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SEISMIC RESPONSE ANALYSIS OF SUPER-HIGHRISE STEEL BUILDING FRAME
MODELED USING SOLID ELEMENTS

Analysis under simulated ground motions of Great Nankai Trough Earthquakes that continue more than two minutes
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Tomoshi MIYAMURA, Makoto OHSAKI and Koichi KAJIWARA

Ahigh fidelity solid element mesh of a 31-story super-highrise building frame is generated. A concept of a mesh generator for steel frames

using a database of solid element component meshes is proposed. The seismic response analysis is conducted for the 31-story super-

highrise frame subjected to a simulated ground motion of great Nankai Trough earthquakes that continues more than two minutes. The

analysis is performed on K computer using a parallel finite element structural analysis system, E-Simulator. Both local behaviors such

as spreads of equivalent plastic strain and global behaviors such as plastic deformation of the entire structure are simulated.

Keywords : Super-highrise building frame, FEM, Seismic response analysis, Parallel computing, Mesh generation, Great Nankai Trough earthquakes
A, ATRERE, HERSARRT, WHRE, A v =4, LT 7R

1. [FLE®HIZ

5 SR AT ZERTICRR B Sl B-T ¢ 7 = v A DD, ki
RoE#HE (BEHE) THY, EMROBYEZOEEREL T &
WX, ZOWREFRET L LN TES. L, EREINLE
PMoOEHE L THRLND O, BESHTSORERICE T 5
HEDO LI RRONERTHY, HEKRCEZVESIE2TOHRS
ERATE A0 TRV, £, EBRoOaX MLIEFICE
FIT, BT A7 2V AQERLWTLTYIab—var Y7
Y =T THDHEMEESEE (E-Simulator) ZFIFE L TW5 9. 204
IS Z Y ) v FERICLDHMARARESR A v o= LHEHE
RAICET LT HZETHD. ZRUTEY a v R—F v FL~b
DOEBREAITH Z L, MERBRIC LV MEIERERET 5721 T
WS ORI L ORI RZEH AL I2L— R T&5. ZOv
Ral—vaYOEMIE, DE-T 4 7=V AEBROWETHZ &,
DFRANTIZE-T 4 7 =V AEBRO—HE2RET L2 L THDH. E-
T4 T = AFERRE ORERIC X Y, E-Simulator (Z & B T 0O %Y M
DO (validation) W CT& 5 9. —FHT, Y7 +ro=T7& LT
OREE (verification) H4E T 5. E-Simulator OREFEE BRI E L
T, oK EmRRTFEC L m%&mmf“ BRGBINZ— L
BERDFHPEORBEICB LETHEOTE "21To T\ 5. T
a2— KD V&V (Veriﬁcation&Valldatlon) +3AT> = T, BT

47 = AEBROFERE BIFICHER T T, EBRITET HHE R
PADOETOYHERELZ Y I 2L —a VIERNOHETEX S, &5
2, Yalb—varyTERIRET L ~ORZELHT 5.

YUy RERICL Y EMRREREY 5103 HOBERBNE
ThHY, ITETVOBBRENERTS. Ll, EFEOWFIFE
MO L IR ENEORRBIZL Y, KFEISIARERENFEH
fb&n, K#ile 2 v v a lC XA RFREL 2572, EARTHN
KOMOWET v Y=y MIBWCHE Bk L LzitFE
MREFMAT 27— FOSBEFE S0 9, HF 50 o 8HE R B ESKO
Ay v all LA B WREL 7o o T D, F72, BAOIE
FIFRERMBITY 7 F 7 =7 bR S TN D DD,

PlEo X 5 2800k % 5% 2 T, E-Simulator (3B EM S L0+
KRAEEWIE T OFEHE TV 20 2 12 LRSI AR E SRR Y 7 kv
=7 E LT EINTWA. 2k T E-Simulator (2 L 2 AR5
WO % SCHR 1402 E & T A, E-Simulator [3F&R 722 BRI
oyik (BEfifik) CHS<Era— FThod. HEERSORMIC
2 ML — RO RN HER OREE2 D LH720, 20
oy aisifb L Cmdb 35 2 ENEETHDH. —F, HE, Fb
ZETIREI i@ﬁﬁﬁ%ﬁ&%<$&(%%&)’%d<ﬁ@£$
FENTY 7 b =T REBELTEY, BEEESFICBVTHHANS
DTN . R TN — R BRRORBARECTH 570

! EIAW(%I? ST AR ARB - M (1)
B KR ERATIIENT % LITJELD)
e E'%Kk%k%l’ml%ﬁ)f CRMEES Y B - R (T
0 ENEIRSE BT E ABG SR TR SE T MRk S SR S T -
LM R T et > 7 — PR - Wk (1)

Assoc. Prof, Dept. of Computer Science, College of Engineering, Nihon University,
Dr.Eng. (Visiting Researcher, NIED)

Prof, Dept. of Architecture and Architectural Engineering, Kyoto University, Dr.Eng.
Director, E-Defense, National Research Institute for Earth Science and Disaster
Resilience (NIED), Dr.Eng.



