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ABSTRACT: Seismic responses of buildings are amplified due to torsion. To account for the effects
that cause torsion and are not considered in the design process of buildings, the seismic codes introduce
“accidental design eccentricity (ADE)”. In this study, the adequacy of the Iranian Standard No. 2800

torsionally-flexible buildings with dual lateral load resisting system were studied. The mass eccentricity ~ Available Online: 2019-06-17

in plan-asymmetric buildings was assumed to be equal to 0.10b and 0.20b where b is the plan dimension.
Nonlinear time history analyses were performed using far-field (FF), non-pulse (NP) and pulse-like (FD)
near-field records for the models in two cases. In the first case, the effect of the ADE on the seismic
demands of symmetric and asymmetric-plan buildings was investigated. Finally, to consider what happens
when an actual accidental mass eccentricity (AME) is introduced in an already designed building, the
mass center of the buildings was shifted by +0.05b (b is the dimension of the building perpendicular to
the earthquake direction) simultaneously in both directions and the buildings (with and without ADE)
were analyzed for the earthquake sets described above. For the buildings investigated in this research,
the results indicate that the provision related to the accidental design eccentricity has little influence (less
than 10%) on the inelastic seismic responses for torsionally-stiff buildings and can be ignored. Also, the
accidental mass eccentricity has more influence (maximum 38%) on the inelastic seismic responses of
torsionally-flexible buildings but the accidental design eccentricity has less influence on the reduction
of seismic responses. Therefore, it seems that the accidental design eccentricity needs to be modified for
torsionally-flexible buildings.
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dynamic analysis, the center mass in each floor should be
displaced by a certain amount of accidental design eccentricity
(ADE). In this study, the adequacy of the provisions of
Standard No. 2800 about the accidental design eccentricity for
steel buildings with dual system under the effect of far- and
near-fault ground motions was investigated.

1. INTRODUCTION

Seismic responses of buildings are amplified due to
torsion. To account for the effect of factors that are not
considered in the design process of buildings, such as non-
uniform ground motion (due to wave travelling effects and
motion incoherence) and consequent excitation differences at
the support points, the presence of non-structural elements
not accounted for in the design, unknown non-symmetric
distributions of live loads or differences between actual
and design distributions of mass, stiffness and strength, the

2. METHODOLOGY
In this paper, 5-story torsionally-stift (T'S) and torsionally-
flexible (TF) buildings with dual lateral load resisting system

seismic codes introduce “accidental design eccentricity”
(ADE) [1]. This provision in Standard No. 2800 [2] requires
that lateral forces should be applied whit an eccentricity
at least 5% of plan dimension perpendicular to the ground
motion direction multiplied by torsional amplification factor
(Aj), in both positive and negative directions.

A=(A, /(124 ) 1=A<3(1)

in which A and A are the maximum and average
displacements at the level considered assuming A, = 1. In the
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having moderate steel moment resisting frame with special
braced frame in both directions were studied. The story
heights were equal to 3.2 m for all buildings. The layouts of
the TS and TF buildings are shown in Fig. 1. The dead and
live loads were equal to 650 and 200 kg/m? on the floor area.
For each group of the TS and TF buildings, in addition to
the symmetric building (e =0.00), asymmetric buildings
with bidirectional initial mass eccentricity with e _=0.10b
and e _=0.20b were designed for the three different ADEs:
ADE=0.00, ADE=0.05b and ADE=A*0.05b. The buildings
studied were designed according to AISC 360-10 [3] and
Standard No. 2800 for the seismic category with a very high
seismicity hazard level, moderate importance and soil type
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Fig. 1. Layout of the buildings.

