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< SUMMARY >

O Evaluation of material properties of layered concrete built by 3D printing
technology (CMOD-control test set up)

O Evaluation of structural degradation of layered concrete built by 3D printing
technology

O Optimization of building methodology for Improvement of structural integrity of
layered concrete built by 3D printing technology

O Evaluation of fracture energy of layered concrete built by 3D printing
technology based on ACI 446 test method.

O Study on improvement of structural integrity of layered concrete built by 3D

Purpose & . . . .
Contents printing technology (Measuring fracture energy and tensile properties under
several parameters such as exposure time, self-weight)

O Evaluation of structural capacities of layered concrete built by 3D printing
technology under several different conditions. (ex. performing tests for
checking degradation of shear capacity and model verification)

O Evaluation of effect of using bridging materials for improving structural
capacities of layered concrete built by 3D printing technology

O Propose effective practical uses of bridging materials for optimization of array
of layers and stacking order for layered concrete built by 3D printing
technology,

Results O 50% improvements on structural capacities and material stiffness respectively

O Lead revolutionary changes in construction industry

Expected |O Joint research with other industrial areas and industry—academic cooperation,

Contribution improvement of technology and raise competitiveness to other developed
countries

Keywords 3D print Concrete Fracture Energy f;gg:?j Contact Surface
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2 1 GPMWU LPM)9] 23 Servo valve® 1 A|3t¥ o™ CMODe A3 E 9B Alsg=z ¢
Hulol A g 3l7] 93kl AH] AEZHA A2 = JEE F7H4Q0 UF dugs A
& 5t 4¥8S stk

- o]¢} Zo] CMOD Alo] AdL S5 A3 AP +v F83 A4 AF sFalS A
24 Hgo]l Aol w2 Ay Ad=¥o] ~oHM AHES Ay AyE o oYt Ags
=3k Aujo] H A (Calibration) ¥4o] Festch 3H oo F<hno] E3HBuilt-in
715)5H ol = gk Stroke AR R HE Spyou Ao F49 AlFAdo] vk AT
A1 (Lee and Lopez 2014)% g om2 FHlo] 7|EH o7 YAy o] 9l Stroke #A|o]&E
AYS 3T A5 olels A 5 9 AFS g&40E ST £ vt A
ohek 2 AFelA s 284 B 1o A8 de AdARE ) e AR S stroke
Aoy 7t obd ACI 446 3]l A AAsh= AL CMODAYE &3l sttt

- J)E delo] gRel ZALES HFF A5 &Y dololst AR dolofd AF @
QFS W Aotk WA HWL Fhow AAsn 2& 2AEES A5 T
Sus 27 A 2adE Fo 435 A F AF0| ANAES Sk

- AFo] b ARE R 2AYES HEHz] Agolm AFol gl ARS 4R @
e zmagEs} 4384 2 FPolth ek 4F AR AFo] ANAA g A
2] AFo] halR A vepdrh Ade] sl AFe) TAE AW A 129

0

&S FRlet7l flste] Fig. 3-201419F o] ulf-ol H¥ak(notch plate,
removing plate)& WA Fo] Cl9Hdor FATE EMEA F Wo] HA FLEE FRo
w0+, 158, 304, 60 Al el wel ¥g(removing plate)S A Aste] A FH
HE x5 "ol FAH= JAASEASAT. ol vtaS A ASHA P H =
o] 7HAde] gl HHEg W 3D ZHUHE w=ES FHY gFE IHE= TAYES
oo} A Ao w AlgEth 18y notch Z ¥ o] E(notch plate)s ZATEZ &+
=g W7hA FAAZ o] F-(48A17H) Al A SHA T

(1
R

=

o]

g

e
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Removing plate
After casting
0 min
15 min
30 min
60 min

2mm plate

Fig. 3-2 33 vA] SAHS A% A1gA S vgddd @4 Azt

T3 AA 3D ZTHY VER ZAYE FEES ST 4ol & dolort 444
ol w=Ed FH=E A3t J1PE ofF ARE ZALE #Holofe HAFHS 4T Aol
22 Aztd Al AA 3D zdgel oF Al AEE Hule AR Add g9
S AL e AoRE E Ut owk 3D ZTRE R AF Al 7]E Ho]ojrt AEE
gojolE Rt7|7A] 7] eke] wFol] mE EW Aste Wi Astrd mE = 9lo]

Table 3-1 Test plan for fracture energy of interfaces

Specimen Effects of dead load (D/N) Plate removing time (min)

D0 0 0

D-15 0 15

D-30 0 30

D60 0 60

N-0 X 0

N-15 X 15

N-30 X 30

N-60 X 60
olgjgt APz wE A FA e FTH= ths Table 3-1¢ YEHTh A5 ¢S
2 ANEL DALE, AF 9FS $A g2 AES NAGE gsion, A3A28 A0S

a#et7] gk AAAATE 02, 163, 3042, 6002 EHst] APE TS
g A e FH4S flalAE Fig. 3-33 o] ZAJMNGAIAE $A3 AHFAA FA I
BElojof Bl WA G100 x 200 mme] EAAE ASTM C496 (2005)9] we} 439
o ZAZA3E Reinhardt et al. (1986) % Rocco et al.(2001)¢] AFWN&S FHaste] 2
Hgke Aelsk ek