WHEHERES TH Y, REBFIENTIC HE LTV D . gL T
FEFRIRICHE T I AT v 7 OFEa X R3S Wb 00, $ifE
{7 22 M A [T 5 72 O I RERIIE S & /N S < T B LB B 5
DT, GRE T E R E KB R ERE AN TV D Lo
B TR L b R 5 1) O @ R R BE 2 BR S 7e W RIS & IR R
ENMEDN TS, BffETIESHY &R (EEHRER) &2
e DONHEF R AT W20, 3§90 EVIREBIZ & 2 (RIEN 72
VY. AU K L CRRfR S ClE Newton-Raphson {EI2 1 0 890 Guvik
RBIChDiREROOND. FTo, BRETITEETIN O ALY
TWCTH VPRI E L 2D, BFE & BRI ENTIICRHK
N BT, fENTRE R Z i L CHEICKRIET XETh 5.

EHEL, VU v FERICRDFEMPOKEBE LA v a2 2 H0n
TG e BIE L UC, B EE Y O EIN AN A Ef L T\ 5.
2007 £ &0 31 EoBEE#EESEE UIT, BEEEHE DoAY
VaEREMRDIZ. UL, NEEY Yy FERICED Ay Va4
AT 1 UL EORERINR 220, T 1BHDA v 218 K DT
EATo72 9. BED 2008 FF, SBHDOA v 2 BNERL, HIERE
fET 21T o720, &b6i2, 6 BU LR ERIERcET L LT
SEBET ML DMBINEBIT 21T -7220. 31 BHO A v 235
R LT=DIE 2009 £ CTHY, ERKFEOA—/S—arPa—F T2K
RV CRERBDHMEICRIT S IR BREE AN LIt &iT-
7o. REEMOFE L7200 IR ERE O FEE 10 BT 5 3HE
KT LD 2010 ETHoTZ. ZORFIT E-T 4 7= AR
% 4 SRR R oD SE O A BE JE R 0O T BLRRAT O L & 4RI SOk 21)
THAELTWD. 4 BEMEEFEICOVTE, Bira— RoET 0
R L CHEMITEZ LCRY, ZORBEIICHE ) THE L T\ b.

—J¥, Xk o) T OBEBEMOMITRER L, REFE B
UV RNEGHICE B T E 2 BMAMBITFETH D ASI-Gauss 1 X D
fEMTHER A KB L TR Y, WE D7 v — LRSS T BAFICxhs
HLERLE. CNCRYVREFRER—RAL LIEY/BET LD
—FETH D ASI-Gauss ¥ & VU v FERIC X DRI 2 B2
FECE 2. ZOICHR TR 4 8 HiE i o> 32k B B SRR oD PR BRARAT
WKOWTHZODFEICEDMERE L L TWD. ZOFMTIT
FEMI O SRR & 0 BAADRRET D72, HEEIE & EHIC
ﬁf%&w%m%ﬁ;ﬂbfﬁm%ﬁuiEMﬁ#&é._n_ﬂ

<, MEEEEHROTHEIE ORI NS W, EEITREE
ENECDLZ STt A . L, VY vy REEET LTI,
HM O—IZI T 2 IEMERT S OMER £ 4 BEH#ENICKRBRTE 5 2
ER, BHETAVCERVEELRD.
—& 5] (LT, 1)) OIS 3 7r =27 MW T,
DOHES YV v FERTET MMEL TBEBEHDO A v 2B
MUTZET VTR, M e @Y OMENER % BEENICER Lz
RSB IRHT 2 AT o 7 2929,

BERED RECKT S Y Y vy RERICL BT HEREN EO
KRBUEA > ¥ 2 & TR A TRE SRR EE S < R IR 2 ARAT 1%
EBHEOME 7 VL — TSN Th TV, Bii% D38 &8
B EHHEEY YU oy NERETH IS0 FTHHEDA v a2 L LTET
MEL, BRI RIS ST 2#/T>72. —77, Mizushima
HE XY VERICLY SEEMAFEEICET UL, Bk I 2

