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Abstract. The directivity pulse motion in near-field earthquake affects the
responses of structures. The response includes the roof drifts and interstory drifts,
which is so-called the ductility demand. Although many studies have done in this
topic, the effect of various post-yield stiffness ratio and ductility capacity ratio to the
global ductility demands of reinforced concrete (RC) frames under near-field
ground motion is not specifically investigated yet. The trend of global ductility
demands of RC frames under near-field earthquake is the objective of this study.
The frames are modeled with various fundamental period, behavior factor, plastic
rotation capacity, post-yield stiffness ratio, and ductility capacity ratio. The study
reveals that the effect of ductility capacity ratio on the global ductility demands is
apparent as as the plastic rotation capacity changes. The global ductility demand is
also found influenced by global post-yield stiffness ratio and behaviour factor.

1. Introduction

Many studies show that inelastic demands of structures depend on the type of induced
ground motion (e.g. far-field and near-field ground motions). The parameters governed the
near-field ground motions (NFGM) and its effect on the inelastic demand of structures have
been extensively studied. In the 1970s, a pioneering work in investigating NFGM affecting a
building was conducted by Bertero et al. [1]. The effect of NFGM on the structural response
is further explored by Hall et al. [2]. The study found that the effect of NFGM can be very
effective in causing damage in structure when the fundamental period of vibration of
structure is comparable to the duration of the NFGM’s pulse. Maholtra [3] found the
directivity pulse motion affected the responses of structures in increasing the base shear and
interstory drifts in high-rise buildings, increasing the ductility demand. Alavi and Krawinkler
[4], Krawinkler et al. [5], and Krawinkler et al. [6] revealed that large elastic storey shear
forces in the upper storey of the structure were found to be generated by FDE with a
fundamental period of the structure higher than the pulse period.

Using the real records of forward directivity earthquake (FDE), similar studies were
conducted by Akkar et al. [7] and Kalkan and Kunnath [8] in exploring the response of
generic multi-storey structures due to FDE andtheir results support previous findings [4].
Approximately, similar findings were also reported in some studies which were using
generic shear frame models induced by real and synthetic FDEs [9]. Majid et al. [10]
employed the real NFGM and far-field ground motion in evaluating the response of irregular



RC frames. The response showed that NFGM produced higher drift compared with far-field
ground motion. The response of the 4- to 18-storey RC framed structures under single and
sequential near-field earthquakes conducted by Zahid et al. [11] and Faisal et al. [12] in order
to identify its displacement ductility and storey ductility demand.Beiraghi et al. [13]
investigated the seismic behavior of the 20-story, 30-story and 40-story of core-wall
buildings with fixed bases subjected to NFGM with respect to the energy concepts.

Although many studies have done in the topic of effect of NFGM on the response of
buildings, the relation of post-yield stiffness ratio and ductility capacity ratio to the global
ductility demands of building under NFGM is not specifically investigated yet. Therefore
this study aims to indentify the trend of global ductility demands of RC frames under FDE.
The demands is explored in the perspective ofglobal post-yield stiffness ratio and global
ductility capacity ratio.The study employs various fundamental periods of structures,
behavior factors, and plastic rotation capacitiesin order to achieve a general insight.

2. Methods

2.1. Inelastic Structural Models

2.1.1. Properties of the Model. The generic frame model used in this study is proposed by
Faisal et al. [12]. It focuses on the regular geometric system and horizontal dimension of the
system in any story is <130% of an adjacent story or no setback. Considered fundamental
periods of the 3D generic MDOF model are T, = 0.45, 0.75, 1.26, and 1.71 seconds.The
elevation and plan of 3D generic MDOF structure is as shown in Figure 1. The model is
assumed to be built in Zone 111 in Greece with spectra design (Figure 2). Columns and beams
at each story have the same stiffness in order to reduce the uncertainty in modelling. The
plan shape of floor and roof is squared plan size, H;x H;. By assuming ratio of the span to
story height is equal to 2.0 for all stories of the generic model hence parameter H; is equal to
the twice of column height.
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Figure 1. Models of 3D generic Figure 2. Design response
3, 6, 12, and 18-story single- spectrum of Eurocode 8 for Type 1
bay frames [12] and Soil B at Zone Il of Greece

2.1.2. Weight and Stiffness. The story weight of RC structure is assumed to be identical
(1240 kN) at all stories and all models, whereas stiffness is assumed to be the same for every
3 levels (stepwise distribution). The models are set up to be as the fundamental period of
model increases the beam-to-column stiffness ratio decreases. The model sets to behave
dominantly in flexure as the fundamental period (or number of story) increase.