SreldA E4 AR FAR 2D 8, A

M7 A Za8E d-goe] 22 Za2E ddo

= = =z =
TE 7o F 165

of FAIAE A, Al FsSA

o 2 Table 3-29F #o] #%
S A e vraAl A A

g Lo

o,
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Table 3-2 Table of splitting tensile strength test plan

Number of dead load Plate removing time (min)
0
15
3
30
60
0
15
2
30
60
0
15
1
30
60
0
15
0 30
60

1. 10cmx20cm plate

3. Form pressure

Fig. 3-3 ZAlsts 48 Wy 2404 49 A4

- Fig. 3-3914 HiE A3} o], A5 AL
Z U AN FA Ao 252l Hpgko] HehwA
100 % A=At B7] ofH)h Al =}

27} vz OHLM ANEA AGAZetE= thE A
2 ZagEezr 27 A A

of ol WASE TAYEY E4e BA ¥

01)1 oo
=
)
Tu

29 EAE 27 (thixotropy) @4 o2 A4¢ Bl e otel S el oiyk Alde
=ol7F 20 cmol™ 3709 AlAE A A$ 60 cmoll dAIFHE FAYEQ X} (&9:
0.013 MPa)o] dAg¥r=s 7] d ZAYEZ e 59 FadE AAstzow uyd

F gk,




2}, B 2l A (Bridging) M =59 # &

- 3D ZdY FAYE FxEo 724 A4S FAATII7] A& Fig. 3-49F 2ol 37 B
g AR7F ngEHAY 2 AFoA Algd 28 A5 73 7(Steel fiber) 2} *XH
(Crushed aggregate) 12|31 74 %] < Al (Retarder) ©] t.

- AAFE AR dol= 60mmeol A7 09mmel™ A A A A Al o &)
=& 700MPaclth, =A19] A9, B3 RYS B As2 &85t fste] FHu)
717F A7 25mm<] #4AH F3 9 FA(Crushed aggregate) = A3}t

- Ao A AA = EE FEoE FARES it Ed HEAER AR o R ZAE

S YA Fol= olys Bl ARE BAE £ e UE 23S AHESY
53&dW 3 10-2016-00490 40) ZAE #eolo] 9ol hekalA H&o] 7H53it) Table

3-3 4oll= ZHzte] A3 o] wE Ao F3I ZAYE #Holo] FFHY A I

FA1717] 918k B84 (Bridging) A5 & iield A& HER A

AU

(b) 73 sk A A
Fig. 3-4 B 3% (Bridging) A=

Table 3-3 A8 # 3

Specimen Bridging materials Plate removing time (min)
C-0 0
C-15 NA 15
C-30 (Control Specimens) 30
C-60 60
A-30 Aggregate 30
A-60 (8mg/mm?2)x 60
R-30 Retarder agent 30
R-60 (1.75g/1kg Concrete)* 60
S-30 Steel fiber 30
S-60 (1%)* 60

2.3D =Y Sx 7xE JEY T2 A A9

7h 2NN E A3 (ASTM C496)

- QoA AAIgE AFWHES ENE st SA4Z0 (s oA, dolofd AF £8 AT
of ME FAYE Holo] AW olFHY SE€-TEF FAE HrtstAT HE Y-
742 PBA (stress—crack opening bilinear curve under the Mode I direction)S AF4 3}7]
A&l 2AJNGA AN 37 oA FAHAANGD S FAsASH T Ade FHolA yEdl
}.

- AT iy gl wE 2AJAAE AY A= Fig. 3‘59} 2o AlE HdAZ BgES
 AEE FHul 243 MPaolA #4113 MPaZ Yelya, A5S 183t 7/l57F 371(0.2
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MPa), 271(0.15 MPa), 170(0.1 MPa), 071(0.05 MPa)Q 7 -$-¢ 33
A

o o E A -1
2.08 MPa, 2.05 MPa, 2.09 MPa, 1.64 MPa =A, A%< To g HeH A=
= FEEel ATgAdS HolA &gk}

|

) A% s DA FHL W oF 04 MPa WF F43 A 27 QAL 3
232 2 5 AUk oA dololst A AFHol upek Aol FgW LAYl
2 Fioglva B & glod A gAstEel e g¥del mAE s w

5] =
t} Mgk Rheology 7IWEe] #4o] "Hasdt 2 AFoA= Astse AHX(0.1MPa,
0.15Mpa, 0.2 Mpa)oll W& ZAIFAH S = Aoz eyttt