— X 2 EICBHE SN BAEIC RS S BIRERMET 2 — NIlg kD

XBH|Z, A—/R—a =

BRI 21T o 1. KB% I E-T 4 7 = v A TITbh 7= £ Ktk
HWIBEMEROY I 2 L—va v E, FElRY 2 VERICL DA
Hre7 i %H@M%%% [LTATo 7. 3% 7136 J8 RC B
LM DOFEME T W X D BN E T 4, HMiEkS I = L —4& ki
Bl S 7= B RIEL %O<ﬁ@£$%ﬁjakui@ﬁot
AFSCCIE, ROICHEBRBEMICTT SV Y v RERICKD Ay
T ERICOWV TR, 7T, WA MLERZ ST —E OMRITIBE b
AT EOHFT, FICNHERERICEIA Ay v aEfoa X Mg
<, &ﬁﬁﬁAwiﬁm T C 2O OMFRRARTH S
ZEnn, —HEOMRICBITDA v V2 ERORBRICESS A v v
1$W$%%%$?6.&_,EWE%M%/JykﬁﬁmiD%
TIALT D Z & ORDMEERTRH & L, REM»ORRMHO
HEH) CH LEIE N7 7 BB R 200 IR ERZIEEZ AT L
UGBS RN VR, BRI TR 2HV5
ITVERICEEAENEE S D BABHE I 2 E ey oz
g L, ISR CEELRRE CH Y, EBRD D VITEME
FRHTIC K B WL OO BFER SN TN D, FToAkSE i, RAH
HEIC K-> C, MEREHO TRIICSHOEE,AREAET S hett
WD T L BRI Lo TR LTz, RS, BT 4 7=
BT HERICKY, BEREEHEO TEN S EEICY v _—%
RETDHLICEY, TNHOEOREE KB TE5Z &%
AL, Lanl, REAMHERZRERZ T 2ESEEDOISEIC
B BRFZEIE % IXTFEE LRV AFETIE 2 DU EOfh O T T,
PEAIAHE CRYBEOT AR E ERT AT A2 HRLLT 5.
PUF, H2 BTl AR CRITT 28 & aiosstE e v
Uy RERIZLDBEBEMED A v a fERICOWTHR~RS. & 3
#F T, E-Simulator OFREERE 7V R A MLE, T2 — KO
ThoRY. FEFEOANHTEY Y v FERICLD A vy 2 £/lTF
EHIRET L. FAECIE, BN T 7 BB ONEE R
[Ea AN LT BREEMO T3] 12 X5 HEIRERITIC oWV Tk
L. BSEIEMERAND.

2. EEERBEEHRTETILOMER
2.1 EEENBEEHOBENE

fRMratg e LCEBAREAZBEL, oL 31, &
129.7 m, $ﬁﬂﬁiﬂMmX%0m@§ﬁﬁkT6 ZOBWITE
ETDHHDOTHERL, AFEOT-DICRRFLELOTHD. Fig
1)l AR/ 7 D@mml%Fglw CHEERE DR & = T E Sy
ZPR LR 27T, B%ERE, v —a7ERoSETH
v, a7 ZFHRT L—AEEE L T\, BT VAT 57
IHE RIS L, SRR 2 T ORI A 1 BERR L~V ICED B
L7 R TR T ZERARET VT KD TIRICE M I
WORERFHE LD, BHoRETIX, £E0! Wﬁ%%ﬂ
THH, 16T~V b N TR, g BRIy b T AERE L.
LoL, ETET A TIEINHEZARLTVD. SO 27 I2E E
L7Z#HE 7 L— 2%, FRES SOV TR TRRIE D 40%
FEHET D LRI LTWAS. ZOHIET L— 1%, ICHk21)DfE
HECI | OB IERE R 2 3% L7z b 7 ABHICEL Y 7 1bL
7o. LArL, Uk 23), 24) DFEHT I KX OARFR SCORENT ClrImiliR 7 L —
AEEKLTEY, ST 2D 7 L— X (T E BT T L0 bR



CEIEN NS SRREHEEA M S BRWET L LR D.
2.2 REARVIY FERIZEDIA YD 1ER

BWINZ, 2RIE CAD 57— 4% %32, 3IRITLCAD (YU v RET Z
—) T® % [-DEAS* % T 3 kot CAD 7 V& {EKT 5. Fig.2
I 3 kTE CAD T NVAERT (FEHMREEZ TEMLZZY, 20K
WIEERIN TR,

