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Seismic Performance and Cost Comparison of
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Force-Based Design Method

Sejal P Dalal, Khyati Vaidya

Abstract: Comparative study of 5, 10 and 15 storied steel
Concentrically Braced Frames (CBF) designed by Performance
Based Plastic Design (PBPD) method and Force Based Design
(FBD) method is presented here. The parameters selected for
comparison of the frames are (a) Lateral load distribution (b)
Design sections of members (c) Seismic performance and (d)
Cost. It is observed that the lateral load's distribution in case of
PBPD frames is found more factual. The column sections of
PBPD frames are heavier, and brace sections are lighter
compared to FBD frames given the fact that PBPD is designed
for higher ductility factor. The PBPD method gives a better
seismic performance by achieving the predetermined failure
mechanism and avoiding total collapse. Taller structures offer
cost-effectiveness for PBPD method.
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1. INTRODUCTION

The PBPD method is a displacement based design method
which is based on Energy Balance Concept (1, 2).
Pre-selected target drift and yield mechanism are the main

performance criteria which prevent the total collapse of the
structure. When CBEF’s are designed using this method, the | Parameter 5Storey | 10 Storey | 15 Storey
braces fail first due to post-buckling and tension yielding thus -
leading to the formation of plastic hinges (3, 4). The beams | Fo0r Seismic Weight for roof (kN) 280 280 280
are. designed a§ y!eldlng members whereas columns are Floor Seismic Weight for other floors (kN) 439 439 439
designed as unyielding members and hence the total collapse
can be prevented. Total seismic weight, W (kN) 2036 4231 6426
In the FBD method, the structure is designed for forces and | Time Period, Tn (sec) 0.72 122 165

checked for displacements assuming that it will remain |52 ) 1.86 111 0.82
elastic all the time. The failure is unpredictable and at times |-2onefactor (1), 2 2?4 (1)'24 (1):4
sudden because the inelastic activity in the structure is | 'mportance factor, | ' ' '
addressed in an approximate way [5]. In this study, three | Response Reduction Factor, R 4 4 4
CBEF’s of different heights but same plan are first analyzed by | an 0.08 0.05 0.036
both_t_he methods and then designed using Indian standard [~ kN) 171.4 2118 2373
specifications. VoW 508 005 503
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Figurel. (a) Plan of the study frame; (b) 5 storied frame; (c)
10 storied frame; (d) 15 storied frame.

Tablel. The seismic parameters and details of study frame for
the FBD method.
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Figure 1 shows the plan as well as the elevation of the 5,10
and 15 storied study frame. The live load for a typical floor is
taken as 3.5 kN/m? and for the roof is taken as 1.5 kN/m?. The
Floor finish is assumed to be 1 kN/m? and the soil site is of
medium type. The important seismic design parameters
required to analyze the frames by FBD method are listed in

Wy fle 078Tn fpem?
Ap = (ZF,08; — Bia ) (ﬁ) (:ﬂ:g )
Q)
EF: Wik D.?E,-'_rﬂ-ﬂ:
g = (== ®)

table 1 and for PBPD in table 2.

Table 2. The seismic parameters and details of study frame

for the PBPD method.

Where, Bi =Shear distribution factor (7).
v = Energy modification factor (fig.2) (8)

