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Abstract: Multistoried structures which do not follow the requirements of seismic design may be affected by
either damage or collapse due to severe ground motion which results in great loss of property and life. The
purpose of this paper is to assess the damage and to evaluate the performance of the structures which are
already designed and analyzed using linear static analysis for seismic loads as per the Indian codes 1S-456, IS-
1893 and 1S-13920. It is proposed to study the performance of the structure before and after the linear state
using pushover analysis which is a series of incremental static analysis. It is carried out on the 12-storied
building model which was designed and analyzed for the earthquake analysis using STAAD for two seismic load
cases (Zone-3 and Zone-5) considering both are Special Moment Resisting Frames. Pushover analysis is
propounded to perform by SAP to get the extent of damage experienced by the structure at target displacement
by the sequence of yielding of components, plastic hinge formation and failure of various structural components.
Finally both the frames which were analyzed by linear static analysis for earthquake loading performed well
and the damage is within the limits. Initially, yielding of the beams taken place then yielding of columns. This
damage assessment shows that the both frames behave as ductile frames, even when subjected to seismic
loading.

Keywords: linear static analysis; Non-linear analysis; pushover analysis; Target displacement ; plastic hinge;
ductile frame.

I.  Seismic Evaluation

Pushover analysis is performed to assess the extent of damage in the structure. In pushover analysis a
pre-defined lateral load pattern which is distributed along the building height is applied. The lateral forces are
increased until some members yield. The structural model is modified to account for the reduced stiffness of
yielded members and lateral forces are again increased until additional members yield. The process is continued
until a control displacement at the top of building reaches a certain level of deformation or structure becomes
unstable.

A performance level describes a limiting damaging condition for a given building with a specific
ground motion. The performance levels as per FEMA, ATC 40 are immediate occupancy (10), life safety level
(LS), and collapse prevention (CP).

In order to obtain performance points of structure as well as the location of hinges in different stages of
analysis, we can use the pushover curve. In this curve, the range AB is the elastic range, B to 10 is the range of
instant occupancy, 10 to LS being the range of life safety and LS to CP being the range of collapse prevention

When a hinge touches point C on its force-displacement curve then that hinge must start to drop load.
The load will be released until the pushover force or base shear at point C becomes equal to the force at point D.

If all of the hinges are within the given CP limit then that structure is supposed to be safe. Though, the
hinge after 10 range may also be required to be retrofitted depending on the significance of structure.
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Figure 1 Typical Pushover Curve and Performance Levels [
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The procedures for building evaluation are different from one another but their basic principles are all
the same. The evaluation procedures according to the respective codes are ATC 40 — 1996 Capacity Spectrum
Method (CSM), FEMA 356 - 2000 Displacement Coefficient Method (DCM), FEMA 440 - 2005 Equivalent
Linearization-Modified CSM, FEMA 440 - 2005 Displacement Modification- Improvement of DCM

Il.  Modeling And Analysis Of Structure
2.1 Brief overview:

A Twelve storied, 4 x 4 bay regular frame with bay width 5m and floor height 3.2m is considered for
the analysis. The total height of the building frame is 38.4m. As per IS code 1893 -2002, the natural time period
is 1.157 sec. Present project is proposed to study the damage assessment of the multistoried buildings which
were already designed for earthquake linear static analysis. Nonlinear static analysis (pushover analysis) is
considered for the seismic evaluation of the already designed multistoried buildings using ESA method. Linear
Static Analysis is performed using STAAD analysis package, which is a regular practice for most of the
professional people and Pushover Analysis is performed using SAP analysis package for the damage
assessment.

