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ABSTRACT: In this study, the life safety and immediate occupancy of asymmetric-plan reinforced
concrete dual structures under the simultaneous effect of torsion and soil-structure interaction in the
near-fault pulse-like earthquakes were evaluated using a probabilistic framework. An §-story R/C dual
lateral load resistant building consisting of shear walls and moment-resisting frames was used. The sub-
structure method was used to simulate the SSI effect. The impedance functions were calculated with the
Novak semi-analytical method (DYNAS software). The structure was modeled in the CANNY software
considering the nonlinear behavior to perform the nonlinear time history analysis. All of the ground
motion records were selected from the near-fault pulse-like records. Incremental dynamic analysis
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was employed to extract and fragility curves. To determine the life safety and immediate occupancy

limit states, the strain of steel and concrete (as a micro index) were used rather than the usual macro
indexes such as story drifts that lead to increase the accuracy of results. One of the most important of the
conclusion is that neglecting the SSI effect in the life safety and immediate occupancy limit states for ~Immediate occupancy
the plan-asymmetric structure is not in the safe side and lead to overestimation in the structural capacity.
Also, an increase in the mass eccentricity leads to a decrease in the base conditions’ importance and SSI
effect. Another considerable observation is that an increase in the shear wave velocity of soil can lead
to a decrease in the torsional response and the seismic response of asymmetric structure approaches to
the symmetric one.

Soil-structure interaction (SSI)

Life safety

Near-fault pulse-like earthquakes.

1- Introduction considering the nonlinear behavior to perform the nonlinear

Real structures are not usually plan-symmetric and fixed
base; therefore, the torsion and the soil-structure interaction
are two inevitable phenomena that must be considered in
the seismic evaluation of structures. In the past studies [1,
2], these two effects were investigated separately, but in
this paper, a probabilistic assessment of torsional effects
and soil-structure interaction are targeted simultaneously.
In this study, the life safety and immediate occupancy
of asymmetric-plan reinforced concrete dual structures
under the simultaneous effect of torsion and soil-structure
interaction (SSI) in the near-fault pulse-like earthquakes
were evaluated using a probabilistic framework.

2- Methodology

An 8-story R/C dual lateral load resistant building
consisting of shear walls and moment-resisting frames was
used. The plan of this asymmetric structure is shown in Fig. 1.

The sub-structure method was used to simulate the SSI
effect. The impedance functions were calculated with the
Novak semi-analytical method (DYNAS5 software) [3].
The structure was modeled in the CANNY software [4]
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time-history analysis. For the beams, the moment-curvature
model is used at the ends to model the plasticity of beams. For
the columns and shear walls because of the presence of axial
forces and bi-axial bending moments, the fiber model (multi-
spring model) that incorporates the axial forces and bi-axial
bending moments is employed.
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Fig. 1. Plan of the asymmetric structure [1].
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Fig. 2. An example of a figure fragility curves of the fixed base structure for the LS limit state.
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Fig. 3. Fragility curves of the flexible base structure (Vs=200 m/s) for the LS limit state.

All of the ground motion records were selected from the
near-fault pulse-like records. Considering the fact (previous
studies showed) that forT/T, ratio (T, is the period of the
largest velocity pulse and T, is the fundamental natural period
of the structure) greater than two, an increase in 7p does not
significantly affect the probability of structural collapse and
considering the periods of structures, 10 records have been
selected. Other criteria that considered are: (1) the Rrup (the
closest distance to co-seismic rupture) is less than 13 km; (2)
Moment magnitude (Mw) is greater than 6.5; (3) To simulate
the more realistic conditions of the soft soil for SSI effects,
the site shear wave velocity (V_,)) of the selected ground
motions is limited to the 350 m/s (the V) is the average
shear-wave velocity over a subsurface depth of 30 m).

Incremental dynamic analysis (IDA) was employed to
extract and fragility curves. To determine the life safety and
immediate occupancy limit states, the strain of steel and
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concrete (as a micro index) were used rather than the usual
macro indexes such as story drifts that lead to increase the
accuracy of results. In this approach, for the immediate
occupancy limit state, the steel strain and concrete strain were
limited g S=0.015 and ¢ _=0.004 accordingly. Also for the
life safety limit state, the steel strain and concrete strain were
limited to ¢ =0.6¢ and ¢ =0.018 accordingly [5].

