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Recent Earthquakes in Korea
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Seismicity of Korea



Number of Earthquake Occurrences
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Basis of Seismic Desigh Codes in Korea



Historical vs. Instrumental Earthquakes
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Historic documents

The Annals of the Choson
Dynasty (1392 AD - 1910
AD)

389 events greater than or
equal to V on MMI scale
Over 45 events greater than
or equal to VII on MMI
Maximum intensity IX on
MMI

Large uncertainty in the
seismic hazard assessment
1st seismic hazard maps for
the development of seismic
codes in 1997

Tl Structural Engineers 21



Seismic Hazard Maps

Peak Acceleration (%g) with 10% Probability

of Exceedance in 50 Years Peak Acceleration (%g) with 10% Probability

of Exceedance in 250 Years
43N

43N

41N

G8N

37N
37N

35N I5N-
33N | . ; ; J o
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123 125k 1298 120F 181E
Figure 1. Seismic hazard map of 10% Figure 2. Seismic hazard map of 10%
probability of exceedance in 50 years probability of exceedance in 250 years
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Design Earthquake Level

Seismic Al
reqion seismic Administrative district
9 coefficient
Seoul, Incheon, Gwangju,
City Busan, Daegu, Daejon,
Ulsan
I 0.11g Gyunggi, Chungcheong,
: Jeonbuk, Kyoungsang,
fRCHRIcE Southern Kangwon,
Northeastern Jeonnam
. Northern Gangwon, Cheju,
: e R Southeastern Jeonnam
Return
period 50 | 100 | 200 | 500 | 1000 | 2400
(yr)
Importance
tactor 04 (057 | 07 | 10 14 20

(Using regional seismic coefficient and
importance factor)

Technical Innovation for Structural Engineering

43N

EELE

37N

(Using seismic hazard map,
return period : 500 years)
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Seismic Building Desigh Codes

Design Code 1988 2000 2005 2009
Reference Code ATC 3-06, UBC 85 similar to 1998 IBC 2000 similar to 2005
_ Ay
1.2V TR _ Ars _ 9p _ “m
_ 17547 T 12JTR i V=t "
Design Base Shear =S —5 W eV ; :
o L7547 Sps - S5 -
or V< 15418 7 R BT,
i
Seismicity in Seoul 012g 0.11g 0.11g 0.22g
Retum Period (year) 500 Loo 500 2400
Site Coefficient 3 4 groups 5 groups 5> groups
e -ostden Jrotips (S1, 2, S3, S4) (SA, SB, SC, SD, SB) | (SA SB, SC, SD, SE)

Technical Innovation for Structural Engineering
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Structural Steel for Seismic Design



Properties of High Performance Steel

] Performance Criteria for Seismic Design

» Apronounced stress-strain plateau at the yield stress

» Alarge inelastic strain capability

@ Upper limit on yield strength = Reliability of steel strength

Yield Point (Fy, MPa)
SN400" / SHN400 2355 Y.P. 8 355
SN490" / SHN490 325<sY.P. =445

1) for thickness < 40 mm

@ Limitation of Yield Ratio

» Good weldability

: a guaranteed maximum carbon equivalent (CE%)

» Toughness

Technical Innovation for Structural Engineering

Ductile Design Concept : Strong Column - Weak Beam

Need to Ensure Reliability of Steel Strength o : Plastic Hinge

?

= Avoid fallure of columns
= Initiate plastic deformation in beams

~ Delay building collapse

| Expected Material Strength

Specification Material Grade
B3 E2

$S400
KBC 2009 SM400, SM490 12 12
SHN490, SN490 11 141
ASTM A36 15 12
shape  ASTM A572/572M Gr. 50 4 A
AISC 341-10 ASTM A992

ASTM A36 13 12

plate

ASTM A572/572M Gr. 50 110 1172

Tl Structural Engineers

26



Test Specimens and Set Up

Specimens for the experiments e 4900 o
— T |
Connection
Steel Section Size — "
Type = ‘T%EE
SM490 — /; H—414x405u13xi3 TR Actuator
WUF-B B /
Beam: n h :
SHN490 H-612x202x13x23 B
_ 3 Lateral
SM490 Column: L o
WUEW H-414x405x18x28 —:JL_ -.1EE::
SHN490 =|'r;m;:: - JL‘

» The depth of the beam is typical for low-to-midrise steel buildings in Korea,
» The column section was determined considering the strong column-weak beam theory

» Loading (Disp. Control) protocol was based on AISC Seismic Provision, 2005.

