIGN METHOD 

As it was mentioned before, elastic analysis and considering the inelastic performance 
indirectly in current seismic codes caused that in severe earthquakes the structures undergo large 
deformations, hard damages, and even total collapse. Providing appropriate performance lead the 
researchers to methods in which inelastic behavior of the structure is observed in the designing 
procedure and could be controlled in severe earthquakes. One of the most successful methods is 
Performance-Based Plastic Design method, initial concepts of this method was published in the late 
twentieth century and in recent years was evolved. All numerous evaluations done on this method 
authenticate its high level of seismic performance.   

Leelataviwat et al. introduced Performance-Based method in 1999 and showed the role of the 
plastic analysis in design procedure in new generation of seismic codes in their research. They 
calculated design base shear using input energy of structure, preselected yield mechanism and target 
drift, thus they omitted using R factor and drift controlling from the procedures of seismic designing. 
Researchers showed that using fundamentals of plastic design combining with forces which originate 
from energy method leads to designing of structures with predictable seismic performance (Goel & 
Stojadinovic, 1999). Goel et al. proposed a method to calculate the lateral force distribution based on 
inelastic state of the structure (Goel et al., 2007). The PBPD method was evolved by other 
researchers and it was used in different structural systems. Chao and Goel used this method in EBF 
and CBF in 2006.    

In PBPD method, the design base shear is determined by equality of energy needed to push the 
structure monotonically up to a target displacement with the needed energy for an elastic-plastic 
SDOF to achieve the same displacement. The work-energy equation is expressed in Eq.1: 
 

  
Figure 1. Structural Idealized Response and Energy Balance Concept for SDOF (Goel et al., 2010) 

 (1)  
 

 
 
Where, Ee and Ep are the elastic and inelastic components of needed energy to push the structure to 
target displacement, respectively. M is the mass of structure and Sv is the pseudo-velocity design 
spectra and Sa is pseudo-acceleration design spectra, T is the first mode period of structure and   is 
the energy modification factor which is dependent on ductility demand (µ) and reduction factor (Rµ), 
as shown in Eq. 2:    

 (2)  
 

To simplify the calculations, the ideal inelastic spectra (Newmark and Hall, 1982) shown in Figure 2 
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is used to relate ductility demand (µ) and reduction factor (Rµ), also Table 1 can be used for this 
purpose. 
 

 

  
Figure 2. Idealized Inelastic Spectra by Newmark and Hall for EP-SDOF (Newmark and Hall, 1982) 

 

Table 1. Ductility Reduction Factor vs. Structural Period Range (Newmark and Hall, 1982) 

  
 

Results of researches done by Lee et al., 2004 lead to Figure 3 according to Eq. 2 which is used to 
calculate the energy modification factor.  

  

  
Figure 3. Energy Modification Factor vs. Period (Lee et al., 2004) 
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ECCENTRICALLY BRACED FRAMES 

         Eccentric Braced Frame system was proposed in the early 70's in Japan with the aim of 
providing advantages of both moment frame and concentric braced frame, high ductility and high 
stiffness, respectively (Popov and Engelhardt, 1988). These frames are consisting of four main 
elements, link beam, beam segment outside of link, braces, and columns (Figure 4). The main role of 
dissipating earthquake energy is played by the link beam. It means that link beams play as the fuse 
member and with their ductile behavior increase the R factor and also they control the design forces 
in other members, so the link beam controls the performance of the structure versus the seismic 
forces. The behavior of the link beam depends on its length; for short links it works in shear; for the 
intermediate link it works in shear-bending and for the long link it just works in bending. Researches 
done by Popov et al. in Berkeley University between 1978 and 1989 showed the advantages of this 
system such as appropriate stiffness and ductility. Designing EBF leads to a stable hysteresis loop in 
inelastic area versus cyclic loading.    
         

  
Figure 4. Typical Eccentrically Braced Frames; (a) D-braced, (b) K-braced and (c) V-braced EBF 

NEAR-FAULT REGION AND FORWARD DIRECTIVITY EFFECT 

Near-fault is usually considered the area under 10-15 km from the active fault. In this area, the 
earthquake characteristic depends on the fracture mechanism, direction of fracture's propagation and 
the permanent displacements caused by fault's slip. Directivity consists of two effects of forward- 
and backward directivity. When a fault starts to fracture, the fraction starts from a point on the fault 
and depending on the start point of the fraction, it will propagate forward to beginning or end of the 
fault or both directions. If the site is located near the center of earthquake and the fracture 
propagation is getting away from the site, backward directivity will occur; this records has longer 
time with numerus low amplitude pulses so that the earthquake energy will dissipate during the 
vibration time. If direction of fracture propagation is forward to the site location and the faults slip 
direction is forward to the site, then the forward directivity will occur and because the propagation 
velocity is close to the shear wave velocity, a big pulse with a high amplitude in a short time will be 
observed in the record. (Somerville et al., 1997). 