3- Results and Discussion

The fragility curves were extracted using intensity
measure (IM) directly (IM-based) with the log-normal
distribution assumption. The spectral pseudo-acceleration
of the first model of the structure with 5% modal damping
(S_a (T_1,5%)) is selected as Intensity Measure (IM). For
example, two cases of fragility curves are shown in Figs. 2
and 3.
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4- Conclusion

One of the most important of the conclusion is that
neglecting the SSI effect in the life safety and immediate
occupancy limit states for the plan-asymmetric structure is
not in the safe side and lead to overestimation in the structural
capacity. Also, an increase in the mass eccentricity leads to a
decrease in the base conditions’ importance and SSI effect.
Another considerable observation is that an increase in the
shear wave velocity of soil can lead to a decrease in the
torsional response and the seismic response of asymmetric
structure approaches to the symmetric one.
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Fig. 1. Plan of the asymmetric structure [13]
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Table 1. Stiffness and damping of the supporting foundation using Novak semi-analytical method

K., N/m) | K, (N/m) | K, (N/m) | C;, (Ns/m) | C, (N/ms) | C. (N/ms)
Vs=100 m/s IRRIAYAYS RSN Ve Vg /e LR RRETIIIN IERAZAR
Vs=200 m/s IRRANE IERAFATAR! Yy svaY IRREATAN VsV OY IRRNA IR

(o 0235 30 51 2953 I t€) (I 4S5 Gl duw (5151 46 Cams 52 cilieo o 05k Gl gl (3loj Y Jgi>

Table 2. Structural periods of the structure for the three cases of base conditions

ol oSS V5=200 m/s Vs=100 m/s
590 0o Y v Y v Y Y
S es >
OV OO pge Jul obse Ju! obse Jusl ohse
e=0.00 <IEYY NN /e - 103Y <130F CIEYE
e=0.05 <ISAA < JOOA “IAYY - 1ovE <1AYY - IYE
e=0.10 “INYY (IOFF “IAFY <108 <139 WAk
e=0.15 “IVAY NISE “IAYY IS VeF <IFFY
e=0.20 - IN¥# -16)4 “1a-Y NS Ve <150
e=0.25 “1AVA A0V <1A%) < 18Y ) \/VE V4a

(A Jalgss 5,505 5 ol
Jde a8 W wled bl ol oS! 5l dyeSy sudzs oyl )
Jo e 35 (65 sle () 53) 28k gl 52 Y90 5 SV
l)_,) Dguine oolaiwl asls 2 e Yoo 9 Voo )l_\s.o 99 )] LS)L.AJJJ-A LS")’.
bl sla 5,8 cos Free field oo o > a5 5900 llas]
b pials sgie (I By gge ey sl b OIS 9 ]
505505l o S LS il oy (g5le Jde (gl Al lad,S5 9,
2] 298 (o gty s (s it g Jolao (b (ot &g 4 S
SE oy gge Cop cdrg BB sl (S CoT g Hab sla A
Copmd (G Zgo Cpo (§ 508 p3la I (Gl Jse )3 aoiliz dx >
a4 SB s e kb, 0gd ealatwl Colw ;3 odd (6,8 ojluil polie &

Vi 8 col sy @)Y Ll oad a3 )5 as )3 Jolae (o )90

gy.y

(458 3 jia Voe g Vo) SB (2B oo Sy Olite ko 9 (sl
ey Sl (45 y o Vv g Voe) Coglite e g3 o] sl 05 1)
ey LS 0dgu0m0 odbled &S ol di8)S s > S by zae
)15 3539 SST oy I oyt b sl oxgamme ol 5o 1y caisly
2 olizren by pl oo oylaiel (gla ojlw (gl &S sl S5 4y p5Y
55 0 Ul 5 il 3 s 3550 g i 5 550 o
2 510 390 CoiS pe il g3 ol 4 Clib ples Billae (yguliigd
Aile
Naei 5 26 45 e (bl sl ojlo ool oty o
Lo SST &l 31 48 el S5 & p3¥ sl 0 ¥ g 15 e o
55 55 97 s e g oy 5V g sl oS X J ol
S b pow dg0 9 X (sliwly jo JWisl LI eS8 o b pad dg0 Cunwl 0

Y by y3 JEs! 350 Jol 340) 50 Aalgs (rotation) slyes e



FYYY G ¥V axbo Yo JL.: AR O)LM OY 0y9d ;)....S)fol ul)a& &“W :b).u.u

0.2

Vs=100 m/s, 8F, Dis., Northridge (Pardee — SCE)

uﬁvmm/\/\[\/\ N\

s A \\t}/

Displacement (m)

VaVAA e

Canny
= == PERFPRM-3D

10 15

Time (sec)

2o S PV _5=Ve e mb ol Northridge 4315 cod ol gl (bloj axdu,U 1y (bé pué Jo (2w Cono Y IS
PERFORM-3D 151 0 5 g0l b daanyliis yoleo!

