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Table 1
Specimen dimension and weight,
(a) Dimension
Specimenno,  Core Plate Channel and face plate (mm)  Restraining member Ig (mm*)  Bolt (A490 3/4in)
be(mm) ¢ (mm) L, (mm) E® =0 = No.  Spacing (mm) s
1 150 22 2800 150 x 75 x 6,5 x 10 3 68 29 44432996 32 186
270 x 12
2 150 22 2800 150 x 60 x 45 x 45 5 54 41 22582066 32 186
270 x 12
80 72
3 150 22 2800 150 % 50 x 45 x 45 7 54 39 16738929 28 216
270 x 12
16 432
4 150 22 2800 150 % 35 x 45 x 45 11 53 36 10078747 16 465
270 x 12
(b) Weight
Specimen no, Steel core (kg) Side plate (kg) Face plate (kg) Channel (kg) Concrete (kg) Total (kg)
1 140 95 150 109 144 638
2 140 95 150 54 120 559
3 140 % 150 50 96 529
4 140 % 150 44 72 501
LS,)L"-' g,.ajl.é,a L: ASTM b)\JJLZM:‘ BE A36 JY‘}B )
o e V00 =B anaa 55 50
. J‘}.f& s oalaal JLS e Jli.wti K.A 250 QS
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Table2
Material properties,

Specimen no, Core plate Channel Face plate Concrete strength (MPa)

! (MPa) E (MPa) Fy (MPa) F, (MPa) F, (MPa) F, (MPa)

1 367 529 214 425 M1 565 57

2 n 528 285 434 411 558 57

3 364 530 285 43 411 558 5

4 375 506 0 43 39 515 4

* Yield strength,

 Ultimate strength,

08 gl Wl g, u;u»;kgsyjéé)_}‘flﬁd&ibjwob%\ A — Y ol J ol

-

o=l 3,
Table 3
Specimen strength,
Spe. mo, Core plate Restraining member Bolt number
Pmax Pmax
P, (kN) P, (kN) L, (mm) P. (kN) ﬁ—y M; (KNm) ek M, (kN m) Tl Ny (D* fw—b
1 1211 2252 210 7792 6.4 1526 47 410 127 32 30 0.9
(1.9)
2 1228 2265 208 3949 3.2 9.6 25 208 6.3 32 30 0.9
(18)
14 80 74 03
3 1201 2274 211 2943 2.5 84,6 20 176 48 28 26 1.0
(1.9)
23 16 15 2.1
4 1238 2171 208 1758 14 743 12 135 13 16 15 2.2
(1.8)

¢ Bolt tensile capacity-demand ratio,
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Table 3
Specimen strength,
Spe. o, Core plate Restraining member Bolt number
BIN) ORI Lm R M(m "% M, (kN m) PP—;*' Moo 2
1 1211 210 7792 6.4 1526 47 41,0 127 32 30 0.9
2 1228 = . . o 58 =
g_a.:a.m.sDD 3l HL Ccaal HA8) g ja ylade
3 1201
4 1238

¢ Bolt tensile capacity-demat=sefio,
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Table2
Material properties,

Specimen no, Core plate Channel Face plate Concrete strength (MPa)

F (MPa) . (MPa) Fy (MPa) F,(MPa) F, (MPa) F,(MPa)

1 367 52 274 42 441 965 5

2 3N 528 285 434 411 BAL o

3 364 230 285 434 41 298 28

4 375 506 219 4% 389 515 4§

* Yield strength,

 Ultimate strength,
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circular .s (2210 5 Create eut «.ss g5, S L aosl s G S35 7 o Bl sl -
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U g5 T e 5 (OM Y il Jsb Sl b 5 5, 50 abols 5 008 oo LSl ISS 655 2 d B 2l 555
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ok 435 a Bl YU 3 3 anea sl ge 3 me ailes 5 il Property « ;S Module . i
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nmu.;}.:;pﬁ;oﬁ;%uos;&,;screatepartOgiiw,ﬁ,w;&gsbpart@;model oo 3|