2.2 Modeling of the structure:
Number of members, nodes and supports of building frames are given in the table 2.

Table 2
Building Regularity Number of  Number Number of
frames members of nodes supports (fixed)
3D Bare Regular in 780 325 25
Frame plan
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Figure 2 Selected Frame with supports, framing and nodes.
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Table 3: Material properties considered for analysis

Concrete

Modulus of elasticity (E) Poisson ratio Density Coefficient  of  thermal Fql/fy
KN/m? kN/m® expansion @ / °K kN/m?
2.73861e+007 200e-003 25 1.17e-005 30
Reinforcing bar (rebar)

1.999e+008 300e-003 76.97 1.17e-005 415

Figure3 3D-Rendered Frame

Table 4: Physical properties of the columns and beams

Member Size (mm x mm)
Case-1: SMRF and Zone-3

Beams for all floors 250 x 500
Columns (1,2,3 floors) 470 x 470
Columns (4,5,6 floors) 450 x 450
Columns (7,8,9 floors) 420 x 420
Columns (10,11,12 floors) 410 x 410
Case-2: SMRF and Zone-5

Beams for all floors 300 x 500
Columns (1,2,3 floors) 600 x 600
Columns (4,5,6 floors) 550 x 550
Columns (7,8,9 floors) 500 x 500
Columns (10,11,12 floors) 450 x 450

2.3 Load Consideration:
Table 5: Dead load and Live loads considered for the analysis

Type of load Load value
Dead load*

On floor slabs (member loads) 14.6 KN/m
On roof slabs (member loads) 10.7 KN/m
Live load**

On floor slabs (member loads) 6.0 KN/m
On roof slabs (member loads) 3.0 KN/m

* which includes self weight, wall load and equivalent slab load
** which is equivalent UDL over the member due to live load on the slab

Earthquake loads: earthquake loads considered for the calculation of seismic weights are as per the 1S 1893(Part
1) : 2002 and are given in the table 6.
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Table 6: Loads considered for the calculation of seismic weights

Loads on the floors

Full dead load acting on the floor plus 25 percent of live load(since, as per clause 7.3.1 Table 8 of IS 1893(Part 1):2002, for imposed
uniformly distributed floor loads of 3 kN/m? or below, the percentage of imposed load is 25 percent).

Loads on the roof slab

Full dead load acting on the roof (since, as per clause 7.3.2, for calculating the design seismic forces of the structure, the imposed load
on roof need not be considered).

Seismic Load Casel:

For the analysis purpose, structure is assumed to be located in zone-111 (zone factor-0.16) on site with
medium soil and S,/g value taken from the figure 2 of 1S-1893: 2002 i.e., Response spectra for rock and soil
sites for 5% damping. Structure is taken as a general building and hence Importance factor is taken as 1 and the
frame is proposed to design as Special moment resisting frame (SMRF) and hence the Reduction factor is taken
as 5. Ductile detailing is adopted as per the IS Code 13920-1993.

Seismic Load Case2:

For the analysis purpose, structure is assumed to be located in zone-V (zone factor-0.36) on site with
medium soil and S,/g value taken from the figure 2 of 1S-1893: 2002 i.e., Response spectra for rock and soil
sites for 5% damping. Structure is taken as general building and hence Importance factor is taken as 1 and the
frame is proposed to design as Special moment resisting frame (SMRF) and hence the Reduction factor is taken
as 5. Ductile detailing is adopted is as per the 1S Code 13920 -1993.

2.4 Load Combinations and Envelope:
Earthquake load combination is only considered for the analysis.
Table 7: LOAD ENVELOPE

Envelope
1.0DL+1.0LL 0.9DL+1.5(-ELx)
1.5DL+1.5LL 0.9DL+1.5(EL2)
1.5DL+1.5(ELX) 0.9DL+1.5(-ELz)
1.5DL+1.5(-ELx) 1.2DL+1.2LL+1.2(ELX)
1.5DL+1.5(ELZ) 1.2DL+1.2LL+1.2(-ELx)
1.5DL+1.5(-EL2) 1.2DL+1.2LL+1.2(ELZ)
0.9DL+1.5(ELXx) 1.2DL+1.2LL+1.2(-ELZ)

After linear static analysis (as per STAAD) for the above modeling, the design results obtained are
given in the following table 8 for the both seismic load cases. The design results obtained are proposed to take
as material and sectional properties in the pushover analysis using SAP.