n=a factor used to find modified base shear considering

Parameter 5 Storey | 10 Storey | 15 Storey . . .
Floor Seismic Weight for roof (kN) | 280 280 280 exfra energy whlch_ is d|55|pgted _by_ CBF as well as the
Floor Seismic Weight for other floors participation of gravity frames in resisting earthquake loads =
(kN) 439 439 439 05 (1 3)
Total seismic weight, W (KN) 2036 4231 6426 _’ ] ] . . .
Time Period, Tn (sec) 0.72 1.22 1.65 Sa inelastic = Design Spectral acceleration due to inelastic
Sa 1.86 111 0.82 response of structure as (fig.2) (8)
Zone factor (111), Z 0.24 0.24 0.24 . i i
Importance factor, | 15 15 15 0,= the selected global inelastic drift of the structure
Response Reduction Factor, R 2 7 7 {Thaxc-0y), i.e. predetermined target drift mechanism.
Ah 0.08 0.05 0.036 Figure 2. (a) Inelastic Response spectra for medium soil site
Vb (kN) 171.4 211.8 237.3 " 2
Vb/W 0.08 0.05 0.03 S 5 S
20 =3 16 B=3
2. Lateral Load — =4 N ‘ — =t
u=5 5 141 =5
b W
— w6 | £ 12 — 6
. o 510
2.1 Lateral Load Calculation and Distribution in forced S s
based design method E
. . . 5 0.4+
Mathematically, the total design base shear “Vb” in the 2]
FBD method is calculated by distributing the total weight '

“W” as per IS 1893:2002 (6) as follows.

U‘h = “:ihﬁrilu'r (1)
z1(%2/)
- T 2

Here, the Horizontal seismic coefficient “Ah”is dependent
on Zone factor “Z”, Importance factor “I”, Design spectral
acceleration “Sa/g” and response reduction factors “R”. This
base shear is distributed among the floors known as the lateral
force distribution at each floor level, “Qi” as per following
equation (6).

wihi:

@)

Qi = vh';'n

Eogwi hy®

Where, hi (and hn)= Height of level i (and roof )measured
from base wi (and wn)=Seismic weight of level i (and roof)

2.2 Lateral Load Calculation and distribution in PBPD
method

The total base shear “V,” in the PBPD method is
calculated based on work energy equation (1) and is expressed
as

[ o 2
—Ap+ .“:'-"1-'r. S+ 4':va5: imelastic
7

W, = - W (4)
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in the AT format; (b) Energy Modification Factor “y” Versus
Time Period.

The base shear in the PBPD method is divided by the
number of bays falling in the direction perpendicular to the
lateral load (1). Thus we get a term “V'" which is the total
base shear “Vb” divided by a number of bays. The lateral force
of roof floor “Qn” is first found and then it is distributed in
other floors “Qi” as shown below (1,7)
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Figure 3. Lateral Load Distribution for both the methods of
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(a) 5 storied frame; (b) 10 storied frame; (c) 15 storied frame.

The lateral load distribution of 5,10 and 15 storied frames
designed by both the methods have been presented in fig.3.1t
is clearly seen that PBPD method gives more even
distribution of loads as compared to FBD method. The values
of a lateral load of the roof floor are lesser compared to the
succeeding floor in the FBD method particularly in taller
frames (10 and 15 storied) which seems to be peculiar. It does
not happen in PBPD frames because higher mode effects are
well reflected in the design lateral force distribution (7).The
frames are applied the above calculated lateral loads along
with gravity loads.

3. DESIGN DETAILS OF THE FRAMES

Table 3. The design sections of 5 storied study frame.

PBPD Method FBD Method
Storey Brace Beam Column Brace Beam Column
No Section Section section Section Section section
5 2ISA 30 ISMB ISHB TUB 89 ISMB ISHB
204 400 150 894 350 150
4 2ISA 45 ISMB ISHB TUB 89 ISMB ISHB
305 500 200 894 400 200
TUB
3 2ISA 60 ISMB ISHB ISMB ISHB
100 100
405 500 250 4 450 250
TUB
P 2ISA 60 ISWB ISHB ISMB ISHB
100 100
405 500 300 . 450 350
TUB
1 2ISA 65 ISWB ISHB ISMB ISHB
100 100
455 500 450 s 400 400

Table 4. The design sections of 10 storied study frame.