111,

N
Noow

Tensile strength(MPa)
~ b

Tensile strength(MPa)
= = N
o wun = un N Ul W

0.5
0
Omin 15min 30min 1hour Omin 15min 30min 1lhour
Removing plate time(min) Removing plate time(min)
= 2= = 2=
(a) FAsts & - 3 (b) FAsts = - 2

w
w

T 25 T 25
% 2 2 2
‘go 15 g, 15
£ 21
© 05 3 05
Z 0 T 0
] Omin 15min 30min 1lhour < Omin 15min 30min 1lhour
Removing plate time(min) Removing plate time(min)
(c) FAsts + - 1 (d) ZAsts = -0
Fig. 3-5 44330l o3 =g Ag Az
kgt A AA 7R whEl B3 2034 o] A= Fig. 3-69] UER AT vk A7 A
kol 0Q1 Al A H A7 =7F 2.23 MPaolat, ¥k Al A A ko] 60431 AlH ol A=
1.46MPa= 82l itk
RE AYATRE T B4 2 daghe g3 & gk o

of oF 18] 0.013MPa® 7t
ZYE

2 New made FEE 2 A dololrt

HEHe Akl Aold5E RAAG0] Askd AL dZd B 5 Ak oHF HHA

ol Zat dolol HEAWY 2717 BAANANE e F Aolw AAH o
2l
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3 3

"? —_—

S 25 T 25

2, 2 2

= 3

15 W 1.5

< c

v )

s 1 21

g 0 B 0

= 0 1 2 3 2 0 1 2 3
Number of dead load Number of dead load
(a) 603 (b) 30

3 3

s 25

-9 [-%

2, S 2

5 -

w15 15

E 1 § 1

205 © 05

Z 0 T 9

e 0 1 2 3 I 0 1 2 3
Number of dead load Number of dead load
(c) 15%& (d) 0%
Fig. 3-6 M A3 FAA 7ol B 2AAF2E 23}

. AAlskEs A&l mE gy x A A3 A3

- 38" YA FAHAY AH= Fig. 3-77% #Zo] ga-CMOD 1 == Yepd 4 Qi)
o] 3t%5-CMOD ZAF}E ACI 446(2009), Elices et al.(1992), Bazant and Planas(1998),
RILEM(1990), Planas et al.(2007), Lee and Lopez(2014)° A A Al dlo]g EAAHUHS %
sto] HF A2l o]FAE S8 -dE I (Stress—crack opening curves)® YERE & 3
thoolyg Y- dE AAE AAsr] fsiH= WA Fig. 3-7% Fig. 3-8¢ stF
-CMOD 18|z E5 ¥ s}o]of 3o},

- Fig. 3-99] oA e = me] < FhH(Far tail constant, A)& A& FzZAH o]Feo =
AFdHo|UA & o F3el7] fete] APBEE gholm oy, aelds 5o el digh

A W82 A6FAT Aol A e L] Ber)e AR AA ST

~

Load(kN)
O = MNW R 0O N 0 W

0.2
CMOD(mm)

CMOD[mm.)
(a) 3t=-CMOD =4 (“FA8t%) (b) o)
Fig. 3-7 AAst50] #88 AldAe Ay Ax
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IS
IS

Load(kN)

N

-~ Load{kN) - _
N w \

0 0.5 1 1.5 2 2.5
CMOD(mm)

(a) 3t5-CMOD =4
Fig. 3-8 AAstso] gl= AlgdAe A

Load P1 (N)

Pl |

max

& (mostly 2mm)

/

! Displacement (mm)

Fig. 3-9 st3oyq=9] dA] oy =4

81%-CMOD el Lol A DAY ARt NAG AR 2% shaaA A o] 7ol mhet
Aol 5ol dasts Aoz vehwth 53§ AvEFol 822 kNolR ok, uhgka AN

3 HUst5S notch 919 &4 %
EAl o |7t =4 FA4 5
Gy qA e TIFAS AT S =

2 Zolsd HE WHHE
Aol 2 24%-CMOD 1] & ol F HEw A
9. ey #E FduAE 4@ weh 2o 8% -CMOD 4
)

groll o gk F7F AvA7F Hel A AHEEe 5 oghe] S3Ee] &

i)
2

f
[}
. ot
X

jq.

jjq.

o

2

o | w2 shleluxe] AL Table 3-49 < Bl o
A% 5 ek D0 Aol A 2 FH WAL FAY 5 gglon], To) whE v
YAE D0 Adel Helghel A& &5tk Table 3-4904 wi wlsl o] vt A7
A7kl wE FA WAl At 70 %7k FatE A AT + Jov], ao mE 3t
AUAE Ad) 73 %7t FAHA & A, AFo] MelHA G NBNAD)] AF @
dd AAOAD Ha FARA AAAUAT Arh 39 % L 40 %7t FhdE AL
gostgione, AFe Aol met A% AU JFS F 5+ AT HIS 53
of sestarh. et ole @ AP ALT Hhsh ol 2ANFAE Avel A vheht
A eksket.
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Table 3-4 3}%-CMOD Ael| oJgt 5o