35056 oS oo SIS CONINUE oS3 (5552 oS oo 3505 25 0oy dilen | islie s sl o PAICH

5 Sketch s

Name: érbarch ‘ w

Modeling Space -
A

@ 3D () 2D Planar () Axisymmetric

Type Options
©@ Deformable

(") Discrete rigid

() Analytical rigid

None available
(") Eulerian

Base Feature
Shape Type

@ Solid Extrusion

oshe R

3 Swee
) Wire P

Approximate size: 5200

sketch ¢

5 2l 3 oS s S sl Revolution « S Type cud 53 WL IS 55 45755 w3
oy —————— @'Jfbu‘j}'&bu;ﬁ'éuuMbLSAﬂ)J&&JwMGﬁC)W" PO )Jb L{J
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el 353 5L 3o b es S SIS Create part d,;iidbﬁ,xgs art «, ;5 model -3

betoon

oo 3,15 B oS o SIS CONTINUE 4083 (s oS o 31585 0 oy Ailen ) slie s ol 0

% . sketch
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== Create Part :

| Name: |35

Modeling Space

@ 3D 20 Planar « Axisymmetric

Type Options
® Deformable

_ Discrete ngid -

. None available
) Analytical ngid
Eulerian

Base Feature A N
A
Shape Type

® soid
& Shell Revolution
Sweep

) Wire

Point

Approximate size: 200

l Continue... ]

sketch ¢
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spi o Al s IS5 oS e 2l el YAE 1) Ges ey 03,8 SIS DONE 4y 8 (55 s

dy o OF ol lghin slpe 05 S Lasein 4 Cog Jl>

o=l |, Create Material « 3 g bs e Sihes 50 olssl |, Property «, ;5 Module .. ;|
JJL«A)L{)MW)"}J;JJU a\ﬂb@bobu€UOb§@‘\SaM Edlt Mate“al w.})\j.v.:ZSL;a
Osal 33y 5 armta¥l Jode Data codigsmasidesls jilad o ey 35 00 S bl b a5 IS

oS ol

'.L;I;eciﬁanic.ai Thermal  Other

Elasticiky k | Elastic
Flasticity k Hvperelastic
Damage for Ductile Metals [ Hypetrfoam
Damage for Traction Separation Laws * Hypoelastic
Damage for Fiber-Reinforced Composites & Porous Elastic
Damage for Elastomers [ ;-.;'isc-:lel as-l-:i.n:
Deformation Plaskicity =

Damping

Expansion

Brittle Cracking

oS o 20ls V05 Yo BA L S |y Oy ey SOL s
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e pled o sl | Create a8 s SIS SeCiON way S (s5) pr SKen o3le G 05 S e 6l

OK' o551, Continue oS o 3505 5 Ko wslan 1 o osls SleMbl S 358 o o3ls bl 250 2y

=S

B Create Section .
Name: | RIS | \)
Category — Type
: A\
® Solid Homogeneous .
O shell Generalized plane strain
O Beam Eulerian
Composite
() Other

J J

5 ol I, Section oS, s, ASSIgN & MW‘J&'UJ’“VM"“‘J ol iy 5 3l g0

V.:.S&Ok;b.ib) - ubbu‘)‘Mjby&)bf)bfcur‘sL;aDone

[ Cancel

[L Continue. ..

\ Section: ’Section-l vl [Create...]

Note: List contains only sections

. applicable to the selected regions.
% Type:  Solid, Homogeneous
\ Material: steel

& Reqgion
Region: (Picked)

O g ‘;‘»-L.b
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\ Lok o resle YA
N oo 4> o

035 oo

&S LIl s sl Instance part « S s, wiodule” s s Assmbly Clasi b ad> s opl)s
L el 53 Auto-Offset s 0555 p-xz 2lad B Ol o 1y 0l iy o Sl Sl plUS a8 e SIS

5,5 5,05 0K 0355 a5l akols
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Parts

beton
hasteh
pich
varagh

Instance Type
@ Dependent (mesh on part)

(") Independent (mesh on instance)

Note: To change a Dependent instance's
mesh, you must edit its part's mesh.