II. The models, used for both design and analyses, were 3-D
with lumped masses and the P-A (second order) effects due
to gravity loads were included. The frame closer to the center
of rigidity (CR) is the “stift side” and the frame farthest from
the CR is the “flexible side”

The non-linear analyses were carried out by means of the
program SAP2000 [4] using the three set of ground motion
records including near-fault records with forward-directivity
pulse (FD), near-fault records without forward directivity
pulse (NP) and far-fault (FF) records. The near-fault records
were chosen from stations within 20 km of the rupturing
fault. The records were selected from the Pacific Earthquake
Engineering Research Center database [5]. For this purpose,
this investigation was performed in two cases. In the first
case, the effects of different ADEs on the ductility demands
of the buildings including the symmetric and asymmetric-
plan buildings were investigated. Finally, to understand what
happens when an actual accidental mass eccentricity (AME)
is introduced in an existing (already designed) building, the
mass center of all the buildings was shifted by +0.05L and the
buildings were analyzed for the earthquake sets described
above and the relevant results were shown in the figures by E.
Each set of the ground motion records was scaled according
to Standard No. 2800. The two components of each set of
records were applied in the form of (X, Y) and (X, -Y) such
that the component with pulse or large peak ground motion
was applied along the X direction. Material nonlinearity was
modelled with the well-known plastic hinge model according
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Fig. 2. The effects of AME=0.05b on the story drifts at the flexible
side of the symmetric TS buildings.
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Fig. 3. The effects of AME=+0.05b on the story drifts at the
flexible side of the symmetric TF buildings.

to ASCE/SEI 41-13 [6].

3. DISCUSSION AND RESULTS

Seismic demands reported in this article include the
story drifts and the brace ductility demands in tension and
compression. The results show that the amplification factor
obtained for the ADE does not affect the design of this type
of buildings.

3.1. Torsionally-stiff buildings (TS)

ADE=0.05b was effective only for the building with
e _=0.10b and reduced the seismic responses as a result
of the increase in the brace size at the stiff side of the 3%
story. ADE=0.05b was not effective on the symmetric and
asymmetric buildings with e_=0.20b. However, the reduction
in the story drifts, as a result of ADE, are small (less than
10%). Applying AME=+0.05b for the cases designed with and
without ADE=0.05b shows that the effect of AME=+0.05b on
the story drifts for symmetric ones is larger than the other
ones. Also, a comparison between the story drifts derived
from the three sets of the ground motions indicates that
difference between the FD and FF records in the X direction
for asymmetric buildings with e_=0.10b is about 23% and
35% at the stiff and flexible sides, respectively (Fig. 2).

3.2. Torsionally-flexible buildings (TF)

Appling ADE=0.05b did not have an influence on the
asymmetric buildings.

Applying ADE=0.05b causes a reduction in the seismic
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responses as a result of the increase in the brace size of the
4™ story. In the symmetric building, applying AME=+0.05b
results in an increase in the story drifts in both sides. In the
asymmetric building with e _=0.10b, AME=+0.05b causes
the increase and decrease at the flexible and stiff sides,
respectively. The maximum increase in the story drifts as
a result of AME=-0.05b in the X and Y directions for the
symmetric building subjected to the NP records at the stiff
side is at least 31 and 38%, respectively (Fig. 3). Also, the
story drifts obtained for the FD set is larger than the other
records, where these differences increase with an increase in
the initial mass eccentricity. In the TF building with e_=0.20b,
the maximum difference between the FD and the other sets
(NP, FF) in the X direction for the flexible side amounts to
73.8 and 78.5%, respectively.

4. CONCLUSIONS

1. The results indicate that the provision of the accidental
eccentricity in the Standard No. 2800 is valid for
torsionally-stiff buildings.