Table 8 DESIGN RESULTS

Floor Section(mm x  Longitudinal Lateral Materials
mm) Reinforcement Reinforcement
Seismic Load Case 1
Beams for 250 x 500 3-16mm@-top  of  4-legged-8mm M30,
all floors support @ @100mm c/c Fe 415
2-16mm@-bottom
span
Columns 470 x 470 16-20mm@ 4-legged-8mm M30,
(1,2,3 floors) @ @100mm c/c Fe 415
Columns 450 x 450 16-12mm@ 4-legged-8mm M30,
(4,5,6 floors) @ @100mm c/c Fe 415
Columns 420 x 420 16-12mmgd 4-legged-8mm M30,
(7,89 @@100mm c/c Fe 415
floors)
Columns 410 x 410 16-12mm@ 4-legged-8mm @ M30,
(10,11,12 @100mm c/c Fe 415
floors)

Seismic load case 2

Beams 300 x 500 6-16mm@-top  4-legged- M30,
for all of support 8mm g Fedls
floors 3-16mm@- @100mm c/c

bottom span
Columns 600 x 600 16-16mm@ 4-legged- 8mm  M30,
.23 @  @100mm Fe 415
floors) c/c
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Columns 550 x 550 16-16mmgd 4-legged- M30,
(4,56 12mm @ Fe 415
floors) @100mm c/c

Columns 500 x 500 12-16mmd 4-legged- 8mm  M30,
(7,89 @  @100mm  Fe415
floors) clc

Columns 450 x 450 12-16mm@ 4-legged- M30,
(10,11,12 10mm @ Fe 415
floors) @100mm c/c

SAP 2000 which is a finite element analysis package has been used for the analyses. The analysis results are
shown in the following tables and graphs. Sequence of damages and their intensity of damage are shown in 3.7
and 3.10 for Zone-3 and Zone-5