Fractur
Specimen Area of curve (N'm) CEEADRL Sy
(N/m)
D-0 182,817 1866
D-15 160,135 162.2
D-30 151,125 1386
D60 65,786 6.2
N-0 134,330 1237
N-15 109,465 1034
N-30 108,070 939
N-60 40,090 339
- e 2AJNGANH I Ao\ A] SALA AHE o] &sto] HF AL o] T A ¥ (Bilinear)
o] Hel2 w<3ksk A4S Fig. 3-10 ¢ Fig. 3-11¢] YeRATh o714 y= HA {2
NG E Aol Ay gholy xF A= ZAYES #E %(Crack Opening)S U}
Epdi T
25 25
b ---Do \ ---p0
— - D15 N — . D15
’J‘j ......... D-30 z \\ ......... D-30
E" """ D-60 - e AN T
i CEB-FIP -
= 8 0
: 05 I':I
—-T:":__“"_"--: ————— 0 l
600 800 1000 1200 1400 1600 0 _50 ) 100
Crack Opening (micro m) Crack Opening (micro m)
(a) FAE 2gol o o] FHFTA (b) 1= 3
Fig. 3-10 o]z g4 (FAstE)
2.5 2.5
- - T TNO - - =N0
i}z" _\-\‘ — :;z N e‘ — .. N-15
— ‘-,' ----- N-m —
g 13-5 CEB-FIP g 15
;‘1_5 0.5
0 50 100
0 200 Cracklggening(f\?iocro m) 800 1000 Crack Opening (micro m)
() FASF] g ABAY o) FHPFA (b) e sy

Fig. 3-11 o] A=A (k)

- Fig. 312+ A <J A (kink point)o] ¥ Hdl w3 (we)S vluste] YeRd Fo|th D-0
N-0 A]ﬁj_oﬂﬂ 1408 pm, 746 pmE H.o 7t ﬁ]oﬂoﬂﬂ HZF2 QA 7ol 0F2 A FHu
S ®HAth A =28 A7ko] 60E¢ D—6o, N-60 A]l# e A= 608 um 571 ymE X uh
A ARl 021 Al Hl&l AFS mEgh AlHI a8t @& AlHAA Ao +4E
F(we)ol 2h2F 57 % 2 23 % A AES sk




1600

1400 =D
1200 N
400
200
0
0 60

15 30
Removing plate time (min)

Fig. 3-12 w. A3}

=
o
o
o

we (micrometer)
[=p] o0
[ew] o
[ew] o

yAle d3s F7] Wil 24 S8z wE —7113]”’\-4 ztol & Bl vt D-0, N-0

Adol 7242} 6544 N-mm2, 506.9 N-mm2< YeEldo] HU#S 293 D-60, N-60 Al

Ao A= 185 N-mm2, 108 N-mm2< vErdo] HAge B AF5S 283k A A

Ak & A|lHA A AFAQA o] 60 ATl mEl Zhzy 717 % 2 787 /4 =
2ohe et w3 ATe el AR Ao AU v dF(we)d A

(A) Fkol A5 LeshA 2 AHEY dA4ez o 2 #e veds g9 - 9)\

l°>~zcn

nt

=

Z
o
S

Agdow syduxe 278 AAsE §F-CMOD 3
Oq /}l—;{éﬂ “’]EH iLoEj (WC)J’]' le\:q/\—),: ) %.‘9__ 1]0]019] ;ﬁl% ] E]
=2 =377} asky, golole] AAlstEoe] el Al wel Zrbsks Ae el

1200

1000

N
800
600
400
200
\ @
0 60

Removing plate time (min)

Fig. 3-13 8] A3} (Far tail constant, A)

A (Fartail constant) N-mm2
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- Fig. 3-140ll A ¢} o] W o q=] Gee DAIYE Hoizkel D-0AH 3 H A%< D-

200 | 1856 = Gr S . G
£ ' E '
£ 150 £
& &
% 100 %
E 50 E
0
D0 D-15 D-30 D60
(a) A8 ACAsS) (b) A3 Aa(ddh)
Fig. 3-14 Ao A (Gp) et A71E 3 T3 | A (Gy) Bl
ol#]3t =AHANE Hlgto R o] F ¥ (Bilinear) FE|e we3tE FAe WA OoR I3ty
= Grot Gol A23E Fig. 3-14¢ vl uste] YeR it}
B A3} Fig. 3-14914 H & uvpe} o] HAIFAQ A7l 6020 D-603 N-60 AlHo| A=

Grst Geo] ool dA3s 2 A5 Bt

b3

o] 7} 185.6 N/m % 562N/m=zZ =4 E o NAD A= Hdgkd N-0 AlA
¢l N-60 AlHo] z+zF 1237 N/m, 33.9 N/me.2 ZAHr}t ol Az 7

Ao @4 oAt 200A Aok |qA GeZt 42 69.7 % B 726 %
Q1 3k thH(Fig. 3-15, Fig. 3-16).