Technical Innovation for Structural Engineering TI Structural Engineers 27



Test Specimen Design

H-414X405X18X28 (SHN490)

cJp
T&B

n uT
30 10 mm gap - CJP (SF 71)

-T&8

\\ 7 30°

8
Bolts : F10T, 6-M22-70 C.C. X
PL-100X460X15 (SM490)

doubler plate g
(SM490)
t=12

horizontal stiffener
(SM490) >_/

=24

N

H-612X202X13X23 {SHN430)

H-414X405X18X28 (SHN490)

CJP
T&B
30° uT
10mmgap| |
'\Jj; |\

30°

TS
10 mm gap

8

PL-100X460X186 (SM490)

doubler plate g
(SM490)
t=12
7 LY

Bolts : F10T. 3-M22-180 C.C. \

horizontal stiffener i
{SM480) > I
=24 ™~

- CJP (SF 71)

- T&B

H-612X202X13X23 (SHN490)

JR2 (WUF-B, SHN490)

JR4 (WUF-W, SHN490)

» Weld access holes were fabricated according to FEMA350

» Horizontal stiffener is added to prevent the local flange buckling of the column

» The panel zone is stiffened by doubler plate to reduce the shear deformation.

Technical Innovation for Structural Engineering
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Connection Test Result

JR1(SM490) JR2(SHN490)

7/ /
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ks ] 8
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E / £
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® / 5 /
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@ o} Py o
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£ £
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E £
S S
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-6 -4 -2 (0] 2 4 <3 -6 -4 -2
Story drift angle (% radian)

Beam BF Fracture Bolt Slip
3% rad. 1stcyc Upon Test Completion
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Summary of Test Results

- M
Speci : max 0 Energy
men Type Steel | Failure Mode M, N :d.) (KN-mm)
Beam BF Fracture
JR1 SM490 | near Weld Access | 1.05 2.0 121,000
WUE-B Hole
Beam TF HAZ
JR2 SHN490 Fracture 1.23 3.0 443,000
Beam TF HAZ
JR3 SM490 Fracture 1.22 3.0 475,000
WUF-W
Beam TF HAZ
JR4 SHN490 Fracture 1.17 4.0 681,000

Technical Innovation for Structural Engineering TI Structural Engineers



Design Implication from Test Results

Interstory Suggested Frame
Specimen Type Steel
-

JRl SM490

WUF-B
WUF-W
JR4 SHN490
Interstory drift demand according to AISC,
» Ordinary Moment Frame (OMF): 1%

» Intermediate Moment Frame (IMF): 2%

» Special Moment Frame (SMF): 4%

Technical Innovation for Structural Engineering

2%

3%

3%

4%

Intermediate
Intermediate
Intermediate

Special

00
o
(=]
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[
o
o

Dissipated Energy, kN-m

100 +

0 |
JR1 JR2 JR3 JR4

Comparison of Energy Dissipation
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MAK Tower Project

- 190m (1 story below and 43 story above the ground )

.............. 6 Structural System

- Steel Special Moment Frame + RC Core wall

-------------- O Design & Construction Company

- Architectural Design : Seohan Architecture
- Structural Design : Chang Minwoo Structural Consultants
- Gen. Contractor: Lotte E&C

Technical Innovation for Structural Engineering
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Design Issues on Beam-Column Connections

 Large Steel Beam-Column Connections
(BH-900x500x40x40, H-900x300x16x28)

» Weak-axis/Skew Connections

» Weld Access Hole Geometry

» Flange Field Weld vs. Shop Weld with Bracket

?%(Rodhl of Cut)
_4—_
iiiﬁm

PN

Inclined
Columns

20F (Outrigger floor)

H: BH-900x300x20x35 (SN490)
7|'S: BH-300x900x50x80 {SM490 TMC)