2. Among the torsionally-flexible buildings, the symmetric
building has a high sensitivity to the AME and the

sensitivity decreases with the increase in the initial mass
eccentricity. The AME has much effect on the torsionally-
flexible buildings, but the ADE hasless effect on the seismic
responses. Therefore, it seems that the ADE provision in
the Standard No. 2800 needs to be revised.
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Fig. 2. Comparison of the story drifts obtained in the present study with those from Reference [26] for the asymmetric-
plan building at left and right edges in Y-direction.
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Fig. 3. Comparison of the hinge plastic rotations obtained in the present study with those from Reference [26] for the
asymmetric-plan building at left and right edges in Y-direction.
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Fig. 4. Plan of the buildings under study: a) torsionally-stiff buildings, b) torsionally-flexible buildings.
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Table 1. Characteristics of the near-fault records with forward directivity pulse (FD).
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. Magnitude . Dist | PGA1 | PGA2
No. Event Year | Station Mechanism Tp (s)
(Mw) (Km) | (g) (g)
1 Northridge 1994 | J.F.Plant 6.69 R. Oblique | 5.43 0.99 0.57 3.5
2 Northridge 1994 | LA Dam 6.69 R. Oblique | 5.92 0.43 0.32 1.6
3 Northridge 1994 | Sylmar 6.69 R. Oblique | 5.30 0.60 0.84 2.4
4 | Cape Mendocino | 1992 | Petrolia 7.01 R. Oblique | 8.18 0.59 0.66 3.0
5 Chi-Chi 1999 | TCUO49 7.62 R. Oblique 3.76 0.19 .22 10.
6 Chi-Chi 1999 | TCUOS52 7.62 R. Oblique 0.66 0.36 .45 11.9
7 Chi-Chi 1999 | TCUO53 7.62 R. Oblique 5.95 0.18 (.13 13.1
8 Chi-Chi 1999 | TCUO68 7.62 R. Oblique | 0.32 0.51 0.32 12.2
9 Chi-Chi 1999 | TCUO75 7.62 R. Oblique | 0.89 0.23 0.26 49
10 Chi-Chi 1999 | TCUO87 7.62 R. Oblique | 6.98 0.12 0.11 10.3
11 Chi-Chi 1999 | TCU101 7.62 R. Oblique | 2.11 0.21 0.26 10.3
12 Chi-Chi 1999 | TCU103 7.62 R. Oblique | 6.08 0.13 0.14 8.6
13 Chi-Chi 1999 | TCU128 7.62 R. Oblique | 13.13 | 0.14 0.17 | 9.023
14 Parkfield 2004 | Eades 6.00 Strike slip 2.85 0.32 0.39 | 1.218
15 Bam 20603 Bam 6.6 Strike slip 1.70 0.81 0.63 | 2.023
A(NP) (dly (390 JouS S35 oo 565y wlasien ¥ Jguar
Table 2. Characteristics of the non-pulse-like near- fault records (NP).
. Magnitude R Dist | PGA2 | PGA1
No. Event Year Station Mechanism
(M) (km) | (g (g)
1 Chi-Chi 1999 CHYO028 7.62 R. Oblique 3.12 0.64 0.76
2 Chi-Chi 1999 CHY029 7.62 R. Oblique | 1096 | 0.29 0.24
3 Chi-Chi 1999 CHY080 7.62 R. Oblique 2.7 0.81 0.86
4 Chi-Chi 1999 TCUO70 7.62 R. Oblique 19.0 0.25 0.16
5 Chi-Chi 1999 TCUO71 7.62 R. Oblique 5.8 0.53 0.65
6 Chi-Chi 1999 TCUO72 7.62 R. Oblique 7.8 0.48 0.38
7 Chi-Chi 1999 TCU089 7.62 R. Oblique 9.0 0.35 0.23
8 Loma Prieta | 1989 UCSC 6.93 R. Oblique | 18.51 0.31 0.41
9 Loma Prieta | 1989 Bran 6.93 R. Oblique | 10.72 | 0.46 0.50
10 | Loma Prieta | 1989 | Corralitos 6.93 R. Oblique | 3.85 0.64 0.48
11 Loma Prieta | 1989 WAHO 6.93 R. Oblique | 17.47 | 0.37 0.65
12 Cape 1992 Cape 7.01 R. Oblique | 6.96 0.50 1.02
13 Nortridge 1994 B.H.Rd. 6.69 R. Oblique | 16.88 0.11 0.16
14 | Northridge- | 1994 | Sunland 6.69 R. Oblique | 13.35 | 0.13 0.16
15 | Northridge- | 1994 | S.Ground 6.69 R. Oblique | 16.74 | 0.23 0.29

AAAR]




(FF) Ju 31 590 039> (so 95 ) whasine .Y Jous
Table 3. Characteristics of the far-fault records (NP).