AN
o o B >
Bt b 2

—
N
’

e
Lo

i
o
J

100 100
%0
20 —o—Gf y=-0.019x2+2,736

70

20 —o—GF

y=0.0093x%+0.6021x
50
30

20
10

Decremental fraction (%)
wu
o
Decremental fraction (%)

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Elapsed time (min) Elapsed time (min)

(a) A ANIA (Gp) (b) =71 &3} ol dA] (G
Fig. 3-15 A Asts 2gste] v g A tel] whe gyfoyA] Fas

100

100
S o g o

= & - < a0 ——Gf y = 0.032x?-02822x
'% 0 y = 0.0093x2 + 0.6409% '19-,- 70
© <] & 60
"—é 50 E 50
E £ a0
E 30 5 30
5 2 5 20

g | ]
a 10| e o 10
0 et 0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Elapsed time (min) Elapsed time (min)
(a) Ao JA (Gp) (b) Z71&3 oA (Gy)

Fig. 3-16 Rlg&d QA0 wE solix] Has

o

AAA R, 271523 AN YA GE DAE Ak D-0A1A Y H A7 D-60 AlHo|
7} 794 N/m, 3.0 N/mo] L, NAZlA gkl N-0 A\ HAFQ1 N-60 AlHe] 2zt
} 259 N/m, 04 N/meo & Z4 o] 1Ak H3A A L8A7 274 27|89 o5

}‘
pas
7 4
AeuA Gt 47 962 % R 985 % AT B1sAth(Fig. 3-15, Fig. 3-16). o] e &

o
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Table 3-5 Obtained fracture energies depending on different bridging materials

Size effect
. Bridging Plate removing 126 etece True Fracture energy
Specimen . . . fracture energy
materials time (min) (N/m)
(N/m)
C-0 A 0 259 1237
C-15 15 249 1034
(Control
C-30 . 30 20.8 939
Specimens)
C60 60 04 339
A-30 Aggregate 30 363 1175
A-60 (8mg/mmn?’) 60 138 605
R-30 Retarder agent 30 156 5.9
(1.75g/1
R-60 e/lke 60 97 05
Concrete)
S-30 Steel fiber 30 - 3280
S-60 (1%) 60 - 280.7

- A Ad® R ALY HAETAA 2 FHAANHYA(GHS 271 &% YA (G) #hS Fig.
wate] YERY AL Table 3-59 HE#<S Aelste] et B34 A=7F A
B A-30 Al g A7t AFAF] T C-0(123.7 N/m)e] 95.0%
2 WA= C-30 A (939 N/m)ell ®lal ¢F 25%H F7ts Ao = Hol A& HIA
Aol AS A5 30 olste] AF A8 o Sl o A 9
o] WAAA F AR e e ZAe] wEY g3z st Hihd
9] HAe-&(Shear-slip, Mode II fracture)”&ol thst A 3lo] wj$ g34d Ho=
o J# o},
st A3 AAA(R-30)= ETAIH(Contro)Ql C-0 (93.9N/m)oll Hl&| Huk =ZA 4w
3] o Y A (55.9N/m)7F #2E a2, C-3072] vl % 40%7F 4" A
oA Azt WAo] &Aool # xg Ao #HFHITH
=, C-0 Al gy A] gk 100%=2 7H43tR<S o, 7
ARIE AFE3IRS Aol o= g2 A5 L8 ATke] 30 W 2H7; 328%, 95%
2 452%, 60+ 7y 7k 286.7%, 489% H 34.4%<%] o2 UEIWT o3 AlEE
dojojE whye d Al AlZko]l 30 B REY A9 AT 2= H o
58 AFESte] A F2A AAAE e JREE FAANAE

i 2

2 &g olvigeh 1
du A% 2aAge]l 60%e 2HE At AHKTF SR ARANNT Beol 3o
YA 5 olde fAsE Ao HANATh oeF Aut thg FoA ANFE Ad

B A oS EdVector 2)8 AEH oA grom ARRHT

upeba] 2 Ao A AAEkE 50% EAIE MAS g BEA Alse A AAERE
AEgatdes A =2 & F Jdv o= Yerwth (Control: 33.9%, Aggregate: 60.5%,
Steel fiber: 286.7%)
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140

Fracture Energy(N/m)

(a) C-0, C-30, A-30 and R-30

c-0

End Point(mm)

m

nd Pomt(mm)

Fig. 3-19 Comparison of Gy and Gy

W0 57
_ 120 S Gr
‘5 100 Gt
.
g 60
é‘ . \ 225
. L 0.4 &&\
co 60 A-60 R60

(b) C-0, C-60, A-60 and R-60

3D ZHE F27EE ARRE A A% @ 24
AR dEwd s
ZaeE dolo] 7 WY AAYAE 34 A%t YPUL 2+ GFd RC
Hol Ak Ame] Aol dFHArh of#d HewE 7HA= RC B EFE Fig. 3-20%
2ol 3D ZeHol 7wk RC BE (5E 4 donl, E dpola duEod 2 AR
292 Table 360l AA| &t
Concrete layers
by tal D p|ir1tir1g echndogy
\/""'f—._._r
B

Concrete Elements

|' g L Mode 2 "|
\ Centact | Shear Stress |
\ Elemen.t ] ~Slip _}."
* (non-dimensional) /
\\ /
o .//
) k"“-x___ _,__// .