2.5 Analysis Results of Seismic Load Case-1 (SMRF-Z3):

TABLE 9 Base Shear Vs Displacement

Step | Displacement |Daseforoe| AtoB | Dtol0 | 10tols | LStoCP | cPtoc Crob Otof | BeyondE| Total
m BN
L] 1. 244E-15 [4] 1560, 4] 0 (] [ (4] K [4] 1560,
1 00197565 TIGBT2 1557 3 1) 0 oy [x] v} [%] 1560
Fd 0.050159| 1370683 1a04 151 1] 4] 0 ] v 1] 1560,
3 D057 147067 1348) 212 1] [u] 0 ] [ ] 15604
Ll 0 106322 18927851 1285 ] 0 0 iy %] [y} 0 1BE0
5 0199621 1945678 1245 270 a5 ] 0 L] [y 4] 154604
& 027 2113.73 120 176 168 8] 0 ] o [4] 15601
7 0. 3ROTOS| 2316517 12104 115 215 20| iy 0 M 0| 15E08
] 0473219 2441 913 1160, 120 187 123 0 ] v 4] 1560,
E] 0.585300] 351787 iise) 120 &g 100 [0 1o o [ 15650
10 06158948 2546 315 1147 113 100 a7 0 153 ik ] 15601
11 D.E6ER0E| 2558 006 1139 101 115 28 0 177 i 4] 1560,
13 0672213 2EE8 75 1139 101 118 13 0 192 [ [] 156400
13 0683655 2559619 1137 103 105 15 0 00 v [4] 1560,
14 0695088 25840 T3 11304 110 102) 18] [ 200 [ [u] 15604
1% 0. FOAITA 255579 1130 119 101 20 iy 200 [} %] 1BE0
16| 0. 719715| 2558709 1109 128 103 20 0 200 Ly [+] 15640
17 0.758537| 28814973 1053 128 102 a0 [ 200 v 4] 1560,
18) 0.843341| 2517476 1087 111 102 30| iy 230 M %] 15E0
19 05941016 2449 331 10M0, 1200 a1 39 [ ran v 1] 1560,
20 1.021378| 23RE O 1062 128 =8 62 [ 20 K [4] 15501
21 1080004 2332 447 1062 128/ Gd 54/ 1 280 v} %] 15E0
Tablel0 Sy/ S, (ATC 40) Capacity and Demand Spectrum
Step Teff Beff SdCapacity | SaCapacity | SdDemand | SaDemand Alpha PFPhi
m m
0] 1.979791 0.05 O (o] 0.196716 0.202042 1 1
1] 1.979791 0.05 0.015202 0.015614 0.196716 0.202042| 0.811176| 1.299524
2| 2.345436| 0.115397 0.040031 0.029294 0.184634 0.135115| 0.827823| 1.253007
3 2.4958| 0.147264 0.048433 0.031301 0.181444 0.117263| 0.831262| 1.238378
4| 3.156608| 0.230237 0.088966 0.035944 0.194656 0.078644| 0.833209]| 1.195077
S| 4.017324| 0.253235 0.169141 0.04219 0.23829 0.059439| 0.815911 1.18021
& 4.51382| 0.255334 0.235001 0.046432 0.26682 0.052719| 0.805407| 1.181611
7| 5.055533 0.25391 0.327899 0.051647 0.299539 0.04718| 0.793551| 1.188765
8 5.38511| 0.253079 0.395437 0.054894 0.319503 0.044353| 0.787025| 1.196699
9] §.745822| 0.259398 0.464519 0.056642 0.337406 0.041142| 0.786469 1.20168)
10] 6.009117| 0.265054 0.514332 0.05734 0.349666 0.038983| 0.785663| 1.203402
11| 6.216357 0.2696 0.553366 0.057647 0.359115 0.037411| 0.785068| 1.204462
12| 6.241257| 0.270146 0.558041 0.057671 0.360242 0.03723| 0.784968| 1.204595
13 6.29176| 0.271283 0.567429 0.057704 0.362505 0.036864| 0.784791| 1.204834
14 6.343028| 0.272478 0.576824 0.057715 0.36477 0.036498| 0.784695| 1.205027
15| 6.379773| 0.273276 0.583674 0.05773 0.366423 0.036242| 0.784496 1.20508
16| 6.453228| 0.274915 0.597191 0.05773 0.369689 0.035737| 0.784166| 1.205168|
17| 6.633155| 0.278893 0.629895 0.057632 0.377644 0.034553| 0.783419| 1.204862|
18] 7.032138| 0.286978 0.701213 0.057084 0.395397 0.032188| 0.780254 1.202688]
19| 7.504566| 0.306447 0.783163 0.055981 0.417575 0.029848| 0.774092| 1.201558
20] 7.905409| 0.325126 0.85094 0.054814 0.439879 0.028335| 0.769828 1.20029
21| 8.211612 0.34013 0.900726 0.053774 0.456917 0.027278| 0.767401| 1.199259
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2.6 Capacity and Demand Curves (Frame designed for Zone 3 and SMRF):
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Capacity and Demand Curve ATC-40
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g Spectral DHaplaccment