Fig. 3. Verification of nonlinear analysis for the roof displacement under the Northridge earthquake and
V_s=100 m’s based on the comparision with the PERFORM-3D software
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Fig. 4. IDA curve for the symmetric fixed base structure considering the concrete strain damage index
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Fig. 6. Distribution of plastic hinge of the symmetric fixed base structure under the Northridge (Pardee-
SCE) earthquake for the intensity of S_a=0.60 g : (a) frame with shear wall; (b) frame without shear wall.
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Fig. 7. Distribution of plastic hinge of the symmetric fixed base structure under the Northridge (Pardee-
SCE) earthquake for the intensity of S _a=3.40 g : (a) frame with shear wall; (b) frame without shear wall.
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Table 4. Parameters of Log-Normal Concentrated Distribution Function for the IO limit state
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Table 5. Parameters of Log-Normal Concentrated Distribution Function for the LS limit state
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Fig. 8. Fragility curves of the fixed base structure for the 10 limit state
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Fig. 9. Fragility curves of the fixed base structure for the LS limit state
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Fig. 10. Fragility curves of the flexible base structure (Vs=200 m/s) for the 10 limit state
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Fig. 11. Fragility curves of the flexible base structure (Vs=200 m/s) for the LS limit state
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Fig. 12. Fragility curves of the flexible base structure (Vs=100 m/s) for the 1O limit state
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Fig. 13. Fragility curves of the flexible base structure (Vs=100 m/s) for the LS limit state
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Table 6. Maximum elastic and non-elastic base shear (kN) for fixed and flexible abutment (Vs = 100 m/s)
under Northridge earthquake (Pardee-SCE) with intensity Sa=3.40 g
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Fig. 14. Maximum inter story drift for the fixed base, Vs=200 m/s and Vs=100 m/s structure under the North-
ridge (Pardee-SCE) earthquake with natural scale (S_a=1.53 g)

Sl ke o gl iae] 3,Skos s (sl ctignd oo 4 393 (g0 S5
@ IV0 g o CuiSie Sl gep bl o AT (gl (SSS &b
L) oy Gollasl o5 4S5 (el ol sl 0303 VIVEY 5 Y/-PF il oy
9 VOVY plyy s @ pdliie cpl (4l o e Vev (ol gge ooy
)b oS e il zoy b il 5l lis a5 coul o V/FAA

A3 (oo Ui 35 ) (e 5 g 03l (e (sl [WV] @2 po gl
o Co o Sl g ol o5 4S5 b (gl oS50 3l g5 LRl &S
A5 sl ojl (325958 Jleinl ol 4y ot gl o o Voo (oS
Cwodd 3 ySlos Folaw ) di ol &S 09d o dag LB Cus b sl
8,5 )58 a0l 0)50 pol adlllae )3 55 Sl el g 4By (o S,

ool 52 o 9 S S5l S e o5 sslite 4 ol
ol o8 4SS cdls (gl b i dou )b g clads cy yd iSTas ojle
Sl ey awlis cpl OF S o il 08 e &) pisllas)
whie L Northridge (Pardee-SCE) 4j); cov clab iy

vy

Ay Gl L ials Sl a8 cul sy plply dad o s )
Cably anlgd demg ol o8 A4S b 4 s @l

T GBI L &S 298 (0 odalie Jolia g by (odie (pl 4 25 L
Esd90 onl Ol o Al o 18IS I8 4SS Lyl 1, 2y S 0
fCaily ciliseo sby oS50 5l zg 3 Slil 4 ojle ool loj e 4,
Jol 250 o9l gloj ol & ot > oS he jl @ (lEN 1)
8 pdy Slasl (25 4SS Lulyd (38,5 a5 3 (81 1098 (0 0jl
oSy jlaes S onlnls A8 dalss ol loj (Rl (e & yoxie
SIS B0 392 g (e cams (I3 gl 390 ol lej
o bojle X3 Ol 4098 (0 S8 i b (a5 45 Ll
oy b Cov s 4 b0, 1) adol ojle cudo 505 i oS s
355 3 ojl g S a8 )