Fig. 3-20 Modeling of interface between two concrete layers
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Table 3-6 Selected material Models for estimating shear strength

Material Selected Models Notes
Hognestad Prepeak
Modified Park and Kent Post-peak
Vecchio 1992-A Softening Compression
Strain based custom input Softening Tension
Kupfer / Richardt Confined strength
Concrete Variable Kupfer Dilation
Mohr-Coulomb (stress) Cracking Criterion
DSFM / MCFT Crack stress calculation
Age/ 25 r\;]qa;z?lum crack Crack width check
Walraven Crack slip
Bauschinger effect Hysteretic
Steel Rebar Tassios (crack slip) Dowel action
Refined Dhakal-Maekawa Buckling
Interface between Bilinear Shear Stress-Slip Contact material
layers Behavior properties

FAYE9 prepeak <Hol s EZ2AHEY = 7 %o thd Hognestad 410]
A& 5 3L, post-peak < Holl ts] A= Modified Park and Kent = 4dlo] AFg¥ At Aot
g AgstA dSetr] fete] FAYES] ddo] AL mAE S FAYE
S B A¥S T A|AE Modified Compression Field Theory (MCFT) o] &% i3}

w3 Zag e h=dsle i E Vecchio? 1992-A EPS AA3ATE o
Vecchio®t & AFAE=25YH Fdd FH9e did "2E AyE 7|vto= 7
Aolt}, o] S ALt mN FA MPEC] AT Ao A= At a9E
Hrtete S WAL F Aok ZAYES AF AsS RAYs Y] Yo HEHoE =
H &Y Fo] AAQ ol AP TMo] AMEEHAT
Ao A5 A 297 de g4 Asel nyEHda, Evs a4 2AYES 4H
° = g2 2dyS gt & B Ao A, smeared reinforcements L7 | A]
2kt o1} bar elements for the rebars= 7HE A o2 e ¥},
E foJo] Atole] HFHE Ry YA HF Sa7F AL HAY HEF
= FArdoln Fdgk 9jA ol 2719 ddo] dasttt HH WFY Asd AF Ao
Z2 Mode 1T 93] 7150 9= Rz AREHAT 2 AFolA = Mode I 73] A3l
AZ AQAZr mE SR 7L FHAaEE 9
[e) =z

t

A = = )

o & i orlo

J
iy fo
DN

0%

=

A A ANt orns g gA FAHAH
Al A& Mode I U A(HE S8-7d F)9 HFAE 7|92 Mode I 37 ol 1 A €]
s 539 Y. MCET o] 2o A% ZagE AsEPLS Wong et al. (2013)9]
FABHA WA E o Q)

ZAYES} F 8249 A= 10mm 2 A4S Bazant (1986)¢0 <fstd, &34
Aol RS s Hu FA X5t 230 AR/ § 2 242 A% d AT
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99 Jlew 2990 hE dEve] A4t s

- S F3 o= FS Table 3-79 YElW om Zh7to] AAS AYS Xie et al. (1994),
Yang et al. (2007) 2 Mihaylov et al. (2010)e YelL} At} <ko A =S4 H Mode 119 3}
Al QA G $E(75%, 45%, 50%, 26%)S 9 2 F4 H3wel 60w 2 1508 A
% 28478 Telste] ol Agaed wath (0¥ U 15080 A% 2aNRe Bt F
A AGAM F8)0 A9 B AvgEe gade] 27k 3% L 8% o=k v
AR 60% B 15029 AF £aAte AEH 54 HFUNV £9)9 29 A
G grage 7h7b 65% 2 80% = o =5 9t
Table 37 TF24% A7+ §14 A3}

) Elapsed Time | Exp. V, Predicted V, Differences
Authors Test Specimen a/d
pee (Min) (kN) (KN) %)
Ordinary RC beam 1 NA 1% 140 103
R interf
C beam.w/mte aces { & NA - NA
(Horizontal)
RC beam w/interf
e et . .W/ll’l erfaces | 15 NA o1 NA
(1900 (Horizontal)
RC beam w/interf
W./m aces . 0 NA . NA
(Vertical)
RC beam w/interf
Winterfaces | 150 NA 17 NA
(Vertical)
Ordinary RC beam | 117 NA 440 4105 6.7
RC beam w/interf:
Winterfaces |- 60 NA 6 NA
(Horizontal)
RC beam w/interf
Yang et al. Winterfaces | ) 17 150 NA 29 NA
(Horizontal)
2007 RC beam w/interf
%Y €l C
RS 1 17 60 NA 101 NA
(Vertical)
RC beam w/interf:
winterfaces | |- 150 NA 5 NA
(Vertical)
Ordinary RC beam | 155 NA 710 646 9
RC beam w/interf
Winterfaces | 60 NA 57 NA
(Horizontal)
RC beam w/interf
Mihaylov Winterfaces | 150 NA A3 NA
(Horizontal)
et al. (2010) = o
I)GallWl ceS
MECES 1y 55 60 NA 23 NA
(Vertical)
RC beam w/interf
Winterfaces || - 150 NA %5 NA
(Vertical)