Spectral Accelanation-G

Capacity and Demand Curves FEMA-440

2.7 Damage at different stages in Zone-3:

Stage-0 Stage-1
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2.8 Analysis Results of Seismic Load case-2 (SMRF-Z5)
Table 11 Base Shear Vs Displacement
Step Displacement | BaseForce AtoB BtolO 10tolLS LStoCP CPtoC CtoD DtoE BeyondE Total
m KMN
o] -3.038E-17 o] 1560 o] o] o] o] o] o] o] 1560
1 0.012026 1021.213 1554 = o] o] o o] o] o] 1560
2 0.044606 1817.152 1333 167 o] o] o o] o] o] 1560
3 0.073534 2146.977 1294 266 o] o] o] o] o] o] 1560
4 0.160343 2619.492 1240 320 o] o] [s] o] o] o] 1560
5 0.239706 2923.628 1205 275 20 8] [s] 8] 8] 8] 1560
=] 0.268226 3002.263 1161 241 158 8] [s] 8] 8] 8] 1560
7 0.270064 3004.35 1160 240 160 8] [s] 8] 8] 8] 1560
8 0.423409 3108.298 1155 100 305 o] o o] o] o] 1560
9 0.500209 3159.858 1155 100 191 114 [s] 8] 8] 8] 1560
10 0.57701 3206.975 1135 100 145 142 o] 38 o] o] 1560
11 0.613654 3220.69 1130 85 100 151 [s] S4 8] 8] 1560
12 0.620523 3221.472 1130 35 100 127 [s] 118 8] 8] 1560
13 0.627067 3221.421 1130 35 35 140 o 120 o] o] 1560
14 0.652347 3220.913 1120 95 80 136 [s] 129 o] o] 1560
15 0.659596 3220.364 1120 95 20 112 o 153 o] o] 1560
15 0.702458 3210.582 1120 95 80 75 [s] 120 o] o] 1560
17 0.816618 3133.194 1092 108 55 40 o] 265 o] o] 1560
18 0.896815 3056.198 1065 132 58 35 o 270 o] o] 1560
19 0.938299 3006.887 1062 135 58 22 9] 283 o] o] 1560
www.iosrjournals.org 25 | Page
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Table 12 Sy/S, (ATC40) Capacity and Demand Spectrum

Step Te ff Be ff SdCapacity | SaCapacity | SdDemand | SaDemand Alpha PFPhi
m m
[e] 1.708664 0.05 (o] (8] 0.169776 0.234101 1 1
1 1.708664 0.05 0.014516 0.020016 0.169776 0.234101| O.720011| 1.310731
2| 2.012268| 0.117982 0.035262 0.035057 0.157306 0.156391 0.8026| 1.264983
3| 2.415031| 0.194554 0.059907 0.04135 0.158967 0.109724| 0.803974| 1.227A474
4] 2.216989 0.24051 0.132933 0.05171 0.194913 0.075819| 0.784385] 1.206192
5] 3.680369| 0.244618 0.19768 0.058751 0.221449 0.065816| 0.770528| 1.212595
&S| 2.830114| 0.247593 0.220479 0.060504 0.229316 0.062929| 0.768335] 1.216559
7| 2.842213| 0.248329 0.221951 0.060522 0.229765 0.062652| 0.768644| 1.216772
8 4.78471| 0.283754 0.34555 0.060763 0.270365 0.047542 0.79208| 1.225318
9| 5.172842| 0.289601 0.407517 0.061309 0.289692 0.043583| 0.798042| 1.227454
10| 5.521286| 0.296947 0.468994 0.061934 0.30722 0.04057| 0.801779| 1.230313
11| 5.682493 0.30068 0.498156 0.062105 0.31619 0.0329419| 0.802985| 1.231851
12| 5.713772| 0.301645 0.50364 0.062103 0.31793 0.039204| 0.803205| 1.232076
13| 5.744212| 0.302694 0.508878 0.062086 0.319624 0.038996| 0.803417| 1.232255
14| 5.860583 0.3066 0.529104 0.062015 0.326099 0.038221| 0.804202| 1.232927
15| 5.893871 0.30774 0.534894 0.061988 0.327951 0.0328006| 0.804424| 1.233134
16| 6.093456| 0.315142 0.569191 0.061712 0.339057 0.036761| 0.805562| 1.234152
17| 6.666266| 0.342025 0.661634 0.059937 0.37093 0.0332602| 0.809433] 1.234244
18| 7.091628| 0.363167 0.728264 0.058296 0.394598 0.031587| 0.811766| 1.231443
19 F.32287| 0.375303 0. 763323 0.057304 0.407465 0.030589| 0.812489 1.22923
2.9 Capacity and Demand Curves (Frame designed for Zone 5 and SMRF):
snad Dhsplacement
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2.10 Damage at different stages in Zone-5:

Stage-0 Stage-1
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I1l.  Observations And Conclusions
In the present study it is proposed to assess the damage and to evaluate the performance of designed
structure for earth quake loads. The frames are designed for the two zones i.e., zone-3 and zone-5 considering
both are Special Moment Resisting Frames, whose response reduction factor is 5. The zone factors for the zone-
I11'is 0.16 and zone-V is 0.36 as per IS code 1893-2002. Physical properties of the model will change in the
analysis and design because of zone. Hence, two building frame models are available for the non-linear static

28 | Page
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analysis i.e., pushover analysis. We performed the push over analysis for the displacement control using analysis
package SAP. The target displacement values are obtained from four evaluation procedures:

1. ATC-40 Capacity Spectrum Method.

2. FEMA 356 Coefficient Method.

3. FEMA 440 Equivalent Linearization.

4. FEMA 440 Displacement Modification.

The base shear and target displacement values are obtained as shown in table below.

Table 13 Target Displacement and Base Shear ZONE-3
Evaluation ATC-40 FEMA- FEMA- FEMA-

Procedure 356 440 EL 440DM
Target 0.337 0.402 0.327 0.402
Displacement

(m)

Base Shear 2220.95 233425 2203.82 2334.45
(kN)

Table 14 ZONE-5

Evaluation ATC-40 FEMA- FEMA- FEMA-
Procedure 356 440 EL 440DM
Target 0.285 0.360 0.284 0.360
Displacement

(m)

Base Shear (kN)  3014.13 3065.27 30.13.67 3065.27

From the Tables 9 to 12, Graphs 2.6 & 2.9 and Deformed shapes with hinge locations 2.7 & 2.10
shows that damage of the structure in stage wise. This damage assessment shows that performance of the
structure under seismic loading. Firstly it is observed the damage of the building frame for the non-linear static
analysis for dead and live loads i.e., the initial stage of the push over analysis for the both frames there is no
hinge formation or there is no damage after the completion of non-linear static analysis for the dead and live
loads. This is shown as stage 0 in the Figure 2.7 & 2.10. The target displacement may vary according to the
evaluation procedures i.e., ATC-40(CSM), FEMA-356(CM), FEMA-440 (EL), FEMA-440(DM). The Target
displacement considered is the maximum of four evaluation procedures. Now in the case of ZONE-3 the
maximum value of target displacement for the damage assessment considered is 0.402 seconds where the base
shear is 2334.25 kN. In case of ZONE-5 the maximum value of target displacement is 0.360 seconds and the
corresponding base shear is 3065.27 kN.

The Graphs 2.6 & 2.9 shows that the capacity and demand curves for zone-3 and zone-5. Figures 2.7 &
2.10 shows stage wise hinge formation and damage sequence for zone-3 and zone-5. Tables 9 & 11 shows the
number of hinge formations at every stage i.e., damage level at every step. In case of ZONE-3 design, the
stiffness of the frame is less, hence the damage appeared up to CP level with in the target displacement i.e.,
0.402 seconds. There is a formation of hinges up to CP (Figure 2.7). In case of ZONE-5 design, the stiffness of
the frame is higher than in ZONE 3 frame, hence the damage appeared up to LS level with in the target
displacement i.e., 0.360 seconds (Figure 2.10). Finally both the frames which were designed to linear static
analysis for earth quake loading performed well. The damage is within the limits and it is observed by
conducting the push over analysis. Initially, the yielding of the beams takes place and then yielding of columns.
This shows that the analysis theory is based on the strong column and weak beam i.e., both the frames behaving
as ductile frames

IV.  Future Scope Of Work
Pushover analysis is an efficient method to understand the performance of the structure during
earthquakes; however, it is not a dynamic phenomenon and lacks accuracy. This may not consider all the
deformation within the structure. To know the complete behavior of the structure from initial stage to collapse
stage, knowledge of non-linear analysis for the numerical modals using Finite Element Method (FEM) and
Applied Element Method (AEM) is most essential.
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