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LIS FAE o) &3 FAYE FEEY
B HAEY AT

Department of Civil and Environmental Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

Demolition method ~have been developed for construction of new
structures. Traditional methods for demolition of concrete structures and
rocks are jackhammer and explosives methods. However, these traditional
methods may not adequate specially for urban areas and historical places
due to hazard of explosive and noise. For construction in this special area,
use of soundless chemical demolition agent (SCDA) could be an option since
it minimizes the noise and explosiveness at construction site. However,
there is no guideline or design code for using SCDA but some manuals
provided by manufacturers. In this study, effective design for demolition of
the concrete structures using SCDA is proposed with developed models.
Fracture mechanics based concrete model was used to predict the
formation and propagation of the crack and it is verified by filed tests. For
measuring pressure induced by SCDA, steel pipe with strain gages was used
and required pressure to form the crack between adjacent holes was also

estimated. Proposed equations in this study based on obtained results from
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numerical analysis was used to plan the demolition of coastal infrastructure
and application of SCDA on actual coastal structures was successfully

performed.

KEY WORDS: Soundless Chemical Demolition Agent 4~5-3}88 4], Concrete
Demolition 32 E | A]; Concrete Crack Propagation &I E 4 ZI7; Crack
Control 7 A|o]; Required pressure &7 % 7<}; Fracture Mechanics I}3] &8t

_Vi_
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423189 A A (Soundless Chemical Demolition Agent, SCDA)9] < +Z
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TZx=olu ¢NkS Ao & A "olymtolES o] &3 a3 (Fig.
1-1@n¥ Asim WHFig. 1-1(b)e] WIHSHA AHEHTh kAT o2& 7]&E9]
IHES T4 BRAYIY EAVE b AYelAs da 2 s 3
ARG Al g IFoE s A7IZE FAE AQHTE 53], e
ANA ] WHAYL I APAETE US S B ol AEA w ol o)
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A(Kim, 2012) 59 dFE = F UTh
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(b) Dexpan &2l &H] 50:50)
Fig. 1-2 DexpanA}¢] SCDA

201610 1091 =l Y B F ubo] oJs) ware] tjzgw BTG
PANA BF P Azt BAste] TEAA TAFG 1-3@)7 dehgon
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k7] 9% 71% Wt s)Al W Aol AEF olfE Bgol olPurH 3
Aol B ATNN At AFE WLH SCDAS ST HAYAL 2§
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ottt SCDAS] AAIE= F2 A FZAHManufacturers)e] © o] El(Manual)el] <] &3}
o AA7} o] FoA ko Hl=Hxe] Ay o3 WHS T3] SCDAE o] &

(¢

& HAEATE B H] formz FAZR] A2 ©E SCDA e A
Alel tigk A7 a3 Aot

webs B AFoA s ol kst eA A ST Fae, FX
T WAAFG 1-2 FR)E AL, 7XE, fSFLR 59 a&2Q A =d s
Atz o AA gy rde] AL ddTy HAYUSS FAEA
2 e r A4t HA o HFE A H viAE =Skl 7x2E A A
AA7E 4= e HEae7AAY e HEE L A4S #YsHA A

SCDAE &&3% =& &Ad T2 19709 =HtRE &850} SCDA

g EFo] ob AYHA Xsta e 7Ek FHRock Cracker,
CARDOX, Dynamite, Hydraulic hammer &)ol HIg}d A7 1] L]
Aol Adgol= FoAe AF Aite] HA Forvg 1 &go] H
FFolgtt. 12y SCDA= of#) Fig. 1-43F o] 7]|& Asiv] I 4
of HlE S ool Hoj 9uf o]l Ao= FRAFHAL trojnrto]
Hlsto] 1.5vfe] W& A o] dddte A7 237 dom AL ds, 2
FF Ax, Bl&o gk FFAQA EAEAY 7P R0 sjANE S A
(Hydraulic hammer), SCDA(expansive chemicals), tho]it}u}o] E(Dynamite),
CARDOX, Rock crackers=o & uEpyth(Parsakhoo and Lotfalian 2009). w2}Ad
SAAQA 2 A 1T B5 A A o2 SCDAZF &85 ook
=2

rlo

Hir

A

m R 2 &2
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Hydraulic hammer | * Inconsistency ratio : 0.03

