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Highlights
* RC structures of four, eight and twelve storey are analyzed by Direct Displacement Based Design.
« Nonlinear time history analysis is performed for the ground motions according to fault distance.
« Seismic isolators in the form of Lead Rubber Bearing are used.

Article Info Abstract

Direct displacement-based design is a nonlinear static procedure and has to check the
Received: 16 Nov 2020 suitability of the method against different types of ground motions namely far field, near
Accepted: 01 June 2021 field forward directivity and near field fling step. The method is applied for the buildings

supported on a fixed base and hysteretic isolation bearings. Seismic isolators are provided
between the foundation and the superstructure to minimize the influence of ground motion

Keywords on the superstructure. The method is applied for four, eight and twelve storey reinforced
Direct displacement based design ~ concrete frame structures equipped with and without seismic isolators. Lead rubber bearing
Nonlinear time history analysis is used as seismic isolators. An equivalent damping ratio, derived from the particular
Hysteretic damping characteristics of buildings supported on isolation bearings, is suggested. The energy
Lead rubber bearing dissipation mechanism in the isolators controls the displacement of the structure within

acceptable limits at the level of the isolator. The results were validated with nonlinear time
history analysis and were found to be in good agreement with the Direct displacement-
based design methodology for far field ground motions. The performance of the building
was measured for interstorey drift ratio, time period, acceleration of top floor, base shear,
isolator displacement. This is an attempt to link the direct displacement-based design of
the reinforced concrete building with seismic isolators subjected to the far field, near field
forward directivity, near field fling step ground motions.

1. INTRODUCTION

Damages induced in the structure after an earthquake are measured in terms of displacements, drifts,
rotations which arises the concept of Displacement-based design which is more appealing than the
traditional Force-based design method that uses forces and stresses as the input parameter. The
displacement-based design has multi-performance levels to achieve the desired performance limit based on
the type of the structure. Ductility is also as important as strength was realized in the 70’s [1]. The first
generation performance-based design procedures [2-5] laid the fundamental concepts of displacement-
based design. The goal of SEAOC Vision 2000 is to develop the framework for procedures that lead to the
design of structures of predictable seismic performance and can incorporate multiple performance
objectives to achieve the stated performance levels for the given hazard levels [5]. Applied Technology
Council emphasizes the use of the capacity spectrum method which involves determining the capacity and
demand spectra. ATC 40 is limited to concrete buildings only. Although the capacity spectrum method is
simple, the theoretical basis and physical interpretations are in a debatable stage [2]. FEMA 273 includes
different performance objectives with associated ground motions. Analysis and design methods for the
multi-level performance range from linear static to inelastic time history analysis. Drift limits for various
lateral load resisting systems at different performance levels were proposed [3]. The FIB CEB-FIP [6]
formulated the procedure for the displacement-based design of RC structures for Euro code [7].
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Direct Displacement Based Design (DDBD) is a displacement-based design method developed by Priestly
[8] on reinforced concrete frame buildings. The method introduces the use of two different deformed shapes
for buildings less than or equal to four storey and for buildings greater than four storey, hysteretic damping
in addition to viscous damping in the procedure and an expression for higher modes in tall structures was
proposed. The results were validated using time history analysis of various earthquake intensity ranges.
The results obtained by the equations proposed by Priestley were in good agreement with time history
analysis. Different structural systems namely moment-resisting frame, wall frame and steel braced systems
with the direct displacement-based design were analyzed and validated by nonlinear time history analysis
which proved that the DDBD approach was efficient [9]. Direct displacement-based design in two and
three-bay reinforced concrete structures was carried out considering plastic hinge length, longitudinal
reinforcement ratio in the members [10]. The expression for considering higher modes in direct
displacement-based design for vertically irregular moment-resisting frames was put forward and verified
with nonlinear time history analysis [11]. An effort was made to simplify the direct displacement-based
design method using viscous dampers [12]. Two displacement-based methods namely direct displacement-
based design and displacement-based seismic design method using damage control were applied on a
twelve storeys plan irregular RC frame building [13]. The latter one gave a better result but still needs to
be validated considering the different configuration of the building. A performance-based assessment tool
known as Displacement-based adaptive pushover analysis was applied for concrete frame buildings varying
in height [14]. Seismic performance of steel moment resisting frame was carried on four, six and storey
with mass irregularity [15].