Technical Innovation for Structural Engineering Tl Structural Engineers 33



Seismic Force Resisting System

D B tw tf Steel

©
©
¥\
©
®
=
@

496 | 199 9 14 SHN490

500 | 200 10 16 SHN490

482 | 300 11 15 SHN490

488 | 300 11 18 SHN490

612 | 202 13 23 SHN490

582 | 300 12 17 SHN490

588 | 300 12 20 SHN490

594 | 302 14 23 SHN490

692 | 300 13 20 SHN490

800 | 300 14 26 SHN490

900 | 300 16 28 SHN490

600 | 300 15 30 SN490

600 | 300 20 40 SN490

Ny

A 800 | 300 | 30 | 40 SN490

900 | 300 20 35 SN490

0|0 |0 0
<l ||| ||| ||| |-

900 | 350 30 40 SN490

Key Plan for Special Moment Frame

BH 900 | 500 40 40 SN490

« Dual system with special moment frames selected per IBC 2006.
 Korean Building Code (KBC 2009) used for steel frame design

Technical Innovation for Structural Engineering TI Structural Engineers



Nonlinear Response History Analysis

H1-Dir. Story Drift Ratio H2-Dir. Story Drift Ratio
45F T , ——HIL:Chi-Chi 45F . ——H2:Chi-Chi
r P —e—H1:Nenana K —e—H2:Nenana
[ A —— H1:Denali [ —— H2: Denali
40F — ——H1:Loma Prieta 40F L —=— H2: Loma Prieta
r ¥ —=— H1: Hecotr [ —=— H2: Hecotr
e ~— H1:Chi-Chi03 [ -~ H2:Chi-Chi 03
r ~—— H1:San Fernando K —— H2:San Fernando
35F [ ] e===H] : Avg. 35F [ . |[===—H2:Avg.
i } \ X outrigger / /h [ [ outrigger
30F ;“‘ \ lé/ 30F ;“J‘x ‘4/
i * ‘ } I ” } I
25F - J I 25F - i
0 I ;
L Wy o | . 1
20F H- - 20F \ I
L 1 XI‘ - 1
= “k\ E 1
15F - £ 15F : - =
/ podium =5 Mr f podium S
T | o |
10F / = : 10F ;‘K/ / - :
| ’ } 1
SF I 1 SF - |
i " J :
! |
Bl b B1 ‘ — ‘ ‘
0 0.01 0.04 0.05 0 0.01 002 003 0.04 0.05
Story Drift Ratio

0.02 0.03
Story Drift Ratio
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Nonlinear Response History Analysis

| |
|0.u |0.s |0.? ||19 |1

outrigger

Plastic Zone
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Structural Design of Tallest Building in Korea



LOTTE WORLD ?B\p@

\\\

Height

555 m (1,821 ft)
Floor Count

123 above ground

6 below ground
Floor Area

304,081 m?
Client

Lotte Corporatio

Architect
BAUM(AOR)
KPF(SD, DD)

Structural Engineer
Chang Minwoo
LERA(SD, DD)
Thornton Tomasetti
(Peer Review)

General Contractor
Lotte E&C

~r o B =Pl R po IR j OB TS

I

alll



Tall Buildings in Seoul

600

Courtesy of SkyscraperPage.com
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Structural System

LANTER

7] L ANTERN

] ) 7 L123 %
Lateral Resistance Core Wall + Outrigger / Belt £ 7
System Truss + Mega Column ES |

£ "8 < L104 - s i BELT TRUSS

- (L104~L107)
“}z
|

# ™ PERIMETER
E: l}" | COLUMN

Core Wall RC Wall (t=2000~500mm) ]
Steel (L39~44, L72~76)
Belt Truss Steel (L72~76, L104~107) < LO72

HOTEL

BELT TRUSS &

Mega Column RC Mega Column (3.5 x 3.5m2) & OUTRIGGER
& (LO72~L076)
Office & Steel Beam + © e
Slab Officetel Deck Slab o (LO39~L044)

Hotel Flat Slab E
o L4 CORE WALL

Mat Foundation (t=6500mm) i

Concrete: f,, = 30 ~ 80MPa =% < oo MEGA COLUMN
Material Rebar: f, = 400~600MPa R
Steel: f, = 235~650MPa :
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Lateral Load