Auto-offset from other instances

[ Apply ] [ Cancel ] |

B b LT G b S g kT \ 5 SHift s s w0 sl sl

Q\g LSS 1yl s 5l Rotate Instance <. 3 s, SUSL

o Bl b e g d A e sk alal o

S o OK wrns 55 03 Shuly pns 3 A wsl3 L Gus i 2l
e | i Sl b s oS 4DONE ol g i 5,50 IS5 Slsil; INStANCE
w5 s OK dade ahail s e Ol oo

(Translat) mﬁsydlfzﬁ\ Losl a3 b ag esls rlq;.:‘ s Gy sl Ly e !
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|y ks 5,50 4ki TOOIS>Query>Point/node 15l iy 5l o5 e bl Slass 03 5 1y ¢l o ) asS

.b},:cg;oab‘s LJ:'-LLM (w Lﬁ'-'-Ll) dbﬁb))}ryg@ Done Wub&\

<l Tools>Query>Distance iy 5l 0l 5 o bli w adheols 03 5 o gsl 3 &g y3 Y assG

25 odalin |y alols (amis o) 0o s Loy Wbl sl b
N
Sy o Jols s IS IS 28 Sl oy

S 3 S s ) sies 53 S s Donejgu,;;\\)@@w)\ﬁ\)b;;\ Instance

e OK ScaglosS oo 0505 a3 A aslis oS o Dbl Jsb ) e

Translate «. ;8 Cbwill o SNe OK 7 5 55 05 Suly ooy a3 40 4y bz 25 2L
a0 S8 G BN U e oS o DONE Sl g 5,50 K3 il INSEANCE
w5 5 OK dade abail s e Ol oo

DONe\ 5“1z 5t Linear pattem au ;S 5l sslinal b+l sm 3 2 S 04 S5 ey

J}‘)JSJJJ;Mb;{'&j‘uéﬂwujJ\Md\j@om@‘)bﬁbﬁ&ﬁ&ﬂjom V.:.a)
Slas “Rirection2 235 055 o 3)ls VAN, Offset ol el VAR L1 e STE ST adols & 5

équgf&ﬂbu@i%&ﬁ@;‘sr,-su”)\j\\)number
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Direction 1

Mumber Offset

25|(53 M
Direction 2
Mumber Offset \
25|53 M N
[¥] Preview
\
[ Ok ] [Cancel] N

Ssd o S 5 s a K

L o U9 Sae B ls a2t 4 S alol sla s dilen W G 3 0% 0313 13 8l

v:ﬂsddJJ\‘}‘)J‘?LSB)JJDQJ;WQ@}‘)WLAM

LS o S ) S w S
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SIS LS izl Ll sl Instance part < 5§ s, » module s s Assmbly gl Cﬁ;,p
\\&
bs Shgr st piomens sl 3 Buss sl sldos 05w 3 Gus O SRITE IS sl eSS s s e
war g Ll Sl Slles sacS o 3,05 0K 0355 KuK 5l alol b lhasl o éuto-Offset K5 053

253 st S 25 Do 4 S Sl Sl s o o Bl 2528 (sl LIS e S Ml
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step s b

S oS o sl | create Step 4w S oS (s 5l s 035 sl | Step S Module e )

M}‘mw‘d‘ﬁs.r:ﬁ&gw\bbﬁfbﬂmﬁ\jﬁ-wASMC‘)}.J fpe b aio

o5 0K Ol 503 S SIS, coNtinue. s s oslin,

M Create Step : \>

[ | A o
Mame: | ﬁ:—l ] ' \e
Insert new step after

bt ]

rneral

Procedure type: | General v

Dynamic, Explicit A |
Dynamic, Temp-disp, Explicit

Geostatic

Heat transfer i
Mass diffusion = |
Soils |
Static, General —

Static, Riks v

‘ | Continue... | | cancel |

oy >

.
. \\
&\ Interaction .l »slaee 3 xe

Sokasl o 0 03,5 5515 b b |y dien wlad 55 a0 oS sk alad a0 ol o

JJSL;%JMSW\PLOQJ
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Llen |y el 93 o pile p5 358 o AL 50y = Create Interaction « 3 s, » SUS'L

55 o CONLINUE (555 2 s oS (o b8l 5 ISK2

r# Create Interaction | 23 | w
Mame: | Int-9 |

Step: | Initial -

Procedure

Types for Selected Step

General contact (Standard)
5elf-contact (Standard)
XFEM crack growth

Cyclic symmetry (Standard)
Elastic foundation

Actuator/sensor

surface «. ;S &) S e Sl s oS e AONE s - el G b S, sl L

CM@yoMubr.b\cla»ubuww)JSéjjjwﬁy&.bdbrfs&&:ls

5L wx»%\\
15 50 o&};&:ﬂbﬁ L Instanse <L s, 50,0 5 View>Assmbly Display option ;.