. Magnitude . Dist PGA2 | PGA1l
No. Event Year Station Mechanism
(M.) (km) (8 (8
1 Kobe 1995 MZH 6.9 Strike slip 69.04 0.07 0.05
2 Kobe 1995 OKA 6.9 Strike slip 86.93 0.08 0.06
3 | Northridge- | 1994 Old Ridge 6.69 R. Oblique 20.11 0.57 0.51
4 | Northridge- | 1994 Gabriel 6.69 R. Oblique 38.86 0.14 0.26
5 Chi-Chi, 1999 TAP103 7.62 R. Oblique 114.28 0.12 0.18
6 Chi- Chi 1999 TCU095 7.62 R. Oblique 45.15 0.37 0.70
7 Hecior 1999 Amboy 7.13 Strike slip 41.81 0.18 0.15
8 Bam 2003 Abaragh 6.6 Strike slip 47.16 0.17 0.11
9 San 1971 | Lake Hughes 6.61 R. Oblique 22.57 0.17 0.14
10 Landers 1992 Amboy 7.28 R. Oblique 69.21 0.12 0.15
11 Loma 1989 | Golden Gate 6.93 R. Oblique 79.71 0.23 0.12
12 Loma 1989 SAGO 6.93 R. Oblique 29.54 0.04 0.06
13 Loma 1989 SLAC Lab 6.93 R. Oblique 24.82 0.19 0.28
14 Loma 1989 | Downstream 6.93 R. Oblique 20.26 0.25 0.24
15 Loma 1989 Presidio 6.93 R. Oblique 77.34 0.10 0.20
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Fig. 5. Pseudo-acceleration spectra and the mean spectrum of the records, Standard No. 2800 (1.3 times) spectrum and the
scaled mean spectrum for: a) pulse-like near-fault records; b) non-pulse-like near-fault records; c) far-fault records.

WYY



WYA B V-0 doxio AYAR Jlo &Y 0yl DY 095 ¢3S ol () yo (suobis 4yl

o eSSl mes &5 Cel & psY aniloe s slo]
ol 00 aseie Boolai b b jlogas jo  Slas]
oo, lee 5o ol s (ol glojle pinms 4 a5 L
Sl ae lple aed oo &) g 9 Loy )5 g g 00l £
G058 50 652l b 156 (Sl ooy g (Pl 23S e
Oored B9800 a0 by 6l gl Al 5l g 8ls ey 5L
bagleasbo ;5 Sl o2 CoiS e 5l zes 55U @ bgpe s
Sgpline Sle 4y ST ( ik 203 50 5l zg 5 sl osd (b
O slaglexsle b (ST gayr Cu3S 50 5l oS 556 Ol
g gl ool lad jlarsl bl ay Sl >k oS e 5l s>

S WP ¥ sleglaazlo ¥-)
ss; ADE sl 2k oSy 5l o5 56 F10)
S o slagleisle

iz slgleasle ol Sl oLk coS e 5l 29>
u;‘;v 6]5 ORARY Q)Ui.’;o QLQ.';}‘LM} L5>‘)"‘° o t5)-‘-‘l-' S
CeTed (0D QLo;l}Lu slac! ébLu uw|)3| cda o)'L.: O
>k 50 636 0.20b= e oS e 5l zs 5 b pleisle ol
w;).a )'l zo L Ql.o.';_é-L.; 3O S pas CdeLalslas OLQ.';_'S-L.;
LséLa.:‘ L5>|)Jo Ca S yo )'\ T )|..\.&a aS ol Q.g.‘ 0.20b:em

Bl oo yieS oS e 3l Ey L o)l ol g 009 o5

ok e glbuls T-Y

s9, ) ADE Bl Sl cu3S 50 5l ggs 56 7 S
Cox X S 99 50 py 5 Couw sload o Slib o ool
593 0397 ol g oS S5 0392 Al 008, atws 4w ]
b cou st pleitlo lp b hls Ju So035 0js>
w2 e i@ =0.10b o oS50 5l @5

Sy 3l ge &5 Sebee abodle lajloges 4 azgi L
Sl b o Slib ol gbrlr Sl o Sl b
lul cwl ads o ad gl pgas dl alus 4w (o

3)95) Awd ‘5‘).1X)9.700 slacal 30 Pgw 4.5.:.'0)\) ;.:Lb.b G.Uw.;