= Wind Load

Code: KBC 2009
Exposure: B
Basic Wind Speed:

V=26 m/s(for drift check)
V=30 m/s(for strength design)

= Seismic Load

Code: KBC 2009

Site Coefficient: S=0.176 (Seoul)
Response Modification Factor: 4.0
Importance Factor: 1.=1.5

Seismic Design Category: C

HFFB Model

Technical Innovation for Structural Engineering

Aeroelastic Model

Tl Structural Engineers
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Lateral Load

35 o=

»n N
o wv

Total Peak Acceleration (milli-g)
oy
w

Response acceleration for wind load
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Foundation

Size : 72m X 72m X 6.5m
Allowable Bearing : 3,000 kPa
Reaction : 2,590ka < 3,000 kPa (O.K)

fy = 50 Wa (Low heat- High flexible
Concrete)

®1,000 PRD Foundation Reinforcing :
To minimize settlement under core walls
and mega columns

Technical Innovation for Structural Engineering

//' 0

«—"""Foundation THK = 6500\

‘—Megc Column o
N_= E
e Perimeter Cprewall
T 11
{N\A
, PLAN
Mega Column Perimeter Corewall
IR l1°
o)
Lo
O
[Kas 1T 25m {8 Tal
Separated-grouncLstren‘gthening PRD Pile. L
SECTION
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Underground Level

B06 ~ BO1 ?‘?ﬁf(tle: I-il:(\)/b)Wall Perimeter Girder
RC Beam + RC Slab ' /\/’ (1000X1000)
Max. Effective Span = 17m T ‘\ D T e
iR | (BRI — 3B/ Core Wall
7 g5 (THK. =2000)
K== R
/| ol R
Mega Column /\/ ]
(3500X3500) > RC Beam
/\/ (1000X900)
Sub Column
(1000X1000) /i
i
| /|
RC Slab
(THK. = 150)
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Office Level

Spandrel Girder

LO13 ~ L0O38 /\/ (BH-1200X550X25X50)

Steel Beam + Deck Slab
Story Height = 4500mm
Max. Effective Span = 17m

Mega Column 1/\/

(3200X3200~2800X2800) I i i' "—:_::i __________ H

0X20X40)

[

Il

{1
il
I:EK‘E‘Hl

I

T

e[| B g ST

_fE@&ﬁfl-- E(EEOZON '
(N
Deck Slab | K |
(THK. = 130) ' '

1200~1800)
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Office Level
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Officetel Level

Spandrel Girder

LO44 ~ LO71 (BH-650X600X20X80)
Steel Beam + Deck Slab = RN

. > \
Story Height = 3900mm C Wall

THK\\= 600~800)

Max. Effective Span = 15m \

N Y
B -
I ™~
J N =
B ™~
Mega Column Y
(2800X2800~2000X2000) < | =
/»::::::::
= f
Deck Slab [ |
~ (THK. = 150) 7 >

ﬁ | E teel Be
BH- 00X15X30)
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LO74 ~ L101

Flat Slab

Story Height = 3600mm
Max. Effective Span = 12m

Steel Column

500

L Ly ]

Perimeter Beam

[A-A’ Section]

Technical Innovation for Structural Engineering

Hotel Level

/\_/7 Perimeter Column
7 (Box - 400X20X50)

—_————
\\

Drop Panel
(THK = 500)

A

.~ Flat Slab
O == (THK. = 225,280)
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Lateral Resisting System

[ Size ,
o c : Built-Up Type D
oA Location Material
Web Lower Chord P
P1| 39F-44F [-1,600x500x20x80 [1-950x500x20x80 raagy.
SM570TMC NOTE:
P2 | 72F-76F [-1,600x500x20x80 [J-1,000x500x20x80 o e
N _p':" I S
Mega
| % 72.75F Column

| F(14.4m)

A

., L

| % 39F-43F
: (19.5m)

Outrigger
Web Member

Outrigger
Lower Chord

’ Outrigger Connection Post

Technical Innovation for Structural Engineering TI Structural Engineers



Mega Column

50

Tl Structural Engineers

Technical Innovation for Structural Engineering



Outrigger Tru

.. / STUD BOL. 4-19@ 150(h=100mm)

Technical Innovation for Structural Engineering

» #H———— STUD BOLT. 4-819@300M=100mm)

—PLTOSMSTOTHC)
1 050N )
A 4
L Ymey )
e B i
/—G::mre.nmmm } 0
| borcbsietbinosusiibost ¢
.......
1
o - -
.o
B
....... . .