_36_



100

= gp |Htype TN = 80 Viype 150 min. 60 min. P

- ) = 70 o

= 80 - 5 7 \\ /’/

E’ 70 ".,’ %P 60 1.5<af/d <19 - ;" /’/

= gg L0<a/d<1y \} - 2 50 , 7 rpeaaers

- ajd=10 5 40 { -

g ;8 Z 30 S~

= % P y

= 20 2 20 e i

o —_ e S /

5 10 ~ 150 min. 60 min. 2 10 | -~ ( -

: ook Eoll —

— 0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80
Level of Fracture Energy (%) Level of Fracture Energy (%0)
(a) horizontal type (b) Vertical type

Fig. 3-26 Level of fracture energy vs Level of shear strength

ot

=

2, rlo

Fig. 3-2691 Jepl gl

NAYA A g AUFE
1 3t A $-(Xie et al. (1994)] A

A3¥ A3 (Horizontal type)®

o o
o
2 b
=
o
2

o
N
N

B
of

(R oto T
_O‘L
Mg
<
X
Lo
o
B~
o
f
o
1>i
X0
)
)

L g

o
o
oM,

El
32
9%
Ral

ot
i T
M
N
o
5

Shia
X

flo d
2
Nr

B>

ko

>

27} Hghde] dolgl S-S
o] 9l RC BHE 75% 9
3o 49 Fig. 3-26(b)
a/dell wet 3o A 9 Ho #ZAAY Zloen #He B
<1.2)¢ A$¢ 15<a/d<1.99 W9dl 2= RC Hol vl A wel Zago] A
ek a/d7 1280 Ze @o B 3D Zay HEU)ER AFE
Aol A7 A AE Aoz dadd oy 158 2 a/d 9 W
HE gyoux o] haeke] vla] At A= Aol At

I]I,_‘_',é
R

2 8

= N
JE 2
o &
£
L)
>
e
rUf.
ool
Q
U
)
=
=1
ol
8
o

H
A
' o}

of

1=

SN )

N
-
P
e
o
k1
Lo
o=
B o
o
(o]
B o
o

=

»n o

o &

Kl
in)
AR
id

uy o £ 7
WY o,
rr <o

43D 9® Zae TrEe 1A% A4S 9T AT
S =

ZAYESH RCHEol W3t gyoyx] =4 d

3|
A
218 Aottt Aoty 2] Bazant and Becq-Giraudon (2002)2] oA A Al &= 4]
S 7INte R HSAZHS FUhete] e 2ol Actstden ) A A=, FAA
T 2 E-AWEH T v H4E A8 4
f. d w_
0.063 C 0.46 a 022 % 0.30
Gy =25ty (G A H 17 () @

G, ¢ F¥ol %]
t: AF2247F (min) (maximum 60min)
o, : Rounded aggregates = 1, Crushed aggregates = 1.44, Angular aggregates = 1.12

d, - EAAF

CE-AHEN|

_37_



=T !

31.85MPa¥]

Al O
- =
" 4

- Tt 919

o A o

N oF

oy =T M
%ATW
o T~
B
o B <
o
- m_m <
‘uArO o _z_o
‘_Mmyo b ﬂﬁ
Q0
s ol
g £
N D g
ox A
%ﬁﬁw
_ﬂ )
Al = K
2 o ¥
w8
o W =
el Mm =
X i~
i

- Fig. 3-26° uebe deolee] &
d
o

MR AgolA ARgE mel AA Fm oy

HAo

)‘\_]__

= &S RC E.(1.0<a/d<2.0)¢]

S

o 285

o o
B ol

(3)

V;.layered =« I/::

D AE Yol

V.

)

B

A5+ (Table 3-8

I/;:.lag/ered '

Table 3-8 Proposed shear reduction factors for RC beam without stirrups

8

S

=~

<

.S

RGN R T -

@(000000

=

g

=

n

o | @2 9|

dllllll

w | V| V|V ]V |V ]V

S | v | | | - | - |

0o | | | 3| | |
vV | V| V| V | V|V
N o |ln|ln|lao|lo
R o O R e T R o R R o T B e B S |

(]

=

e

§5

wn

52

&2 8|2 |8 8|8

= &

Q

=

m

p

(4D]

mmm 5

Ba 5 g

g = >

*Normalized elapsed time: Elapsed time divided by initial setting time (100 min) of the concrete.