Ground motion records are of two types, based on the distance of the recording station from the fault site
namely far field(>15km) and near field(<15km) [16]. Far field ground motions have large amplitude and
longer duration. The directivity effect and fling-step effect are the two paramount effects associated with
near-field earthquakes. In forward directivity, rupture propagation is aligned to the site and fault rupture
velocity is approximately equal to the shear wave velocity of the site [17]. This results in large amplitude,
long period and short duration. The permanent ground displacement due to tectonic deformations causes
the fling step effect. It produces large amplitude velocity pulse. Diagrammatic representation of the far
field, forward directivity and fling step is shown in Figure 1.
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Figure 1. Comparison of far field, forward directivity and fling step ground motions
The seismic response of six storey and thirteen storey buildings due to fling step and forward directivity

were determined [17]. Moghim et al., [18] applied direct displacement-based design for concrete buildings
situated in near fault regions. Alternate to the Gutenberg-Richter model, the interrelation between the
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number of earthquakes and their magnitudes was proposed by considering 4863 ground motions of
magnitude 4.0 and above [19].

The term responsive index was coined to compare and achieve the stated performance levels in fixed and
base-isolated structure [20]. The effect of the behaviour of the base-isolated ten storey building with and
without the shear wall, yielded large peak storey drift in moment resisting frames than the shear wall
building [21]. Bhandari et al., [22] worked on ten storey base-isolated RC building frame subjected to the
far field, near field forward directivity and near field fling step ground motions of design base
earthquake(DBE) and maximum considered earthquake(MCE) in terms of base shear, floor acceleration,
interstorey drift, isolator displacement and the number of hinges formed. Lead rubber bearing was used as
the isolator. Hallow rubber bearing was found more efficient when compared to solid rubber bearing since
the stiffness is reduced in the former when compared to the latter [23]. Rubber bearings and dampers were
found effective in reducing the damage due to earthquake on the steel liquid storage tank [24].

Although seismic base isolation and displacement-based design were developed in the 70s only, the
displacement-based design with the base isolation on bridges was applied in 2008 [25] and on buildings in
2010 [26]. Cardone et al., [26] modified the direct displacement-based design developed by Priestley [8]
for the different types of base-isolated frame structures.

In this work, the direct displacement-based design procedure developed by Cardone et al., [26] is applied
on fixed base(FB) and base-isolated(Bl) building of four, eight and twelve storey RC frame buildings
considered as low-rise, medium-rise and high-rise buildings [9,27] respectively which form the major frame
buildings in India located in Zone-V, medium soil of Indian seismic code [28] subjected to the far field,
near field forward directivity and near field fling step ground motions. Seismic isolator in the form of Lead
rubber bearing (LRB) is used. An equivalent damping ratio, derived from the particular characteristics of
buildings supported on isolation bearings, is suggested. The energy dissipation mechanism in the isolators
controls the displacement of the structure within acceptable limits at the level of the isolator. The
mechanical properties of the isolator are derived after literature review and selected after a thorough
examination of the product catalogue available on the manufacturer's website [29-32]. The performance
of the buildings is measured concerning inter-storey drift ratio, roof acceleration, base shear, isolator
displacement. The buildings are designed by the Indian concrete code [33].

2. PROCEDURE

In this method, a multi-degree of freedom system is represented into an equivalent single degree with
effective mass m. and effective height he as shown in Figure 2. K. is the secant stiffness of the system at
the ultimate displacement of this system shown in Figure 3. The procedure is as follows:
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Figure 2. Simulation of MDOF to SDOF
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Figure 4. Displacement spectrum for 1S 1893-2016 for Zone- V

1. The first mode deformed shape is derived using the expression [26] given by

ool ()3l

where hi= height of i storey from the base, hi=total height of the structure, I is the ratio of the
effective  period of vibration of seismically isolated structure to fundamental period of vibration of
fixed support building. For fixed supported building, I,=1.