CARDOX

Rock cracker

Dynamite

E. Chemical materials

Fig. 1-4 Cost advantage (Parsakhoo and Lotfalian, 2009)
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Fig. 2-1 s}8}4A & A8 +EAF 9 d(Harada et al. 1987)

olfe T2EY HAE HsiMe dE DA Fad WAdd g A+t
dasty ol Felstr] A8l WA AW H i ATFAHAE AP stA
SCDAC A HAst= 3t A7l 993 AT == IA SCDAY HAY =
AH a3pA0 A, SCDAY A2 EA To2 s § Ut
BAY SA8E AT ?i:rli—_— Harada et al. (1987)°] A 7}x1¢] WS A¢ts}
ATk AHS SCDAWF- Adste] SA4st= WA, 243 Wil SCDAE +

o

mE _llN'

Adste] Zwo] WA WAE AL Fo) AL FFe Wy, AH
247> 1%_— ol &3 AP Folrh

Steel pipe

/ Steel pipe

. S
? E
/ i oA \ EREA|

Gages Gages SCDA SCDA
(a) ¥4 (b) < (© ARSAAA

Fig. 2-2 SCDA #33t SAHYH

B AToAE BWe olgalol SCDAS] WAL ZHAYoH, 24L
g 0|24 e 3ol A&ttt
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212 EAA] 74 A A% A4

-

Gambatese (2003)9] AT-oA = AHZQ F2& HAE sl SCDAE A&
skl Aol 6.35 mmelstdl £ 3tA4 9 Z9o F7] 53 AEH W ATFE
Tt HAsE A AARHS
R nhe} Zo] o) Ao uj S
A Apo] =7} A3 whekgh

Zel= F27F lvha Bt

)

@
Fig. 2-3 &9 717 % &9 37]o] 9|g 3} HA (Gambaste, 2003)

Hole  Distance

Hole Hole spacing. to free Final  Final
Test  grid, diameter, N edge MDT %CL %MIGR
block NXN D (mm) (mm) (mm) (h) (%) (%)
1 6X6 3.18 19.1 28.6 94 57 17
2 5X5 3.18 25.4 254 94 64 20
3 4X4 3.18 31.8 28.6 120+ 58 0
4 3X3 3.18 38.1 38.1 120+ 58 0
5 6X6 4.76 19.1 28.6 23 57 33
6 5%5 4.76 254 254 45 60 15
7 4X4 4.76 31.8 28.6 80 70 9
8 3X3 4.76 38.1 38.1 80 75 0
9 6X6 6.35 19.1 28.6 23 58 32
10 5X5 6.35 254 254 37 68 10
11 4X4 6.35 31.8 28.6 45 60 0
12 3X3 6.35 38.1 38.1 45 76 0

Fig. 2-4 Gambaste2] & (2003)
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213 A5A SA° A% A7

Gambatese (2003)2] Ao W2 SCDAE F2 2344 (Ca0)e=E T4 H
ZTENE AWES FARE 22 FH=E AR ¢F0]5(AL203), At avls
(MgO), Ats}d(Fe203), A 27KHSi02), E3zE(CaF2)o] H7bE o Uol dH-&3t
NA FEukgo] o8 Eo UHE WHYAIE ASZ yebgth Huynh and
Laefer (2009)¢] AT-olA dubd o= AL8E+&= SCDASY A &E¥|(Table 2-D+
2hsbzZ(Ca0)e] FU 8 Aoz Yyt =3I o5 T3 vlw A
A AAkEl = kst SCDAS] 54 2 E4 X & vuE4sta dAA7FA] 28

[e)
H A9 State of ArtE 7]E3t¥ Tl Table 2-2& theksk SCDAS] EAHL H]

Table 2-1 SCDA A &4] (Huynh and Laefer, 2009)
Substance SI02 AI203 Fe203 Ca0 MgO S03
Composition
(%)