HERE CHRERR S 2L 5 ARG B A Y U v RERCTET MET D
e, SHAONEE 1 RY Yy NERERAWS. EERRICHT
HZAHBERICLDEEIA v 2 ARIZNEETH 5 7=, 1-DEAS %
FALTFEHTA Yy Va2 2Bl L. BEFEBROBIOA v a
A RRI%, Mapped Mesh ZEFREEREIC X VW R HENCTITV, HEy F 7L
— FMEDOEFETRVERMO A v 2220 TE, REREO 2 KT
Ay v aZFETERL, TNEREFAICH LT Z & CERT
% (Fig. 3(a). HEO U =7, 770 VHEOBERSENL, WES
MR eI ET D, HBESRHOX A YT T 4, HlIRT LV
—2AEEERET LTty N L— b, TOWY Ty EET D H
AVTITLEAFTFIZOVWTHRKTHD. BESDRRDLTT
TCRAAY T T L EDERPETVWAES TR, BHROEHRSE
WNELT Bz T % (Fig. 3(b)DIOERSY) . OB T HIZD
WL, BEAEMHE CERES 70 mm BREIC R D KO ICEE S E
L, #AWmNLERES TIXHVWSE LT3 (Fig 3@). AT 7
I, MMORWERELTY Y v RERETHET D (Fig.3(c). &
EHFMOERSEKIZ2 ET5H. AXy RIZAKL, AT 7 THOD

TZ

Gl

GII|GIT
GlILGI

36.0m

T
GI3
GI3 o
G13

Gl GI1

GI1 |GIl

2 2 2 22 2
GI Gl ~ GI T Gl Gl Gl v G

=

—

X 50.4m

(a) Framing elevation (b) Framing plan

Fig.1 31-story steel building frame

Fig.2 CAD model of 31-story steel building frame
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(c) Connection of square tube column and two H-shape beams
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(d) Connection of two H-shape beams
Fig.4 Component meshes of steel building frame

Fig.5 Mesh of a frame made by assembling component meshes
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Progress of parallel computing enables us to conduct large-scale finite element (FE) structural analysis using high fidelity finite element
mesh of a structure with complex geometry. In the present study, a high fidelity solid element mesh of a 31-story super-highrise steel
building frame is generated, and a seismic response analysis is conducted. A series of researches have been conducted by the present
authors since 2007. A parallel finite element structural analysis code, E-Simulator, which has been developed at the National Research
Institute for Earth Science and Disaster Resilience (NIED), Japan, is used in the analysis.

The 3 1-story frame is a center-core-type office building whose total height is 129.7 m, and the size of the plan is 50.4 m x 36.0 m. The
FE mesh has 15,598,662 elements, 24,220,688 nodes, and 72,662,064 DOFs. The number of multi-point constraints (MPCs) that are used
to connect component meshes is 2,832,402. Plates such as the flanges and webs of beams are divided into at least two layers of solid
elements in the thickness direction. The mesh is generated manually using the mesh generation module in a 3D solid modeler. A concept
of mesh generator for steel frames using hexahedral solid elements is proposed in which a database of component solid element meshes
for beams, columns, and connections is constructed and used. A mesh for a frame is made by assembling the component meshes.

A parallel FE structural analysis software package, ADVENTUREC]luster is used as a platform of E-Simulator. The algorithm of the
analysis code is based on the domain decomposition method. The Coarse Grid Conjugate Gradient (CGCG) method has been developed
originally for the ADVENTURECIluster as a powerful linear solver. In the present study, E-Simulator is implemented on K computer,
which was one of the fastest supercomputer in the world when it started operation in 2011.

The seismic response analysis of the super-highrise frame subjected to a simulated ground motion of great Nankai Trough earthquakes
is conducted. The computation is performed on K computer using 256 computation nodes (2048 cores). The large strain elastic-plastic
analysis is conducted. Time increment is taken to be 0.1 s for observing the response due to lower order eigenmodes excited by the long-
period ground motion. Duration of the analysis is 125 s. The vibration due to coupled two lowest modes in the longitudinal and transverse
directions and a torsional mode is continued many times. Distribution of equivalent plastic strain is visualized. Region in plastic state
spreads gradually as the number of cycles of the oscillation increases. The equivalent plastic strain more than 30 % is observed. A
downward vertical drift is observed in the time history of up-down displacement, which is due to plastic deformation of the whole structure.
Discussions on computation performance on K computer are also described.

Concluding remarks are as follows. 1) Mesh generation of super-highrise frame using hexahedral solid elements takes very long time.
However, a concept of mesh generator for steel building frames is proposed. Component meshes for beams, columns, and connections are
re-used and assembled in the system. 2) Both local yielding in the members and global plastic deformation of the entire structure in the
vertical direction are analyzed under the long-period ground motion that continues more than two minutes. 3) Efficient visualization can
be performed on K computer using an offline rendering code. 4) Although computation performance on K computer is better than those
on previous supercomputers, further improvement of computation performance is necessary for the analysis code. Use of too many MPCs

has an unavoidable effect on the performance.
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