2.1.3. Seismic Design and Strength.The seismic base shear is defined from ordinate design
spectrum at period T, of Type 1 spectrum of Eurocode 8 for condition of Soil B with peak
ground acceleration (PGA), a4=0.36 g, as shown in Figure 2. The a4 is based on 475-years
return period of earthquake that reflecting the condition of Seismic Zone Il at Greece.
Greece represents the highest seismic region in Europe, along with Turkey and Italy,
whereas Zone Il is the highest seismic zone in Greece.The moment and rotation of this
linear elastic static analysis at g = 1 means that both result from the same elastic and yield



forces, Fe = F,.The bending moment of member at this stage is considered as the yield
strength of member.

2.1.4. Plastic Hinge and Rotation Capacity. The plastic hinge is represented by moment-
rotation relationship, whereas the shear deformation as well as moment-axial interaction are
disregarded. The plastic hinge is modelled using lumped plasticity model. To simulate the
cyclic behavior of members in plastic hinge under load reversals, Modified-Takeda
hysteresis rule is employed. The unloading and reloading parameters (« and f) in hysteresis
rule for beam member are equal to 0.3 and 0.6 respectively.This study employs the rotation
capacities represent the capacity of general RC structures.

2.1.5. Ground Motion. Selected ground motions for FDE are presented in Table 5 sourced
from seismic station built in stiff soil. FDE motions are dominated by California and Taiwan
earthquakes and mainly from source-to-site distance less than 10 km and magnitude larger
than M6.0. The scaling factor of selected ground motions used in the studyis corresponding
to the fundamental period of models.

Table 5. Selected FDE motions on the stiff soil from PEER-NGA

Closest

No. Date Earthquake Mag. Dist. Station

Name (Mw) (km)
1 24/04/1984 Morgan Hill 6.2 0.53 Coyote Lake Dam (SW Abut)
2 18/10/1989 Loma Prieta 6.9 9.96 Gilroy - Gavilan Caoll.
3 18/10/1989 Loma Prieta 6.9 3.88 LGPC
4 28/06/1992 Landers 7.3 2.19 Lucerne
5 17/01/1994 Northridge-01 6.7 5.43 Jensen Filter Plant
6 17/01/1994 Northridge-01 6.7 5.43 Jensen Filter Plant Generator
7 17/01/1994 Northridge-01 6.7 5.19 Sylmar - Converter Sta East
8 17/01/1994 Northridge-01 6.7 5.30 Sylmar - Olive View Med FF
9 17/08/1999 Kocaeli, Turkey 7.5 10.92 Gebze
10  20/09/1999 Chi-Chi, Taiwan 7.6 3.14 CHY028
11 20/09/1999 Chi-Chi, Taiwan 7.6 3.78 TCUO049
12 20/09/1999 Chi-Chi, Taiwan 7.6 0.66 TCU052
13 20/09/1999 Chi-Chi, Taiwan 7.6 5.97 TCU053
14 20/09/1999 Chi-Chi, Taiwan 7.6 5.30 TCUO054
15  20/09/1999 Chi-Chi, Taiwan 7.6 0.32 TCUO068
16  20/09/1999 Chi-Chi, Taiwan 7.6 0.91 TCUO075
17~ 20/09/1999 Chi-Chi, Taiwan 7.6 2,76 TCUO076
18  20/09/1999 Chi-Chi, Taiwan 7.6 5.18 TCU082
19  20/09/1999 Chi-Chi, Taiwan 7.6 151 TCU102
20  20/09/1999 Chi-Chi, Taiwan 7.6 6.10 TCU103

2.1.6.Global Ductility and Post-Yield Stiffness Ratio Capacities. The ductility and post-yield
stiffness ratio are resulted from nonlinear static analysis or pushover analysis [12]. To relate
the global ductility capacity with the story ductility capacity, the ratio of story ductility and
global ductility capacities is employed in the study and denoted as 9..The ratio is defined
based on the regression analysis in polynomialfourth-order form.The relationship of . with
number of story (N) for 0.45 <T,<1.71 s isin the following formula(R?= 0.977):

3, =6.177T> —17.543T* +16.450T, —3.210 1)

The parameter of ratio of global post-yield stiffness to elastic stiffness, ri, to represents
global stiffness of the structures [12] is used in this study. The relationship of ryx as a
function of the fundamental period of vibration, T,, behavior factor, g, and plastic rotation
capacity, 6,, of the system (R?=0.925 and Sig.F-ratio ~ 0.00) is as follow:



Log(rk) = -0.508T; — 0.135q — 11.2526, — 0.952 @)

3.Result and Discussion

3.1. Effect of Global Ductility Capacity Ratio

The ratio of maximum story ductility to roof ductility denotes global ductility capacity ratio,
9. Figure 3 showshow global ductility capacity ratio under two types of plastic rotation
capacity (Rot.=0.02 and 0.06) affects the roof ductility demandin logarithmic form. This
figure also reflects the fundamental period of models under consideration in its each point of
post-yield stiffness ratio. Although 4. is apparent in influencingg,, the trend of how
governed g, is not clear as the plastic rotation capacity changes. It seems other factor also
plays an important role to this trend, e.g. fundamental period of vibration, T;. In statistical
analysis point of view, the effect of 9.on the roof ductility demand was found about
similarwith the effect of T,. Therefore, the effect of ;. on the roof ductility demand might be
has dependency to T;.

T,=0.45 - 1.26 s; Rot=0.02; FDE GM Case 1 T1=0.45 - 1.26 s; Rot=0.06; FDE GM Case 1
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Figure 3. Mean roof ductility demand as a function of ductility capacity ratio and behavior
factor. Each point represents fundamental period of models T, = 0.45, 0.75, 1.26 and 1.71 s.

3.2. Effect of Global Post-Yield Stiffness Ratio

Effect of global post-yield stiffness ratio, ry, on the roof ductility demand, x,, can be seen in
Figure 4. This figure explains the roof ductility demand as a function of global post-yield
stiffness ratio and plastic rotation capacity (denotes Rot.=0.02, 0.04, and 0.06). It
demonstrates that the post-yield stiffness ratio decreases as the roof ductility demand
increases. This mechanism is correct because when the fundamental period of system under
the same strength increases, the global stiffness decreases (more flexible), hence roof and
story drifts increases. In Figure 4, each point of post-yield stiffness ratio also represents a
behavior factor of the system, which explains the change in ductility class (e.g. DCM to
DCH in Eurocode 8) affects the post-yield stiffness and thus it influences the roof ductility
demand due to its post-yield stiffness ratio.
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Figure 4. Mean roof ductility demand of models with T, = 0.45 and 1.71 s as a function of
global post-yield stiffness ratio and plastic rotation capacity. Each point represents a
behavior factor.



Figure 5 depicts the of ductility demand as a function of global post-yield stiffness ratio
and behavior factor for two types of plastic rotation capacity (Rot.=0.02 and 0.06). Each
point in this figure represents fundamental period of models under consideration and hence
the trend follows the same way as previously discussed. It is evident that no regular trend is
demonstrated as the post-yield stiffness ratio is changed. In this case, the irregularity of
effect post-yield stiffness ratio on the roof ductility demand explains its dependency to
fundamental period since its shape of line indicates the same trend as in Figure 5. In general,
effect of behavior factor on the trend of roof ductility demand in Figure 5 is superior to the
effect of post-yield stiffness ratio.
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Figure 5. Mean roof ductility demand as a function of global post-yield stiffness ratio and
behavior factor. Each point represents fundamental period of models T, = 0.45, 0.75, 1.26
and 1.71s.

It should be noted that the variation of post-yield stiffness ratio of the system under the
same behavior factor or ductility class is reflecting the variation of strength (i.e. flexural
strength) of the elements represented by the ratio of maximum bending moment to the yield
moment (M./My). It is because the M./M,of elements has involved in the formation of the
backbone curve of the hysteresis system, which in turn has participated in the global
backbone curve. Unfortunately, the effect of M¢/M, on the roof ductility ratio could not be
presented since this parameter was not varied in designing the model. However, the variation
of post-yield stiffness ratio in this study could reflect the variation of M./M, by assuming a
single value of plastic rotation capacity is used. Therefore, it can be said that as the M./M, of
element in the system under the same plastic rotation capacity increases, the post-yield
stiffness ratio increases and hence the roof ductility demand decreases.

4. Conclusions

This study investigates the global ductility demands of RC frames with various post-yield

stiffness ratio and ductility capacity ratio under forward directivity motion of near-field

earthquake.The models include the various fundamental period, behavior factor, and plastic

rotation capacity.The following conclusions can be drawn from the study:

1. As the plastic rotation capacity changes, the effect of ductility capacity ratio on the
global ductility demands is clearly apparent.

2. The change in ductility class (e.g. DCM to DCH in Eurocode 8) affects the post-yield
stiffness and thus it influences the roof ductility demand due to its post-yield stiffness
ratio.
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