2. Select the appropriate base isolator with the isolator displacement Dq and maximum interstorey drift
ratio 64. The critical storey is the storey where the maximum interstorey drift ratio is reached. The
maximum interstorey drift ratio is reached in the first storey [13] and is assumed as

6, = 100
TR 2)
3. The displacement profile [26] for the i" storey of the structure is given as
Ai= Dd + Hd.cl.d)i , (3)
hy (4)

‘1= 1000,



Channabasaveshwar CHIKMATH et al./ GU J Sci, 35(2): 446-462 (2022)

Design displacement Ag, effective mass me, the effective height h of equivalent SDOF system are given
by Equations (5)-(7), respectively

A= ?zlmiAiz (5)
a Yramd; ]
_ romd; _ (X, mA ]2 (6)
¢ Aq ?=1miAi2 ,
b= o1 mAhy (7)
¢ Thimd

Since displacement, drift, ductility are the governing parameters in the displacement-based design
method, design ductility can be controlled as
Oa (8)

Ha =27
Oy

Ly 9)
gy = 0.58yh—b ,

ey=yield strain in steel=0.2%, l,=beam length and h,=beam depth .

In addition to 5% elastic viscous damping, hysteretic damping is added to include energy dissipation
by RC members during the earthquake and is known as equivalent viscous damping of the
superstructure [13]

=06+ ‘fhyst)% ,
1— -0.5
s = 5+120<%)%.

The equivalent damping ratio &eq Of base-isolated structure is the combination of damping ratios of
superstructure and base isolator at their corresponding displacements given as

[$15-Da + $s- (Ap — Dq)] (11)

feq = A, .

(10)

The effective time period Teq is established by entering the displacement spectra set shown in Figure 4
with the design displacement Aq and the equivalent viscous damping.

The equivalent stiffness Keq for the design displacement of the equivalent SDOF system using

_ Me 12
Keq—‘l-Tl'ZEzq. ( )

10. The base shear is the product of equivalent stiffness Keq and the design displacement Aqg, given as

VbopBp) = Keqla - (13)

11. Distribute the base shear along the height of the building using Equation (14)

m;A; (14)
i . .
F; = VyopBD) Y mid,

12. The stiffness of the base isolator is given by

Vb(opBD) (15)

K=
Is D,
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3. CHARACTERISTICS OF LEAD RUBBER BEARING
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Figure 5. Hysteresis loop for LRB

The hysteresis loop is typically modelled as bilinear for a lead rubber bearing isolator. The parameters Fi,
di, F2 and d; that define the bilinear curve are given by the manufacturers for each standard LRB [29-32].
The hysteretic behaviour of an LRB can also be modelled as linear, using the effective stiffness K and the
equivalent viscous damping coefficient &s, which depends on the maximum displacement d, and the
corresponding force F», to which refer to Figure 5.

F
K,=—
e d2
£ o = 2 [Fl dl]
Is = Vs FZ dz
4. CHARACTERISTICS OF GROUND MOTIONS
Ground motion data of six set each for the far field, near field forward directivity and near field fling step
respectively have been selected [34]. The details of the ground motions in terms of magnitude, recording

station, PGA, fling step displacement are shown in Table 1.

Table 1. Ground motion records

Record Label Earthquake Magnitude Station PGA (0) Fling Disp. (cm)
Far-field ground motions
FF1 1999 Chamoli 6.4 Chamoli 0.359 -
FF2 1940 Imperial Valley 6.95 El Centro 0.313 -
FF 3 1989 Loma Prieta 6.9 Capitola 0.420 -
FF 4 1994 Northridge 6.7 Northridge-Saticoy 0.529 -
FF5 1994 Northridge 6.7 Canoga Park 0.477 -
FF 6 1987 Superstition Hills 6.7 El Centro Imp Co. Centre 0.512
Near-fault ground motions with forward directivity
NFD 1 1994 Northridge 6.7 Rinaldi 0.890 -
NFD 2 1994 Northridge 6.7 Sylmar 0.730 -
NFD 3 1994 Northridge 6.7 Newhall 0.720 -
NFD 4 1979 Imperial Valley 6.4 EL Centro Array 7 0.460 -
NFD 5 1992 Landers 7.3 Lucerne Valley 0.710 -
NFD 6 1979 Imperial Valley 6.7 EL Centro Array 5 0.370
Near-fault ground motions with fling step
NFS1 1999 Chi Chi 7.6 TCU129 NS 0.610 67.54
NFS 2 1999 Chi Chi 7.6 TCUO084 NS 0.420 59.43
NFS 3 1999 Chi Chi 7.6 TCUO074 EW 0.590 174.56
NFS4 1999 Chi Chi 7.6 TCUO052_NS 0.440 697.12
NFS5 1999 Chi Chi 7.6 TCUO068 EW 0.500 601.84