BASE PLATE —————1
1400XBOOXB01 (SMSTOTMC)

STUD BOLT,
2019G300M=150) N

HES)

Ay

PL

’ L
1
A
. = cP
00
i 2 | e
. f=t EE D95
M A
[t
| - ﬁ{\—@p;
A — ——— BASE PLATE
k. 1400XBOOKBD: (SMSTOTMC)
* L B4 286 8(=50mm)
2. 1+
4
o E
[ ...
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Belt Truss

! \ N\ A
1
BELT
TRUSS ’ 11‘ ‘T’,‘ib‘;s —*—f*
| |
t |
| {
EE= R GELEE
et | 1
COLUMN =i E L l‘
FAILURE * ll
] 1 1
* | A |
PERIMETER \
COLUMN PERIMETER i
COLUMN %
e uy —
MEGA
LY |

COLUMN »
vy R
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104 ~ 107F
: Belt truss

72 ~ 76F
. Outrigger
+ Belt truss

Technical Innovation for Structural Engineering

Belt Truss

Belt Truss

Core Wall
Horizontal Truss

Column

Connection 4
(Welding)

Connection 3
(Built-up)

Outrigger Truss Diagonal

70 | »
Connection 1(Built-up), 2(Casting) \ '
4\

\ g
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|
Lantern

il

=.“$-.-Il ::-» N, T SOt S ‘ A [ ‘: 2I’]d Belt TrUSS
..., PR EREE . (104 F ~ 106 F)

[Lantern: Bracing Elevation]
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Lantern

Tl Structural Engineers

55



Technical Innovation for Structural Engineering

Lantern
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Structural Health Monitoring System

=== (Various
DATA  [TE8] stiffness)

8§

Output Data

(Period,
Mode Shape)

ANN Learning

Technical Innovation for Structural Engineering

Output
Information

(ex. period, mode shape)

Input Infermeation LB8(Link
Damage Location & Degree cil
m} MC3(Mega
Detection Column)
i §W1 (Wall)
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Structural Health Monitoring System

*Displacement Measurement System

Tl T T T

# j

*Acceleration Measurement System
"N Ve ~
H &

*Slope Measurement System

(" ol axcnl mcnl arnl el sl )
LA 2 S 2 S S S I

- - )

EEEEEEEE

*Free Field Response Acceleration Measurement System

88 8=

-1

*Wind L.oad Measurement Sys"s
E W S N

123F

115F

*Stress Measurementlnstrumsn i

[ S
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Structural Health Monitoring System

Uncomfortable

ﬂsidential Comfort Index

Comfortable

Dynamic
levels

|||||-|||||-
10

o 10 20
LIURCRC RCRTRTN SR

|||-| |||||v
10

o 10 20 30 40 50 60 70 80 20 100

k Dynamic Safety Ratio /

||||||-v|||||||||||||||||n-||
40 50 60 70 20 20 100

Static Safety Ratio

30 40 S0 60 70 80 90 100
L R B S RS SR SO |

TN N N N T
30 40 50 60 70 80 20 100
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17:09:488

05 October 2012

oon| [ S v [ S
Date & Time

Perpetuum
software

In/Out side Temp.

]

Qower Reservoir Rat

Wind &
Bldg Vibration
Direction

Magnification : 10,000
Bldg Vibration
Animation

Wind Speed

All Calls "

nng R\vvd

Site Connection

Status /
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Our Technologies Realize Your Dream

Thank You!

¢ Dengn nksenation ' \ A

+ Damage Mode! l:‘ "\ li‘, fﬁ
« Cost Model ]‘ - - Y é
Anvembie Owhne ‘
Bukdig Merformince Mode! Earthgquate Mazerdi ;

A

—‘ —a —o o
Compute Aot Aralynn
Suldng Lossey Suiding Damoge fuidng Response
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