15 -80 | 03 -50 | 02 - 30 8L -% 00 -16 06 - 40

_10_
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Table 2-2 <t SCDAS] &4 Hlw &4 (Gambaste, 2003)

Product Performance expectations Usage instructions Application s pecifics
1. Prostar - Time required for crack Materials Water/scda | Kg/m® D (nm) | L (cm) Depth
formation i material at 20°C | Soft rock 5-8 50-70 80% H
is about 3-6hrs Medum rock 30% 8-12 30-60 80% H
- Crack width reaches 10- Hard rock (3 4;) 12-20 40-60 80% H
30mm after several days. Plain conc. Water Ienmp‘ 5-8 36-50 | 40-70 90% H
- Typel: 25-40°C RC Iess bars 15°C " 1025 30-40 90% H
Type2: 10-25°C RC much bars : 20-35 25-35% 90% H
Type3: -5-10°C Antifire brick 10-25 N/A 90% H
f&srflll)(;ent temp: CC) }EMH femp. CO) Depth: Boulder 80%H: Bench:105%H
1030 035 * L for RC nwich bars should be 20—3
- - 30cm when steel content >100kg/ny
=30 <15 b
2. CrackAG | - Crack appear i 6-8hrs Materials Water/scda | Kg/m® D (mm) |L(cm) Depth
(max. 48hrs expanding time) | Soft stone I3 810 35-350 40-60 H+5%H
-Typel:20-35°C:Type2:10-25" | Hard stone Water enp: | 10-15 35-65 40-60 H+5%H
Type3: 5-15°C:Type4: -8~5°C | Rock cutting 15°C 5-10 30-40 20-40 H
- Filling SCDA 15mm from Phin concrete | (<25°C) 8-15 35-50 40-60 80%H
the top of holes RC 15-25 35-50 15-30 90%H
3. Chemshine | - Crack appears 10-20lrs. Materials Water/scda | Kg/m’ D (mnm) | L (cm) Depth
reaches 10-30mm after several | Soft stone 30% (<34%) 60-100
days. Super: crack at 40°-3hrs. | Hard stone B100.150:15° 5 50-100
-B100:15-35°C:B150:10-20° | Presphnme. B200:10°C | pepron | 40-50  [30°60 Any
B200:5-15°C:B300-5-5°C | RC: found. B300: 5°C = AIEEL 2550
- Super2000: H:25-35; M:15- | pillar, beam H:25M:20L: Th'{_m 24
30: L:5-15°C RC:wallskb | 157C tmes 20-30
4. Buster Materials Water/scda_ | Kg/m® D (mm) |L (cm) (Dx10) | Depth
N/A 28-30%
Temperature: 5-50°C All 10-12°C 8 30-65 30-65 80-85%H
(<15°C)
5. Dexpan - Cracks appear after 2Ius Materials Water/scda | Kg/m’ D (mm) |L (cm) Depth
(max. expanding time: 48hrs) 13 <=31
- 254011 10-25 1T =5-10°C All (temp:N/A) | A BSL | peemps | S090%H

Fig. 2-5 SCDAE o] &3t ZI 8 EEY sa] A& (Laefer et al., 2010)

Laefer et al. (2010)9] o] w2 SCDAS] HAYe] JFgFS F= Q4=
A

=
A7Ie=E, Ade €o 25 % 29 & EAHER]), FHAE, o], ¢tz

_‘I‘I_
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2 Solm Syl ewsk WAkl b 2 JE WAL Ao gl

22
2

o] ¥ SCDAE F3hiH-gA| 97] &=d g wzstA ¥hgstn=
Az A 2= mEt T2 FTF AFS AL A dF &
917158 SCDA(Type Il Dexpan)E 3hd 7)ol AL&d 7§

A ZF7hske] ZWE olojd £ gormg Lxo HEI Yol SCDA A}

2

2
1
St
fo Lo

N
Lot
r]I
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o
)

o dn oo 1 NC

o

ol
i

2 9 3}t}. Buster A& A$ 5C~50C7HA HE8AH 02 ALE7153F Aol EA
ot} ®=3F Dexpan Buster®] 7-¢- 3iAl thde] Ff/ol d#gle]l HE&do=
At&-7F5 3ttt

wbA SCDAZF #AF 259 Bo] MPATH EFEL 150C o)) #d
7 FAo § Azt z;_xa g Fu]o) oF 3ME FrekA "ok ol 54
S o] g3le] ZIEE BEo| SCDAS FYUste] #d 4 2 A oJrs 7
E3 A7} Fig. 2-59] 1 Al =] o] Q1T