Oyl ol8 4S5 s 5 pdy Bllawl b a8 aad o b gl ooy

SRS & oplite g oppliel ojl Fualy 9 b (o (BB Cu S 50 5l 2o



FYYY G ¥V axbo Yo JL.: AN O)LM OY 0y9d ;)....s)fol ul)a..c L;.u,\...@(c :b).u.u

140000
Elastic Base shear, Northridge (Pardee — SCE)
=
3
= 0
w
2
=]
8
Fixed base (Elastic)
----- Vs=100 m/s (Elastic)
-140000 T T T T T T

10 15 20

Time (sec)

L (Northridge (Pardee-SCE) 4315 cod (Vs=Y++ m/s) oy Bllanil g Coli ol ST Clls (gl Sl auly (1649 10 JSU5
S a=Y.L+ g

Fig. 15. Elastic base shear for the fixed base and flexible base (Vs=100 m/s) structure under the Northridge
(Pardee-SCE) earthquake for the intensity of S a=3.40 g

Dy lezs laebl cas o ojle o S S ey

G5 i -F
Tohw lp SuSS gla e glpl lp GioS ol
Slylre jl oolaiwl (gbs @ ¢ Sl desl g ddBy o Slwy Cwid 3 Slas
5 0¥gd i3, wlul p g 585 gbaylixe jl gl Ald Cayyd dluig
Slolrs 3l 95500 (£lo )l 53 ol & ol 01 o2litl
Rl ek D9 2Lyl 8 0 Sles golaw b el oad 551
a3 bl j3 cunl ooy i barye Jolis 5 SiSs sl ot oS
Jleisl Gioli8l 4y e (038 1o 5l zg 5 (]38l ¢ llanl sllas .0l Anles
L)"‘)JLJ .)W RVRW) dlh dj)J) dl)J o)l.«u )JQJ D90 .))S—Lo& L)‘ﬁ) Cawd )l
oy 1 35 e po 29d (s CE oS pe jl g e wb
Cuodd 3 Slas polaw j3 (ol il opin (gl ojle o SB Sl

ojlw cud)bs g s plusbl Canr > (b el g By o Sl

saalive &S wsSilon ol a3 1)) (S, =1.53 g Ll cad) ek
b o il Sl s Sl ol 4S5 545 s Collasil | g
Slsen (05 (b Joi2) (S lo oo s b ggose nl &S
e 0l 4S5 505 pidlas) b g SWSs sl oo o L) )
) s T3l me 4 ol g 391 4l inlS  SuiiSs ab wile
ol Coll A
SeroVlpe g SVl aly (o o060 930 (b JS5 5
S, =3.40 g wus,Northridge (Pardee-SCE) 4j; cov
oy Gisles (V, =100 m /5) pilas g culi o 455 s ol
Cawl 0ad 1)1 5 Jado )0 gy cpl didis polie piocen (ol ol
e i 0y68 ) pl Cou e o sdblin Jado pl 0 &S 4eSiler
YV SVl el s o8 4S5 s dy Gbllasil b a3y it
ol ol 4l alS Aoy /A SV e el 3 g alEl oy

31,8 Jaich o a5 WS o al ( Sass b oo w5le 5 slas]

A



FYVY B FV-F doin Ve e Jlo V) 0)loud F 093 ¢S ool (lpos ouoito & pis

14000
Inelastic Base shear, Northridge (Pardee — SCE)
| 4
“, \ " L] n
-~ | alit M A m : 3
i y \ R 8 Hi ! ' '
£ bt AL O O O PO A N
» SO O L 1 (O
3 AR A TN O N N N (O O A L 4 VL L
s 0 TR AR SRR TH\V B
2 '!2:}:‘1' A R A Y Ve W
2 Cohel [ O A Y N O W R ;
- B o b I ! | LA !
; Wi v ; TR g ¢
(14 ! o i !
H —— Fixed base (Inelastic)
e e Vs=100 m/s (Inelastic)
-14000 ’ . .

10 20

Time (sec)

L (Northridge (Pardee-SCE) dJ3; cod (Vs=)++ m/s) pdy Bllanil g Coli o5 4T s (g Sl e by (i 0 N8 S
S_a=Y.f. g i

Fig. 16. Inelastic base shear for the fixed base and flexible base (Vs=100 m/s) structure under the Northridge
(Pardee-SCE) earthquake for the intensity of S_a=3.40 g
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