@72 (Seo et al. 2010)

s

d

<

il

b
]

}o] Seo et al. (2010)2]

17§15

5

H| 1l

RCE.¢]
2

=
T

- 718k 233l
9/]

)
B

B

)

ol Al A8k

_38_



Table 3-9 Shear reduction factors depending on elapsed time and fire exposure time
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Hed. A4t oA =Zlst sl 1fet7|s HE
1. Fg=x =3 (ACI 446 (2009), RILEM (2007))
- A8 AyE o] &3t FHyoyx AHA HPHE 2009 ZoF A E a draft ASTM test

standard (ACI 446 2009) for the fracture toughness®} RILEM(2007)o 4] A|A¥H HI'H S
uskow ot Fig. 6-1° 01 Q9F3te] Flow-chart® YeEl 3z #a W8S A 3]
Adetdtt & AToA S8 gy yA+= SAHE AFdolyE o] &sto] thao A
of whel AlLkE Frolth

=

=

1} Tensile strength. f

Th‘t
fi= 1000
¥
Z) Elagtic modulus, £
= 4 [a,‘V a',\] hﬁ’l(%]]
C.BD J o
¥
3) Far tail constant, 4
P, = X(4+KX)
¥
4) Met plastic flexural strength, I
PS5
2= 28y
! | }
5) PBrittleness length, {; 8) Horizontal intercept, w;
T
L=xD 2 235 w, =1000222 1,
lf_lr x° J "
[ ,L [
7} Fracture energy. Gr
G, =1000 72
Bb
v
8) Center of gravity of the softening curve, wg
wo=— 410
BSG,
v
9} Critical crack opening. w,
R IWgm — Wy 1+ 1_2“'1[3”'% _2“};1)(2”'5;:_”'1]
’ 2w, W W (3We — )"
v
10} Coordinates at the kink point (opwy)
o, =, 2w, —w N w, —2w,,
W, — W W, —wy
Fig. 6-1 7= 424 34 (Park (2018), ACI 446 (2009), RILEM
(2007))
- Wee F oAUA, Wy 2 mm7bA SAHE ouA], Av el d4 Fh(Far tail constant),
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A7IA P& SA4YE st gtollA RstE S AQg o= YEhie X& ofee] Ay 2

Xx=( Wy~ VVMA)72 —( Wir— VVMAY2 (6)

Wy 5748 CMOD#(mm)ol™ Wyr2 Aol T2HAS W S4E CMODZE(mm)e]
ot

P13 Xell gt 2ef =& dehar Xo g 23408 Agks FA ST oju 1z
aHAE 49 AA 34 T AT (Plna) el 5% WIRES] HloE RS &-&-3ln whelA
Ao = ols mElAgety WEdloew nlar ACI 446719193+ Far-tail
constant® ™ 3t}

X+ CMOD# A9 o= ole sts Ply dAS A4 AR #AE & A=
Petersson (1981)ellA H%2 st2@P)-HYw) T Z7} u 2ol wpep g2 o=z 7Ha3ts
Bl A2 E EgE FAE 2Aoltl Petersson(1981)2 A9 54 dgFS FAg A
& 2l (Kinematic equilibrium) . E5-E 35S W Ao wha]dgS ol 213 o]

A Al 8} T
bs
P=— o Grw (7)
- A7 P+ gk, b Al@AY Z s& AFAY, us AAAIH), Gee IFHd YA, w
= oy RA a2z A FA S A (center of gravity)d x= HEE L3k}

500

450 y=-52017x2+?
400 R2 =0.9979

320 Far tail constantA
300
250
200
150
100

50

Py (N)

0 0.1 0.2 0.3 0.4 0.5

X=(Wiy-Wiga) = (Wiyr-Wia) 2

Fig. 6-2 el el 4 (3 AelA Fad 23)

- Waats S7bsk= =i4dell &3k P1gt 5 091 #tel tHd CMOD#t(mm)s YERW™ o] ©]

_47_



&3lo] P X3s a2z =ASHA Fig. 6-29F 2ol »erd 4 29l
o] FAHE AZE Fig. 6-20] AAE Ao tdste] SHE ANYA(Wrypol FH%E o]
UXx7F gal 7@ F oA (Total Energy, Wp)& =4
71 E Al o]2L Hillerborg (1979)2] o2& wHAZ

al. (1994) o 2Js]A A A= At}
83 2% AY dst $H-TEEo] AAZ Fig. 6-3% #o] AH )
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Fig. 6-3¢] =AM fi= 2AJGZANAS T3l AL & dom olF A3 (Kink
point) ¥ & o] AetA= 3o FEFH(w)e g 33 FANFS T3l 2L oA

S Bz A9y yA Geot 27 &3 Foyx G 2= A
A9 AT A G SEH-TLEF Sk
A71a3 JGHAUA Gis olFAF e 27] Fitdd uigk A
= ol FAWE 2AAJGA
Gerstle(2010)el o]} &2 Ao
ANz TFHA Fe

§

ittty
_ I Localized
i I+ W‘/ Deformation

I

Cohesive Stress =
)

)
T
w,

wy

Crack Opening (w)
Fig. 6-3 Bilinear approximation of the softening curve
(Coronado and Lopez, 2008)
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