Parsakhoo and Lotfalian (2009)¢] @FoAE Fx2E A A AHE&7153% o

F3 FHEY Gt BHYFS vlwsttkTable 2-3, Table 2-4). s A4+
8 @7} vl Al(Table 2-3) SCDAE AF8E 7% CARDOX wi®]  98.7%7}
faste 202 et ew, Dynamite ARE ©7F tiHl 66.6%71A] HAE
A= Ao2 YERTh ARk o= SCDAZE =ulel A A at= A ego} & 2]+
of eJ&sfiof st= =l A2 2 E 5 SCDA sjAIgH e AL 2ol 7t
Je o domn SCDAS| =) Aike] 7hedk A% A3 shAlsd A=
T A=

o

S A K H(Table
o] &3 wo] By

pad

Rolth, =@ FEE A A BASE BHY3
;

2-4) SCDAZ AHg Al 28 2 1Fo] glom 2 A
S HArEo] 9= o2 UL} SCDAS 74 =Wy Be o Fe] g
Ao FAHAn

_12_
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Table 2-3 ++%= 3slA A ¥ Q3% w7} (Parsakhoo and Lotfalian, 2009)

Type of demolition agent Delivered price Unit cost
Expansive chemical material 1.08 ($/kg) 1.09 ($/kg)
Rock cracker 10859 $ 4348 ($/hole)
CARDOX 32608 $ 6.9 ($/hole)
Dynamite 326 ($/kg) 3% ($/kg)
Hydraulic hammer 11000 $ 3R8M ($/hour)

Table 2-4 T2& &4 A LAs= A A3k

(Parsakhoo and Lotfalian, 2009)

Throwing of broken

Type of demolition agent Noise Vibration | Safety
stones
. . . . There is| .. )
Expansive chemical material There is not ; High there is not
no
There is | . .
Rock cracker Very low hot High There is not
0
Th .
CARDOX Very low tere | High | There is not
no
Dynamite Very high High Low Very high
Hydraulic hammer Medium Low High Very low
- ’] 3 -
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A3F ol2d WA

3.1 AR} FAE AT o|&F W7

311 B3¢ 34

100 mm

Y

Fig. 3-1 ¢]#H S o] &3 SCDA =& =41 (Hinze and Brown, 1994)

SCDAS] 3<ts SA43st7] At WHoEE oA A vkt o] Y

B AFoA = Bl A7 hdeE A
= Q¥ HE o] &st FASAT. ot FAe A
gote] WAAE FFsl= F2(Hinze and Brown
(1994)) <™ F1g 3-12 AASE SAH AHE Ao A4 a3l sl o
FE AllAE A T Eold 7 e
YA EF st HAE 3 o|F 27 ©lo|e ] HHks o] &t WAGS F
skt

o,
é
_Q
f
>
ot
2
>~
rlr
[\
=
o
o J

FEe (7"3 — 7"3)

272

2

b= D
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v e WA
vy e 97
7o) A
c: ZAE WYE