AAME

9 Q53 u,ul.».m U‘J"‘ YA O)‘\.\JL».MJ‘ d.’Ua.A LQAJ)J) )‘ 05; SR
(XY) ©jgar o0 3k 5 (KY) &jsm JLSG 05 Jepme) cai> 5o
sl oy ol adlie oSy sk wiad Jloel slojle Joo
sladjl; slp wSlas PGA L saddse 5 Jud o5 sladljl;
20,5 Jlosl X gz 5o by g oS S35 5 o 5l 50
Sy Jolie b lasiy)leo g lagygiw do i (a2 )13,
S g3lw o [¥¥]113-41 ASCE/SED acbopsl U sillas
bagygin )3 (s98 Home Joor ST Sl p Loy Stadly Joolie
257 59 Jom i S5 6yme o Sl sl
e ools ol (gyemme S9 Slae 2 lraiples 5o
@l $rS M b b pusle Sloy 4zl ladlos
Sooge slp ol e G jekaie (s a5 el ool s L,
4.:.15 5o P—A ).1‘ ol o..\,{o)f Ll Qo )0 I\ ).s‘).' dl&u‘ £99 9 Jj‘
Sl 02 035 0 5l g9 Drizmen Canl 0ad Jlosl o flos
Syec pletlo (M day 003 B sl 4 gy S50 (3503 Lulx L
Pl ooz (ol Glow DOlal 5 S 90 o 3 Wyl slaal

] 00

Sy g gl -F

Slib oo almlr Gln (Sl O g s @lie cnl o
slp haid dil; QB0 058 o laan b 5L s RB S
5 0.10b=e o35 5l zsys b o)l g oplite plessle
Slaxs! o mls ple &l 5l g sl co @l X jgme slael
§ Vgl oo pebed IS 0 gain)lge lacel ol sul ol
Slp balee (olod 5L i JSS wnbiee (uleS LaS 0
Soye Sl b Jbloe Seadly Job s sl 5 SU Lz 2
G 59,8 slp g Sl 5l G pd S Glgie 4 aaS
alie Jodo 5 arulne Jolao 5l iy S0 plsre 4 ST
Sl QB 2 0 an)lee S sl add i)l ¥ sl ole (0
00308 (5 l00g5 ot lpe ple sl bajloges @11 51 5 ol ool
5 5 Oogar S G5 o)l slasl gln ool
DAL 055

Braces: p =1 +(up/ uy) )]

2 Jsb 8Lol U g sae Smdly Jsb @lol Sl U as



en=0.10b- NP- Flexible Side Drift- X en=0.10b- NP- Stiff Side Drift- X
5 5
4 4
\
3 23 e
g g 2
%2 -e- ADE 0.00 A2 -e- ADE 0.00
1 ——ADE 0.05 1 ——ADE 0.05
0 0
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Story Drift Ratio (%) Story Drift Ratio (%)
en=0.10b- FF- Flexible Side Drift- X en=0.10b- FF- Stiff Side Drift- X
5 5
4 4
[ 1 ) - 2
Z2 -e- ADE 0.00 72 -e- ADE 0.00
1 —+—ADE 0.05 | ——ADE 0.05
0 0
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Story Drift Ratio (%) Story Drift Ratio (%)
en=0.10b- FD- Flexible Side Drift- X en=0.10b- FD- Stiff Side Drift- X
5 5
4 4
g3 23
%2 -8 ADE 0.00 A2 —e- ADE 0.00
1 ——ADE 0.05 1 ——ADE 0.05
0 0
0 02 0.4 0.6 08 0 0.2 0.4 0.6 08
Story Drift Ratio (%) Story Drift Ratio (%)

(Sl 4305 258 5 s dus 1 5 X g 33 o 3 s (sloie] 1o Sl oo (g2l (59; ADE (31 g1, 35 50 31 5,5 i 5 S
€, =2Nb o0y o3 w0 il 79y b cdw o leis L
Fig. 6. The effect of accidental design eccentricity (ADE) on the story drifts at the stiff and flexible sides subjected to the
three sets of the ground motions records for the asymmetric-plan TS building with a mass eccentricity of 10% (e_=0.10b).
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Fig. 7. The effect of accidental design eccentricity (ADE) on the ductility demands of the braces of frame 1 (flexible side)
subjected to the three sets of the ground motions records for the asymmetric-plan TS building with a mass eccentricity of
10% (e_=0.10b).
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Fig. 8. The effect of accidental design eccentricity (ADE) on the ductility demands of braces of frame 4 (flexible side) sub-
jected to the three sets of the ground motions records for the asymmetric-plan TS building with a mass eccentricity of 10%
(e, =0.10b).
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records for the symmetric-plan TS building.
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Fig. 10. The effect of accidental mass eccentricity (AME) on the story drifts subjected to the three sets of the ground mo-
tions for the asymmetric-plan TS building with a mass eccentricity of 10% (e_=0.10b).
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Fig. 11. The effect of accidental mass eccentricity (AME) on the ductility demands of the braces of frame 1 subjected to the