PBPD Method FBD Method
Storey Brace Beam Column Brace Beam Column
No Section Section section Section Section section
TUB
2I1SA30 | ISMB ISMB
10 ISHB 150 | 100100 ISHB 150
203 400 350
4
TUB
2I1SA50 | ISMB ISHB ISMB ISHB
9 100 100
304 500 150H s 500 150H
TUB
21SA45 | ISMB ISMB ISHB
8 ISHB 200 | 100100
305 500 s 550 250H
TUB
21SA45 | ISMB ISMB
7 ISHB 250 | 100 100 ISHB 350
306 500 550
5
TUB
2ISA 60 ISMB ISHB ISMB
6 100 100 ISHB 400
405 500 300H s 500
TUB
2ISA 60 ISWB ISHB ISMB
5 113113 ISHB 450
405 500 350H s 500
TUB
2ISA 65 ISWB ISMB
4 ISHB 450 130130 ISHB 450
455 500 5 550
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ISHB 450
TUB
2ISA 65 ISMB with ISMB ISHB
3&2 130130
455 550 250x12 5 550 450H
CP
ISHB 450 ISHB 450
TUB
2ISA 65 ISWB with ISMB with
1 130130
455 550 320x12 5 450 250x12
CpP Cp

Table 5. The design sections of 15 storied study frame.

PBPD Method FBD Method
Storey Brace Beam Column Brace Beam Column
No Section Section section Section Section section
2ISA 30 ISMB TUB 100 ISMB
15 ISHB 150 ISHB 200
203 400 1005 350
2ISA 30 ISMB TUB 100 ISMB
14 ISHB 150H ISHB 300
205 450 1005 500
2ISA 45 ISMB TUB 100 ISMB
13&12 ISHB 250 ISHB 350
305 500 1005 500
2ISA 45 ISMB TUB 100 ISMB
11 ISHB 300 ISHB 400
306 500 1005 550
2ISA 45 ISMB TUB 113 ISMB
10 ISHB 350 ISHB 450
306 500 1135 600
2ISA 60 ISMB TUB 113 ISMB
9 ISHB 450 ISHB 450H
405 550 1135 600
ISHB 450
2ISA 60 ISMB TUB 110 ISMB ISHB 450 with
8 with 320x12
405 550 1106 550 250x12 CP
CcP
ISHB 450 .
2ISA 60 ISMB . TUB 110 ISMB ISHB 450 with
7 with 320x12
405 550 1106 550 250x12 CP
CcP
ISHB 450 .
2ISA 65 ISMB . TUB 110 ISMB ISHB 450 with
6 with 320x12
455 550 1106 550 320x12 CP
cP
ISHB 450 i
2ISA 65 ISMB i TUB 110 ISMB ISHB 450 with
5 with 320x12
455 550 1106 550 250x16 CP
CcP
ISHB 450 i
2ISA 65 ISWB i TUB 132 ISMB ISHB 450 with
4 with 400x12
455 550 1326 500 250x16 CP
CcP
ISHB 450 i
2ISA 65 ISWB i TUB 132 ISMB ISHB 450 with
3 with 400x12
455 550 1326 500 250x20 CP
CcP
ISHB 450
2ISA 65 ISWB TUB 132 ISMB ISHB 450 with
2 with 320x20
455 550 1326 450 320x16 CP
CcP
ISHB 450
2ISA 65 ISWB i TUB 132 ISMB ISHB 450 with
1 with 320x25
455 550 cp 1326 400 320x16CP

Note: CP indicates Cover Plates and all dimensions in mm.

In case of FBD method, static analysis is carried out by
applying the lateral load at all the joints of all the bays on each
floor. It means that the frame is assumed to remain connected
as a continuous system. Whereas the PBPD method uses a
pre-selected target drift and yield mechanism (in which
braces fail first, and plastic
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hinges are formed) and then the analysis is carried out by the
method as suggested by(1,5).The design for all frames is then
done by the limit state design approach as per the
specifications of 1S800:2007 (9).The design details of all the
frames are presented in tables 3, 4 and 5.From tables 3, 4 and