1, Done 5 Ll ol eled 3 ¢ odd Sl anealy 45 35 5l (rla 5 oS 6 s

255 oo AL 25
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-y
(]

r¢ Edit Interaction I S J

Mame: Int-1
Type: Surface-to-surface contact (Standard)
Step:  Initial

I Master surface: (Picked)
ISIavesun‘ace: (Picked)

gt

Sliding formulation: @ Finite sliding ) Small sliding

Discretization method: | Surface to surface E”

Exclude shell/membrane element thickness
Degree of smoothing for master surface:
Use supplementary contact points: @ Selectively Never Always

Contact tracking: @ Two configurations (path) () Single configuration (state)

Slave Adjustment | Surface Smoothing | Clearance | Bonding |

@ No adjustment

() Adjust enly to remove overclosure

() Specify tolerance for adjustment zone: IC'

) Adjust slave nodes in set: | E"

%,

Contact interaction property: | E" E

Options: |[ntE|fE|'E|1-_'E Fit...|

Contact controls: | (Default) E”

@,

[¥] Active in this step

-
W
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oS o SUS wmio b o Create Interaction property «. ;8 s, » Sobhwl o b uns &) 2

S o SIS, continue . o s Sl O o 3wl 1

( # Create Interaction Property | 28 ]1

Marme: |IntF‘rop-1 |

Type -
\)
Film condition

Cavity radiation ' {

Acoustic impedance
Incident wave

Actuator/sensor

lCantinue...I l Cancel ] \

D5 o 53 )50 ol 2 ok 053 =S o ol 1) J ;S 5 s Mechanical s

Contact Property Options

Tangential Behavior

Mechanical Thermal

N \ -
L ) %\ WSLSAOKW)°JJ.‘J SWltChJ?lSﬁ)ome}uQM)bb
&\ 358 Sose b g weniBs Sl s et s el e s

mA)ddfbu‘yb))oM‘C&gd&.ﬂv\dwb L@%ﬁ}@bb&@)}wwcjhﬂ

m;)-@\,Continue,m;s@gua\bTil oS S nys woall g o ayS l g, SIS
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r¢ Create Constraint l 23 ]1

Mame: | Constraint-3 |

Type

Tie

Rigid body
Display body
Coupling .
Adjust points

MPC Constraint
Shell-to-solid coupling

O
Ermbedded region '
Equation
l Continue... I [ Cancel ] \
. A

sl Shift 51015 o 50 Jes cpl o &S a3l o b G5 2 L mshow bl 4 S

JJS eslezal CE—N L;JU:G ul:-;‘;.:\

$lp JoS cnl plil L s o DoONe s s caw}gumbSurface%fﬁtsww
it Al 5o
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M Create Load l_)il
Name: | Load-1 ‘
Step: |Step-l v |
Procedure: Static, General
Cateqgory Types for Selected Step
® Mechanical Concentrated force A
Thermal Moment .
Acoustic
Shell edge load =
Fluid ;
Surface traction -
O Electrical Pipe pressure \e
Mass diffusion Body force
O Other Line load
Gravity
Bolt load v

Continue. .. Cancel

SRSl e 55 a0 00l IS 4 s Il

S o SIS | continue 5 K asles
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Acceleration/Angular acceleration
Connector displacement
Connector velocity

Connector acceleration

P Rty Gy | =
Mame: | BC-3 |
Step: |Ir1itia| E“

Procedure:
Category Types for Selected Step
© Mechanica
Fluid Displacement/Rotation
@ Other Velocity/Angular velocity

>
N
5

L8 A
=S o DONe 5 Sl (sl Gos 23 Bos) Kb Sus p) haes e
S
=+ Edit Boundary Condition .
Mame: BC-3

Type:  Symmetry/Antisyrnmetry/Encastre
Step:  Initial
Region: (Picked)

C5YS: (Glebal) [p L
0 XSYMM (UL = URZ=UR3 =0}

1 YSYMM (U2 = UR1 = UR3 =10)

) ZSYMM (U3 = URL = UR2 =10)