3.2 TR R

321 Asxd 73424 (Damaged Plasticity Mode)

Table. 3-1 AF87}15% SATE X

Collection @ kmou

AT 24 Built-in )
AP 79 Aol dF 484 2E | A8y
Z2 Y Material Models HE EE A4 Y 984 °°
HHEShEol - digh sj4e] E7bs,
Smeared Crack }
Standard(fmplicit) o] 2.2 19 A4 o] & X
Model .
ABAQUS FaAdd HA7E 9l
J e o QA Wl ool
/Standard Bl B3 E
Damage tiafiAl sj4lo] 7hssht Standardo] BE X
Plasticity Model | ©]E& #9 A o]F F&A A7}
e
Ao wia A T Y=ol
RIS LR EE BRI
Britl 288k 42 glom g 9t SCDARY-E]
e el JUE A1 @ 4 318, o X
Cracking Model ) ’
¢ VY Aol arg AAY 5 e
FHo] 9lom ‘@.f‘%% g3 1HHA
0}O.
L>oms]
ABAQUS BRI ol Ao Y| 345l
/Explicit gialix] sliAo] 7hsshut 849 Q1
UEFTIA 845 AA T F gl
o Pii% AA & 3‘1%0115 bisuRa)
b 22 2350 BE 228 0
Plasticity Model 9292 3ol 8 2= 9lo]
T A W AAe] 2 4R ke
Explicit 28148 &83lnz 74y
A
- 15 -




ZIYE FZ2E FAE YlMe 1AHeE F+49& FEAAE 5 o]
P AT FEe AS s HelMe ZAYUE AsRd] A
Aol T3t B AT A= ABAQUS 6.12&5 A&3slsion &8 4+ =
Z3YE Azzde g3 2t o3 o] Smeared Crack Model
(Standard), Damage Plasticity Model (Standard), Smeared Crack Model (Explicit),
Damage Plasticity Model (Explicit)(ABAQUS Documentation, 2013)& HES3] &
Z 3 Damaged Plasticity Model (Explicit)o] ¥ <A52] &0l 7} A3t Ao

B9}

Damaged Plasticity Modelol A+ 428 % 3oL A|o] wE Q40 #A AL
Joto] dES HAED & Jdor o3 a4 AIouA= off &
3o 2 (Lubliner et al., 1989, Lee and Fenves,, 1998) A& 7] A]2}bs}
g qA7F F2p gl welh #E9F0] SUEW. & 2de FEAE
O&3 o] geld & Utk

014

Y
|
=
flo —lN'

ol

o &=

F= ﬁ@_ 30‘?_7+5(;;Z)<§max>_7<_§max>)_O—_c(;gl):0 2)
B (/o) —1 .
Q—W,Oé as 0.5 (3)
a.(e)
B= (yl)(l— a)—(1+a) 4)
31— K.)
1=K 1 (5)

|

o : Maximum principal effective stress

max

o/ Initial  equibiaxial compressive yield stress / Initial uniaxial

compressive yield stress
o, (') : Effective compressive cohesion stress (&AW FE(D 2 7h)

o, (e ) . Effective tensile cohesion stress (243 & g(efl)oﬂ = Z2h)

K, dzpdol A FEHe] J4S Aostr] A3 A (0.667 AHE)

714 FESH (o) otk Zrh

_16_
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o=S-pl (6)
o= DSZ: (e —€)

p =— %trace (¢), Hydrostatic pressure stress

= %(E: S), Mises equivalent effective stress

< |

S : Effective stress deviator

Uniaxial tension

1 — — =
=2 @— 3 ap+Bp;) = dc

Uniaxial compression

./ _I'.
# Biaxial
tension

Biaxial compression

e
'EE j
.".. _.'.
.! '3
/
I 4

s
1 — _ ~
2@ =3 ap+Bpy) = g

'}

|

(b0, 9p0)

1 - _
—(@—=3 ap) = oc
1-a

Fig. 3-2 Yield surface of concrete material (ABAQUS, 2014)

Fig. 3-33} 3-4%= Damaged Plasticity Model®] ¥d=3t% 28 Al A3 =
ANxel A7 Asol Hal yEhA fzolt. FAYESY HAIqUA= Y
Aol AuEE AT Ee 875 AdUA=E BoHM B A= 4
g Eo] 3o HAE CEB-FIP (20100914 A St= thg2ol 4oz Aibstait.

fu. =03 (f,)¥*  concrete grades < C50 (7

fum =212. In(1+0.1- (f,,+Af)) concrete grades > C50 (8)