NFS 6 1999 Kocaeli 7.4 YPT 0.23 145.79
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5. BUILDING DETAILS

The plan of an RC frame building with dimensions is shown in Figure 6 for four, eight and twelve storeys
respectively. The building is located in medium soil for the Bhuj area which falls under Zone-V considered
an extreme zone according to the Bureau of Indian Standards [28]. The design is carried out using the
Bureau of Indian Standard code [33]. The drift is limited to 2% [5,10]. Nonlinear time history analysis
(NLTHA) is carried out to verify the inter-story drift ratio, acceleration of top floor, base shear, isolator
displacement for six sets of each earthquake ground motions of far field, near field forward directivity and
near field fling step respectively scaled to Zone-V [28] using with FB and BI. The analysis and design were
carried out in MIDAS/GEN 2019 software. The live load is 3kN/m?2. External wall of 230mm thick exists.
The thickness of the slab is 150mm. Characteristic strength of main steel and secondary steel are 500N/mm?
and 415 N/mm? respectively. Secondary beams are 300mm in width and 450mm in depth. The dimensions
of the members are as shown in Table 2. The lead rubber bearing provided is manufactured by FIP
INDUSTRIALE [31]. The isolators were selected based on the maximum isolator displacement, a good
separation of the time period for fixed and base-isolated structure and axial load coming on the columns
[22,35]. Isolator properties are shown in Table 3.

Table 2. Properties of frame building

Grade of concrete

Member Floor Width (mm)  Depth (mm) = (N/mm?)

Beam 300 600

4-Storey 1-4 30
Column 550 550
Beam 300 600

8-Storey 1-8 30
Column 650 650
Beam 300 600

12-Storey 1-12 30
Column 750 750

Table 3. Isolator properties

4 Storey 8 Storey 12 Storey
Name of the isolator LRB-S 550/200-120 LRB-S 550/200-120 LRB-S 600/204-130
Isolator Displacement Dg 04m 0.4m 04m
Effective Stiffness Kest 810 kN/m 810 kN/m 950 kN/m
Initial Stiffness K1 7875 kKN/m 7875 kN/m 9250 kN/m
Effective Damping &is 26.65% 26.65% 26.85%
Post Yield Stiffness Ratio y 0.058 0.058 0.057
Yield Force Fy 126 kN 126 kN 148 kKN

Vertical Stiffness Kv 789000 kN/m 789000 kN/m 844000 kN/m
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Table 4. Results of analysis

Elevation

Figure 6. Geometry of the building

No of storeys Teq (5) Ir Eeq( %) Vb(opeb) (KN)
Bl FB Bl FB
4 5.30 3.39 24.70 16.19 1237 3524
5.70 243 23.11 16.19 2621 3554
12 6.08 2.05 22.17 16.19 4116 4136
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Table 5. Four storey response parameters