three sets of the ground motions records for the symmetric-plan TS building.
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Fig. 12. The effect of accidental mass eccentricity (AME) on the ductility demands of braces of frame 4 subjected to the

three sets of the ground motions records for the symmetric-plan TS building.
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Fig. 13. The effect of accidental mass eccentricity (AME) on the ductility demands of braces of frame 1 (flexible side) sub-
jected to the three sets of the ground motions records for the asymmetric-plan TS building with a mass eccentricity of 10%

(e, =0.10b).
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Fig. 14. The effect of accidental mass eccentricity (AME) on the ductility demands of the braces of frame 4 (stiff side) sub-
jected to the three sets of the ground motions records for the asymmetric-plan TS building with a mass eccentricity of 10%
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Fig. 15. The effect of accidental design eccentricity (ADE) on the story drifts at the center of mass subjected to the three
sets of ground motions records for the symmetric-plan TF building.
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Fig. 16. The effect of accidental design eccentricity (ADE) on the ductility demands of braces of frame 2 subjected to the
three sets of the ground motions records for symmetric-plan TF building.
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Fig. 17. The effect of accidental mass eccentricity (AME) on the story drifts subjected to the three sets of the ground mo-

tions records for the symmetric-plan TF building.
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Fig. 18. The effect of accidental mass eccentricity (AME) on the story drifts subjected to the three sets of the ground mo-
tions records for the asymmetric-plan TF building with a mass eccentricity of 10% (e _=0.10b).
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Fig. 19. The effect of accidental mass eccentricity (AME) on the ductility demands of the braces of frame 2 subjected to the
three sets of the ground motions records for the symmetric-plan TF building.
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Fig. 20. The effect of accidental mass eccentricity (AME) on the ductility demands of the braces of frame 2 (flexible side)
subjected to the three sets of the ground motions records for the asymmetric-plan TF building with a mass eccentricity of
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Fig. 21. The effect of accidental mass eccentricity (AME) on the ductility demands of the braces of frame 3 (stiff side) sub-
jected to the three sets of the ground motions records for the asymmetric-plan TF building with a mass eccentricity of 10%
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Fig. 1. Sections of: (a) the beams; (b) the columns and braces

Table 1. Characteristics of sections of the columns, braces and beams.

o, ablis Blasie o, loe ablie Blastiv o ygiw ablie Olasise
Section | hgcm) | tw(cm) | bicm) | ti(cm) | Section | d(cm) t(cm) | Section | d(cm) t(cm)
SG1 25 0.8 20 1.0 SB1 8 0.6 sc1 25 1.0
SG2 25 0.8 20 1.5 SB2 10 0.6 SC2 25 1.5
SG3 30 0.8 20 1.5
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Table 2. Sections of the columns in the torsionally- stiff and -flexible buildings.

P sz e Gleislu (o baygin abolis

Cow ez ol Gleisle ;o bbgiw ablas

Position story Section Position Story Section
Corner 1-5 SC1 QOuter Columns 1-5 SC2
Other Columns 1-5 SC2 Inner Columns 1-5 SC1
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Table 3. Sections of the braces in the torsionally- stiff and -flexible buildings.
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Axis story Section Axis story Section
-3 SB1 1-3 SB1
2)3)B)C 1,4,A,D
4-5 SB2 4-5 SB2
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Table 4. Sections of the beams in the torsionally- stiff and -flexible buildings.
PP i ool plisle )3 e 5 ablie S (o Oyl pliSle 3 e 5 ablie
Axis story Section Axis story Section
1,4, A,D 1-5 SG1 1,4, A,D 1-5 SG2
2,3,B,C 1-5 SG3 2,3,B,C 1-5 SG1
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