These pulses cause an increase in ductility demands in the structures so that they can cause 
large responses and high ductility in the near-fault area. Because in the near-fault area the horizontal 
perpendicular component of the earthquake overcomes, so direction of structures located in this area 
is important. Technical progresses in seismology and earthquake engineering in the last 50 years, 
such as computers and numerical solution progresses in elastic and inelastic analysis cause a high 
increase in engineering science and understanding the effective parameters in structure's stability so 
that researchers observed different effects of near-field and far-field records. After 1966 Parkfield 
earthquake and 1971 Pacoima San Fernando earthquake, the expression "Near-Fault" was expressed 
by Bolt (Bolt 1975). Although the near-fault effect was known before, but its importance was not 
understood well in structural engineering until happening of Landers 1990, Northridge 1994, Kobe 
1995, Chi-Chi 1999 and Kocaeli 1999 earthquakes (Galal and Ghobarah, 2006). Table 2 shows the 
list of records with forward directivity effect which was used in this study.   
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Table 2. Selected near-fault records for IDA analyses based on Khaloo et al., 2015 research 

Record  Earthquake Date Mw Station  PGA 
(cm/s2) 

PGV 
(cm/s) 

NF-1 Chi-Chi 9/20/1999 7.6 TCU075 888.1 109.55 

NF-2 Superstition Hills 11/24/1987 6.6 PTS 446.3 134.29 

NF-3 Landers 6/28/1992 7.5 Lucerne 707.1 133.40 

NF-4 Northridge 1/17/1994 6.8 Sepulveda 715 77.67 

NF-5 Imperial Valley 10/15/1979 6.8 El Centro Array 6 424 113.55 

NF-6 Kocaeli 8/17/1999 7.8 YPT 311.5 71.88 

NF-7 Kocaeli 8/17/1999 7.8 DZC1 390.1 58.86 

NF-8 Duzce 11/12/1999 7.8 DZC2 404.2 84.23 

NF-9 Imperial Valley 10/15/1979 6.8 El Centro Array 5 371.4 96.90 

NF-10 Morgan Hill 4/24/1984 6.1 Halls Valley 305.7 39.33 

NF-11 N. Palm Springs 7/8/1986 6 Desert Hot 
Springs 320 28.44 

NF-12 Park Field 6/28/1966 6.1 Cholame-2 466.8 25.51 

 

INCREMENTAL DYNAMIC ANALYSIS 

Progresses in using computers in structures analysis lead the researchers from linear static 
analysis to linear dynamic, nonlinear static and finally nonlinear dynamic analysis which is the most 
accurate method (Ghodrati et al., 2009). Incremental Dynamic Analysis is a parametric method that 
is used in recent years by researchers to evaluate the semi-exact performance of structures under the 
seismic loads. In this method one or more records of earthquake(s) will be applied to the structure in 
different levels of intensity; consequently one or more curves of structure's response versus 
earthquake intensity will be gained. This analysis is a useful method which represents the structures 
performance from the perfect elastic state to the total damage and the results can be used in 
calculating seismic parameters of structures and seismic retrofitting. (Cornell and Vamvatsikos, 
2002). Incremental Dynamic Analysis method is also used in determining the over strength factor 
(RS), this method was introduced by Elnashai and Mwafy in 2002. Reduction factor (R ) is also can 
be calculated using IDA results and a linear elastic analysis. According to definition it is the base 
shear in elastic model divided to base shear in inelastic model in the intensity level which the 
structure achieves desired damage (Fanaei et al., 2013Fa). The ductility demand (μs) is defined as 
final displacement of the structure divided to the displacement in which first plastic hinge forms 
(Bozorgnia and Bertero, 2004).   

ANALYSES RESULTS 

Figure 5 shows the results of Incremental Dynamic Analysis of the two 12- and 18-story 
PBPD frames versus 12 records with forward directivity effect, it shows that in both frames, the 
results in elastic area is nearly the same for all records but in inelastic area, depending on frequency 
contents of the records, pulse period, pulse amplitude, etc., the behavior and results are different.   
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                                (a)                                                                                    (b) 

Figure 5. IDA diagrams for the studies models; (a) 12-story and (b) 18-story 

  
Table 3. Ductility demand and reduction factor  

RECORD µ Rµ RECORD µ Rµ
NF-1 1.98 2.47 NF-1 1.54 1.94
NF-2 1.84 2.19 NF-2 1.32 2.81
NF-3 1.33 1.74 NF-3 2.27 2.23
NF-4 2.72 3.18 NF-4 2.49 2.57
NF-5 2.12 2.66 NF-5 1.54 2.2
NF-6 1.93 2.34 NF-6 1.79 2.06
NF-7 2.25 2.9 NF-7 2.63 3.45
NF-8 2.52 2.79 NF-8 1.53 2.17
NF-9 2.32 2.57 NF-9 2.75 2.62
NF-10 2.6 2.85 NF-10 1.8 1.96
NF-11 3.13 3.52 NF-11 3.48 3.59
NF-12 2.66 3.03 NF-12 2.64 2.57

Average 2.28 2.69 Average 2.15 2.51

18 Story12 Story

  

CONCLUSION 

Results of Incremental Dynamic Analysis versus near-fault records express that the values of 
ductility demand (µ) and reduction factor (Rµ) for each set of input data and also each frame are 
different when records with forward directivity effect are applied. Therefore, in conventional PBPD 
method, in calculating energy modification factor (γ) as one of the parameters required in the base 
shear calculation, some modifications seem necessary regarding the characteristic of applied records.   
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