Roof accel Max Drift ratio Roof disp first floor disp Isolator disp
Earthquake Type of structure (mis?) %) (mm) (mm) (mm)
FF1 FB 1.37 0.18 175 34
Bl 1.00 0.36 42.6 27.4 16.7
% reduction 26.96 -98.15 -143.43
FF2 FB 2.52 0.47 44.6 8.5
Bl 1.31 0.61 72.9 56.3 44.2
% reduction 48.03 -27.82 -63.45
FF3 FB 1.54 0.28 24.6 4.9
Bl 1.04 0.34 39.2 25.2 15
% reduction 32.60 -20.00 -59.35
FF4 FB 1.94 0.27 24.2 4.8
Bl 0.90 0.37 38.8 23.9 12.9
% reduction 53.61 -34.15 -60.33
FF5 FB 1.79 0.30 24 5.5
Bl 1.25 0.38 51 31.2 19.7
% reduction 30.13 -29.21 -112.50
FF6 FB 1.79 0.28 247 4.9
BI 1.05 0.35 40 25.5 15
% reduction 41.64 -26.51 -61.94
NFD1 FB 1.86 0.29 25.3 6.2
Bl 1.477 0.40 82.1 70 57.9
% reduction 20.63 -37.50 -224.51
NFD2 FB 2.05 0.41 38.6 7.3
Bl 1.266 0.30 59.8 50.4 41.3
% reduction 38.27 26.02 -54.92
NFD3 FB 1.81 0.35 32.9 6
Bl 1.15 0.16 46.1 41.6 36.8
% reduction 36.63 53.85 -40.12
NFD4 FB 1.45 0.21 21.2 4
Bl 1.30 0.28 447 36.5 28.1
% reduction 10.81 -35.48 -110.85
NFD5 FB 1.90 0.31 23.6 5.7
Bl 1.40 0.23 45.3 38.6 31.8
% reduction 26.47 26.09 -91.95
NFD6 FB 2.10 0.31 27.6 6.2
Bl 1.27 0.31 51.9 42.6 334
% reduction 39.34 2.13 -88.04
NFS1 FB 2.01 0.29 28.1 5.6
Bl 1.46 0.33 59.3 48.8 38.8
% reduction 27.44 -14.94 -111.03
NFS2 FB 2.04 0.39 32.9 7.2
Bl 1.45 0.40 63.9 51.7 39.8
% reduction 29.07 -0.85 -94.22
NFS3 FB 2.10 0.22 19.2 4.1
BI 1.23 0.19 36.3 30.2 245
% reduction 41.70 12.31 -89.06
NFS4 FB 1.46 0.23 18.4 4.1
Bl 1.19 0.26 38 30.2 22.4
% reduction 18.71 -13.04 -106.52
NFS5 FB 2.19 0.28 25.1 5.3
Bl 1.43 0.21 48.2 41.6 354
% reduction 34.81 26.19 -92.03
NFS6 FB 2.07 0.25 19.3 4.5
Bl 1.23 0.23 39.8 32.1 25.3
% reduction 40.55 9.33 -106.22
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Table 6. Eight storey response parameters

Roof accel Max Drift ratio Roof disp first floor disp Isolator disp
Earthquake Type of structure (mis?) %) (mm) (mm) (mm)
FF1 FB 0.95 0.36 58.2 4.6
Bl 0.70 0.24 66.6 47.2 40
% reduction 26.15 32.71 -14.43
FF2 FB 1.49 0.42 70.8 5.1
Bl 0.72 0.29 101.4 78.1 69.3
% reduction 51.61 29.60 -43.22
FF3 FB 0.91 0.43 69.6 5.8
Bl 0.68 0.39 81 50.9 39.2
% reduction 25.24 10.00 -16.38
FF4 FB 0.94 0.40 65.9 5.3
Bl 0.69 0.29 66.7 43.8 35.2
% reduction 25.99 28.33 -1.21
FF5 FB 1.07 0.47 78.1 6.2
Bl 0.74 0.37 85.9 57.1 46
% reduction 31.18 21.28 -9.99
FF6 FB 0.94 0.35 56.7 4.6
BI 0.67 0.21 59.7 374 31.2
% reduction 28.32 40.38 -5.29
NFD1 FB 142 0.74 121 9.9
Bl 0.89 0.63 203.1 153.9 135.1
% reduction 37.10 15.32 -67.85
NFD2 FB 1.26 0.84 137.3 111
Bl 1.00 0.72 256.4 199.4 177.8
% reduction 20.62 14.29 -86.74
NFD3 FB 1.02 0.39 65.9 5.3
Bl 0.67 0.34 74.3 46.8 36.6
% reduction 34.38 12.82 -12.75
NFD4 FB 1.17 0.56 90.4 7.3
Bl 0.79 0.41 109.3 76.9 64.5
% reduction 32.25 25.75 -20.91
NFD5 FB 1.06 0.37 60 5.1
Bl 0.76 0.25 56.7 35.7 28.2
% reduction 28.59 32.43 5.50
NFD6 FB 1.31 0.55 91.7 7.4
BI 0.78 0.34 100.2 73.2 62.9
% reduction 40.63 37.58 -9.27
NFS1 FB 1.36 0.59 99.2 7.6
Bl 0.89 0.47 135.1 97.6 83.6
% reduction 34.10 21.35 -36.19
NFS2 FB 1.20 0.62 102.7 8.3
BI 0.82 0.49 127 88.8 74.2
% reduction 31.39 21.08 -23.66
NFS3 FB 0.92 0.38 61.9 5.1
Bl 0.68 0.33 64.5 37.9 27.9
% reduction 26.47 13.04 -4.20
NFS4 FB 1.11 0.45 75.5 6
Bl 0.77 0.30 77.6 53.5 445
% reduction 30.87 33.82 -2.78
NFS5 FB 1.03 0.35 58.9 4.3
Bl 0.76 0.29 67.8 45.1 36.5
% reduction 26.18 18.87 -15.11
NFS6 FB 0.99 0.49 80.3 6.3
Bl 0.74 0.41 96.3 64 51.6