1 KASYMM (U2 = U3 = URL = 0; Abaqus/Standard only)
) YASYMM (UL = U3 = UR2 = 0; Abaqus/Standard only)
1 ZASYMM (U1 = U2 = UR3 = 0; Abaqus/Standard only)
JPINMED (U1 =U2=U3=10)

@ EMCASTRE(U1=U2=U3=URl=UR2=UR3 =10)
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sy o odls ol B cnl 4 13,8l hiS 0 OK 5 bl | T ay S

V.:S&o.:l.ﬂ.’&»‘ r)l.@.?@.ﬁ)‘ﬂ)d&ihw QPWJ:{)JDJLMJQN‘E&L&‘&‘JJLA\

( =& Edit Boundary Condition |i h
Mame: BC-3
Type:  Symmetry/Antisymmetry/Encastre S
Step:  Initial N

Region: (Picked)

C5YS: (Global) [ L N
) HSYMM (UL = UR2 = UR3 = 0)

0 YSYMM (U2 = URL = UR3 = 10)

0 ZSYMM (U3 = URL = UR2 = 0)

@ XASYMM (U2 = U3 = URL = 0; Abaqus/Standard only)
70 YASYMM (U1 = U3 = URZ = 0; Abaqus/Standard only)
O ZASYMIM (U1 = U2 = UR3 = 0; Abaqus/Standard only)
D PINMED (U1 =U2=U3=0)
(ENCASTRE(U1=U2=U3=URL=URZ=UR3 =0)

VJiﬁAJ:’-Jc
Sk e

Ol s 3 g NS e ) 35 Module e siMesh Ol b cas ol 4555

oS o2l ps b | oledibl; Mesh>controls «us s
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IR Mesh Controls |§|
Eement Shape

@ Hex (O Hex-domirated O Tet O Wedge

Technique .
Asis
(&) Structured .

O Sweep D
) Bottom-up D
Multiple

4

Ol Cy o]

.Vf;sdoMﬁj.\;m\)wa\,m@&&mmentType Caond 3,05 5L s Cadd
\\ b

N
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B {ement Type [X
Elesrmnit Lbrary Famiy
@ Stenderd ) Explicit

20 Strass

Aot =

|
Gaometri: Orcer Cehagve
@) lirmar ) Quadratic | Conaroum shal v

= el
Elemert Contrals
7] Hebrid forrmubkation
7] Reducadirkegration

A\
Ircompaible mods=s
Howrglass stiffness: * Use defauk Specty
Ukscosity: ®) Use defauk. O Speciy

tinemahc st I et 1 Qrhogand enrod

Second-ceder acoracy: O ves (B Mo

Distortion carkrol: ® Use ofauk O ves O Mo

Howgass conbrel:  © b cefo b Enbanest Redas sfnnes otrress Keaus Corbred
Stllress-yEcaus weight factor 'F

Elmart daktcn: @ vze defauk Cyes Ono

Hax Degradaton: @ Use cefaulk O Specty |

vsplarmmert hotrg eas scobng Faces Il
Unear buk visoasty scalng Factor: L
uadrane hukvkoasty scalrg Facrord | 1

C30A0 AnB-nede fnsar brick, ncompstiols mades,

Note: To seect an slemert shape For meshng,
skt "Mesh > Controls” from the man menu bar,

Lo )

N
% 83 e
Ly oo L S B 1> global elemant size ;i s o5 s sl |, Seed Instance ;.
L)
&\ .3 gad ijsji))\)u:w:.:
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B Global Seeds X
Sizing Controls

Approximate global size: | .01

Curvature control

Maximum deviation Factor (0.0 < hjL < 1.0): 0.1
(Approximate number of elements per circle: 8)

Minimum size Factor (as a fraction of global size):

(®) Use default (0.1) O Specify (0.0 < min < 1.0) |0.1

E l_AEEy_J | Defaults | [ Cancel |
> J

Sad e Sy owlr.,},yes S r S5 6,8 5 31 Mesh gart instance ol sy 2 SUISL

)