FIGURE4. THE CAPACITY DEMAND CURVES FOR ALL

5 it is found that the brace sections of the PBPD frames are
lighter compared to FBD frames. Further, the columns
sections of the PBPD frames are heavier compared to FBD ; /
method. %
4. SEISMIC PERFORMANCE EVALUATION BY PUSHOVER 7
ANALYSIS FANFAN
N 4
In order to compare the seismic performance of both the LNS ; AN
methods, nonlinear static push over analysis was carried out - ; 7
using SAP2000 software (10). The graph of base shear versus XL 7 - ] /
roof displacement obtained from software when converted to WL AVAV B NVANES ~
acceleratlo_n-dlsplacement (AD) format becon_1e capac!ty \ \ /\\/\ VRN T
curve and it represents the strength and deformation capacity (a)
of the structure. The elastic/inelastic design spectra in the
acceleration-time  (AT) format when converted to
acceleration-displacement (AD) format become demand /s
curves (11). The demand curve for the FBD frame is the Lo
elastic response spectra of 151893:2002(6) converted in the N7
AD format with p as 1. The demand curve for the PBPD N/
frame is the inelastic response spectra of fig. 2 converted in - j \:
the AD format with p as 4.The Indian standard code(6)has a j j VANV
period range from 0 to 4 seconds and hence the spectral N N/
displacement ranges from 0 to 0.137 m only for both elastic as NN /N NN
well as inelastic design spectra. The intersection of the VANV j‘ // j - \/ N
capacity curve and demand curve gives the performance L_"’TL/ * ANANE — -
point. In other words, performance point is the point where ‘r——jf%%/,}_% — D — — N
capacity equals demand. Performance point exists for all L VN 2% N
(b)
PBPD frames, whereas the performance point does not exist © Hlasic eformaton ® nmedie Oecuparey @ LSty @ Collpss rscon Unycing. © Plsic Deformaton ® e

for 15 storied FBD frame. It means 15 storied FBD frame may FRAMES
fail during an earthquake event. From figure 4, it can be seen
that the PBPD method gives a stiffer design, particularly for
lower storey heights. Figure 5 shows the pattern of hinge
formation in the study frames. It is observed that no column
hinges were developed in PBPD frame and predetermined
failure pattern is achieved. However, in the FBD frame,

FIGURES. HINGE FORMATION IN (A) 5, 10 AND 15 STORIED
FBD FRAME; (B) 5, 10 AND 15 STORIED PBPD FRAME;

hinges were formed in columns, which indicate undesirable 5.CosT COMPARISON
failure mechanism. . . .

" " " In this section, a cost comparison of the study frame

~ Demand Cune for =1 . Demand Cune for =1 . Demand Cure for =1 -

25 —C:Sa:wct?vi&:smanBDFrama 25 —C::a?[yCu'r‘\//eetnnvlﬂS\nrmdFBDFvame 25 —Cae:)nail:lyCu'r‘j/eefa'vvl5smedFBDFvame When deSIQnEd by FBD mEthOdl as We” as PBPD

20 20 2l method, has been presented. The rate of Structural steel
B Y G without fabrication and connection costs is taken as 50
21 21 21 Z/kg. It is seen from Table 6 that the PBPD method is

0 0 0 costlier than FBD method for smaller storey heights. As

o0 o0l o0 the storey height increases, the difference in cost goes on
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2 2 ~ collapse (which is reflected from fig. 4 and fig. 5) should
i15 13 18 supplement the cost-effectiveness.
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TABLE 6. COST COMPARISON OF THE STUDY FRAMES

No. of Cost of FBD Cost of PBPD Percentage
Stories Frame(X) Frame (X) difference
5 338351 434115 28

10 940599 1016615 8

15 1775422 1783770 0.4

6. CONCLUSIONS

Following conclusions were drawn from this comparative
study between the PBPD and FBD method applied to CBF’s
of different storey heights.

e The lateral load distribution in PBPD method is more
proper than FBD method.
e The braces are lighter, and columns are heavier in case of

PBPD method.

e Total collapse can be prevented in PBPD method as no
hinges are developed in columns.

¢ Although the PBPD method is not economical for low rise
structures, it gains cost-effectiveness for high rise or taller

structures.
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