% reduction 24.96 15.65 -19.93
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Table 7. Twelve storey response parameters

Roof accel Max Drift ratio Roof disp first floor disp Isolator disp
Earthquake Type of structure (mis?) %) (mm) (mm) (mm)
FF1 FB 0.64 0.38 92.4 3.6
Bl 0.52 0.22 75.6 32.8 26.6
% reduction 18.03 41.59 18.18
FF2 FB 0.72 0.39 91.8 4
Bl 0.55 0.32 89.6 45.8 36.1
% reduction 22.82 17.09 2.40
FF3 FB 0.78 0.65 155.1 6.4
Bl 0.57 0.47 133.8 69.9 55.8
% reduction 26.60 27.32 13.73
FF4 FB 0.71 0.39 92.8 4.1
Bl 0.59 0.27 77.7 36.5 28.3
% reduction 16.61 29.31 16.27
FF5 FB 0.75 0.52 129 5
Bl 0.60 0.40 113.3 58.4 46.4
% reduction 20.52 23.08 12.17
FF6 FB 0.67 0.37 90.8 4
BI 0.56 0.28 76.8 37.8 295
% reduction 16.45 25.23 15.42
NFD1 FB 1.46 1.37 350.2 14.1
Bl 0.85 0.86 367.6 248.9 223.1
% reduction 41.79 37.38 -4.97
NFD2 FB 1.58 1.64 409.9 15.8
Bl 0.92 0.92 413.2 284.4 256.7
% reduction 41.83 43.81 -0.81
NFD3 FB 0.70 0.55 133.6 5.3
Bl 0.55 0.43 122.2 63.8 50.8
% reduction 22.00 20.73 8.53
NFD4 FB 0.86 0.63 157.5 5.9
Bl 0.64 0.46 140.7 76.4 62.7
% reduction 25.25 27.89 10.67
NFD5 FB 0.77 0.48 112.6 5.2
Bl 0.55 0.36 91.7 447 33.9
% reduction 29.40 25.00 18.56
NFD6 FB 1.00 0.62 148.6 6
BI 0.65 0.37 122.8 72 60.9
% reduction 34.77 40.64 17.36
NFS1 FB 0.76 0.84 201.3 8.6
Bl 0.69 0.50 207.4 123.2 108.2
% reduction 8.79 40.48 -3.03
NFS2 FB 0.89 0.76 185.5 8.1
BI 0.67 0.59 193 111.9 94.1
% reduction 24.69 21.59 -4.04
NFS3 FB 0.68 0.55 134 5.3
BI 0.55 0.43 110.5 50.4 375
% reduction 19.19 22.29 17.54
NFS4 FB 0.80 0.42 100.6 4.3
Bl 0.64 0.25 85.1 46.5 38.9
% reduction 19.84 39.68 15.41
NFS5 FB 0.64 0.38 934 3.6
Bl 0.60 0.28 78.9 38.6 30.2
% reduction 6.23 26.32 15.52
NFS6 FB 0.75 0.65 160.7 6.3
Bl 0.60 0.50 143 73.6 58.6

% reduction 19.71 23.47 11.01
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Far field Near field forward directivity Near field fling step