ﬁmtﬂ,wwéwﬁbmw; 5ol ST part js eas b 1l aes

L aaly sle 55 i ples jOD<create .,.c)j L s 3l oS o sl |, job module = 5
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6.11-1 Wed Jun 12 23:1D:17 [ran Daylgni Time 2011

MName: Job-1

Model: Model-1

Descripbon: l[ ‘

| Sutmission  General | Memory ' Parallelzation | Precison |
Job Typ=

%) Full analysis

) Recover (Explicit)

C¥ Rectark

Run Mode

() Background ) Queus: ’

Submit Tirne
&%) Immediaely

t !_!I'rs. | ’min.

| [re..]
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S o w g ph 158 e 5 B esy SUDMIL wy S (555 » 60LS 55% 51 JOD Manager ol L

8 Job Manager

Mame Maodel Type Status Write Input

Madel-1 Full Analysis Mone

[aka Checl
Subniit }

il

Cankrids
MMonitor, .,

Resuts

[Create...] [ Edit... J [Cupy... ] [Rename...] lDE|EtE...] [ Dismiss J

3 S sdalie ResUlts a5 5 b 5l 1, Cuéf J> o1z completed ;i ax

N
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Sl Sl e s B8 wsed il sl i

Al (3,9 AilaS da g

(b) First buckling mode of steel core plate,
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3, Mises
(Ave. Crit.: 75%)

2.347e+03
+3.750e+02
+3.438e+02
+3.125e+02
+2.813e+02
+2.500e+02
+2.188e+02
+1.875e+02
+1.563e+02
+1.250e+02 ‘
+9.375e+01
+6.250e+01
+3.125e+01
+0.000e+00

(a) Model 14,
> J

S 35 G oS Sles slasl V0 5VE e s IS (ELS gl L s aed Gy s25beS VL

S, Mises
(Ave., Crit.: 75%)

.347e+03
. 150e+02
.438e+02
.125e+02
.813e+02
.500e+02
.188e+02
.875e+02
.563e+02
.250e+02 :
.375e+01
.250e+01
. 125e+01
.000e+00

(b) Model 15,

S5 e
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Capacity to demand > 1.5 ( For model 5 to 13) Lp/Ly<2.0 2.0>P./ Py
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Table 6
Design parameters,
Model Design parameters ABAQUS
No. Name P, (kN) P, (kN) L,, (mm) 2 P, (kN) % "L“;y_' ”L;,yi Result ”v;x_y
5 A15128P24S 563 987 142 1.97 1362 242 20 32 5 1.42
6 A15148P25S 563 987 142 1,99 1394 248 2.1 57 S 1.39 }
7 A15L96P255 563 987 142 185 1405 2,50 2.1 138 S 138
3 A33128P24S 1201 2274 211 2,05 2943 245 20 23 S 148
3 A33148P24S 1238 2171 208 1.37 3025 244 21 8.1 S 147
9 A33L96P25S 1238 2171 208 132 3090 250 20 115 S 145
10 A64L28P24S 2400 4210 302 151 5834 243 19 23 S 1.50
1 A64148P23S 2400 4210 302 1.45 5580 233 1.9 59 S 1.48
12 A64L96P255 2400 4210 302 1.38 5999 250 19 92 S 147
13 A64L48P20S 2400 4210 302 145 4841 2,01 16 38 & 1.47
14 A15128P24LB 563 987 142 33 1362 242 20 12 LB 132
15 A15148P25LB 563 987 142 4383 1394 248 2.1 1.0 LB 1.19
16 A15L96P13GB 563 987 142 185 708 1.25 1.1 755 GB° 1.20
17 A33128P24LB 1201 2274 211 2,65 2943 245 2.0 12 LB 113
4 A33128P14GB 1238 2171 208 224 1758 142 1.2 13 GB 1.36
18 A33L28P14LB 1238 2171 208 337 1758 1.42 1.2 06 LB 058
19 A33L48P12GB 1238 2171 208 137, 1357 123 1.1 37 GB 1.32
20 A64128P24LB 2400 4210 302 23 5834 243 1.9 12 LB 097
21 A64L48P13GB 2400 4210 302 145 3244 129 kil 3.0 GB 131
2 A64L96P14GB 2400 4210 302 1.38 3473 1.44 12 6.7 GB 131

* Successful (no buckling),
b Global buckling,
¢ Local buckling,
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