V@ Ve®  (b)/(a) Vp(© ©)/(a) Vb @ (d)/(a)
FF1 942 0.76  NFD1 1541 1.25 NFS1 1372 111
FF2 1088 0.88 NFD2 1428 1.15 NFS2 1481 1.20
Bl 1237 TIiBrTIw FF3 941 0.76 NFD3 1016 0.82 NFS3 1037 0.84
DDBD history FF4 970 0.78 NFD4 1251 1.01 NFS4 1172  0.95
FF5 885 0.72 NFD5 1173 0.95 NFS5 1198  0.97
FF6 943 0.76 NFD6 1268 1.02 NFS6 1232  1.00
FF1 1216 035 NFD1 1973 0.56 NFS1 1802 0.51
FF2 1906 0.54 NFD2 1661 0.47 NFS2 1692 0.48
FB 3524 T'i:rlie FF3 1213 0.34 NFD3 1432 0.41 NFS3 1285 0.36
DDBD history FF4 1190 0.34 NFD4 1501 0.43 NFS4 1328 0.38
FF5 1397 040 NFD5 1438 0.41 NFS5 1536 0.44
FF6 1217 035 NFD6 1519 0.43 NFS6 1303  0.37

Table 9. Eight storey base shear ratios V, (NLTHA)/V, (DDBD)

Far field Near field forward directivity Near field fling step
V@ Vu®  (b)/(a) Vp© (c)/(a) Vb@  (d)/(a)
FF1 1724 066 NFD1 2769 1.06 NFS1 2277  0.87
FF2 1835 0.70 NFD2 3120 1.19 NFS2 2259 0.86
Bl 2621 Tligrrl1e FF3 1973 0.75 NFD3 1852 0.71 NFS3 1782  0.68
DDBD history FF4 1743 066 NFD4 2148 0.82 NFS4 1797  0.69
FF5 1980 0.76 NFD5 1674 0.64 NFS5 1737  0.66
FF6 1722 066 NFD6 1930 0.74 NFS6 1927 0.74
FF1 1776 050 NFD1 2961 0.83 NFS1 2372  0.67
FF2 2052 058 NFD2 3317 0.93 NFS2 2563 0.72
FB 3554 Tli:rie FF3 2074 0.58 NFD3 2036 0.57 NFS3 1979  0.56
DDBD history FF4 2030 0.57 NFD4 2357 0.66 NFS4 2151  0.61
FF5 2165 0.61 NFD5 1894 0.53 NFS5 1715 0.48
FF6 1814 051 NFD6 2423 0.68 NFS6 2144  0.60

Table 10. Twelve storey base shear ratios V, (NLTHA)/V, (DDBD)

Far field Near field forward directivity Near field fling step

V@ Vi®  (b)/(a) Vb ©)/(a) V@  (d)/(a)

FF1 2053 050 NFD1 4114 1.00 NFS1 2937 0.72

FF2 2025 049 NFD2 4397 1.07 NFS2 2986  0.73

leéD 4095 BITime FF3 2636 064 NFD3 2493 0.61 NFS3 2432 059
hISOTY  try 2015 049 NFD4 2670 0.65 NFS4 1997  0.49

FF5 2405 059 NFD5 2181 0.53 NFS5 1934  0.47

FF6 2094 051 NFD6 2444 0.60 NFS6 2691  0.66

FF1 1712 041 NFDL 4767 115 NFS1 3329 081

FF2 1980 048 NFD2 5406 1.31 NFS2 3224  0.78

DEBBD 4136 FBTime FF3 2705 065 NFD3 2327 0.56 NFS3 2395  0.58
NIy try 2186 053 NFD4 2649 0.64 NFS4 2190 053

FF5 2420 059 NFD5 2501 0.60 NFS5 1671  0.40

FF6 2045  0.49 NFD6 2809 0.68 NFS6 2606  0.63
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Figure 7. Four storey base shear ratio of fixed base vs base-isolated structure of NLTHA
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Figure 8. Eight storey base shear ratio of fixed base vs base-isolated structure of NLTHA
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Figure 9. Twelve storey base shear ratio of fixed base vs base-isolated structure of NLTHA

6. DISCUSSION OF THE RESULTS

As observed in Tables 4 -7, the horizontal stiffness of the seismic isolator is low, thereby the time period
of a seismically isolated structure increases which in turn results in reduced base shear. The damping of the
system also increases by using the isolators. Interstorey drift ratio is very much less than the convention
building since the displacements are concentrated at the level of isolators. Since the floor acceleration is
reduced by using the isolators, acceleration sensitive equipment in the important buildings are not much
damaged.
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As seen in Table 4, the difference in time period decreases with increase in height of the structure of the
base-isolated structure compared to the fixed base [26]. This increases the stiffness which in turn increases
the base shear in tall base-isolated structure as seen in Figures 7- 9 which also indicates that higher mode
factor should be taken into account [8]. The demand parameters increase significantly for near-fault ground
motion compared to far-field motion despite the lower value of peak ground acceleration of near-fault
ground motion as observed from Table 5 to Table 10 for all the buildings considered [36].

The following observations are made in the study:

1. Inthe present procedure, Vunitha) is Within Vyppep) for both FB (fixed base) and Bl (base-isolated)
structure for far field ground motions (Tables 8 - 10).

2. Vunitha) Tor 4-storey building exceeds Vipooep) Up to 25% in near field forward directivity (NFD
1, NFD 2, NFD 4, NFD 6) and up to 20% in case of near field fling step (NFS 1, NFS 2) for the Bl
structure (Table 8).

3. For 8-storey BI, Vpnitha) €xceeds Viooeoy Up 10 19% in the case of near field forward directivity
(NFD 1, NFD 2) (Table 9).

4. For 12-storey Bl, VpnitHa) €XCeeds Vopep) Up to 7% in case of near field forward directivity (NFD
2) and 31% for near field fling step (NFD 1, NFD 2) for FB structure (Table 10).

5. Vpnitha) Of Bl structure is greater than Venitha) Of FB for 12-storey building as well as Voopep)
for Bl is nearly equal to Vyopep) for FB (Table 10).

6. The base shear values of Bl buildings in case of nonlinear time history analysis were less than the
corresponding fixed support values for four storey (Figure 7) and except one case in fling step, NFS
5 in eight storey (Figure 8). But for 12 storey building exceeds the base shear values of FB (Figure
9) for the far field, near field forward directivity and near field fling step ground motions.

7. The equivalent damping in the structure with FB is the same for all the buildings since the drift
limit is 2% and the plan configuration is the same (Table 4).

8. For the 4-storey building, the drift ratios of Bl structure were higher in all the far field, 2 cases in
forward directivity (NFD 1, NFD 4), 3 cases in fling step (NFS 1, NFS 2, NFS 4) ground motions
(Table 5) when compared to FB.

9. Isolator displacement values were within the design displacement values (Tables 5 - 7).

10. There is a reduced top floor acceleration in Bl buildings when compared to FB (Tables 5 - 7).

11. There is not much difference in base shear of four and eight storey fixed building, since the mode
shape expression does not vary according to the height of the building as defined by Priestley et
al. [8].

7. CONCLUSIONS

The Direct displacement-based design developed by Cardone et al was applied to four, eight and twelve
storey buildings regular in the plan for the fixed base and lead rubber bearing as isolators, subjected to the
far field, near field directivity and near field fling step ground motions. A total of eighteen ground motions,
six in each type of ground motions were considered. The following conclusions were drawn from the study:

1. The method proposed by Cardone et al holds good for the far field ground motions with fixed
support as well as the base-isolated buildings frames. The base shear accounts for a maximum of
76%, 76% and 64% for base-isolated buildings and 54%, 58% and 64% for fixed support four,
eight and twelve storey buildings respectively.

2. The base shear demand was higher for the near field forward directivity and near field fling step
method as seen by nonlinear time history analysis.

3. There was significant reduction in drift ratios in eight and twelve storey base-isolated buildings and
the percentage increased for four storey although the values are very much less than the design drift
of 2%. The maximum drift was predominantly in the first storey in four storey structure.

4. The reduced floor acceleration in the base-isolated building indicates the safety and comfort of the
occupants.
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5. Although this study proves the applicability of the method to far field ground motions, suggest that

still more earthquake ground motions be considered especially for near field directivity and near
field fling step method to possibly finding a modification factor.
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