Gr =13 fo* 9
- 17 -
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Lo | i

\\
&
il

e —— e
t

Ceo

F EE T & £,

Fig. 3-4 Response of concrete to uniaxial loading in compression

2 AFoA ZIYEY AASH-+EEF  (tensile stress-crack opening

graph) ¥4+ CEB-FIP (2010) SotR o dEdSoAe d=o o

Ll
=
W)
2
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2 d5E oheel 4o Y % Atk

o ] k- n- 772
for 1+ (k—2)-

] for le) <le, | (10)
n c i
n= 60/601
k= Em:/Ec1

€, ' The strain at maximum compressive stress (Table 3-2)

E,: The secant modulus from the origin to the peak compressive

stress (Table 3-2)

k : Plasticity number (Table 3-2)

Table 3-2 A2 E ¢4l e AFE=4 (CEB-FIP, 2010)

Coneret | o | e | 30 e | G0 | co | CTo

2

€90 | C100 | C110 | C120
e grade

E.
(G(;) 271 | 303 | 336 | 363 | 386 | 407 | 426 | 444 | 460 | 475 | 489 | 03
a

Ecl
(GPa)

€a

(o)

111 | 133 | 165 | 200 232 | 262 | 289 | 314 | 338 | 36 303 | 427

-18 | 21 | 23 | 24 | =25 | =26 | 27 | 28 | 29 | 30 | 30 | -30

€ ;.
(;’)m 35 |35 |35|-35|-34|-33 |32 |-31 |30 |30 |-30 |-30
00

k 244 1228 | 204 |18 | 166 | 155 | 147 | 141 | 136 | 132 [ 124 | 118
frr T8
€1 = ki lkEl (1D

f : Concrete strength value of lightweight aggregate (% 3-3)
E, : &4A
K, : 1.1 (Light sand)

1.3 (Natural sand)

_']9_
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Table 3-3 Characteristic strength values of normal weight concrete (CEB-FIP, 2010)

Concrete | LC |LC |LC |LC |LC |LC |LC |LC |LC |LC |LC |LC
grade 12120 130 |40 |50 |60 |70 |8 |90 |100 |110 | 120
for 12120 130 |40 |50 |60 |70 |8 |90 |100 |110 | 120
Jetwe |15 |25 |37 |50 |60 |75 |8 |9 |105 | 115 |130 | 140
Aol Ae] BAL L g3} 2k
Oct — E{:i €t (O—ct < 0.9 f{:tm) (12)
0.00015— €.,
s =Ffu - (1—0.1. i 9. f, <og,< f. 1
Oct fctm ( 0 000015_ 09 . f(;tm/E(;i )(0 9 fctm O < f(‘tm) ( 3)
E,. : Tangent modulus of elasticity
€y - VEAHPFE
o, @ AFSH
f{:tm : ?——Xol—a
" fc(m " fetm =
% O-gfctm 7777777777777 %
2 2
] ] Gp
§ éO.men_
0.15 - Wi Crack Opening (w) "
Concrete strain €, (%o)
Fig. 3-5 Schematic representation of Fig. 3-6 Stress-crack opening
the stress-strain for uniaxial tension relation for uniaxial tension

_20_
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3.2.2 %-%4(Contact)

SCDA®} 23 E F2E Abolo] &A= HFH(Contac)> SCDA 3 Al W
Aate 489S F2E HAFste ml$ T2 2|tk ABAQUS explicitell A

%8 715% Contacte hard contact®} exponential contacte] 1t}

Fig. 3-7(@)9l+= hard contact®] formulationo] thalA yYeErY} <At} hard
contact> HZFHL HZFo] WAty A FHo] 00]a HFo] YA &=IHEE
g0 A= dugEs o]&ddo =3 Q47 HEE F&sHA Ee
AT A5 ZA HE oy va(mesh)7b 53343 200X = 9
o] =X ¢t} ¥ exponential contacte Fig. 3-7(b)e} Zo] 847t <A
® AEE 38t gaelsoltt HESATE T3 29 HEE 58S
Q13 wpEHe] Aol o Ao Blolde Flstd oy hard contacte] 739
ARt A BEASkE Ao = FRlEHAT

2 Aol A= SCDA o7t Aol FxEo HEH = Aol
z7olm 840 FF7}E glojof BRFo =R % FHALE A Y
ot wp2bA upES AHASA ZARGE hard contacte] B Ao HA-G Ao=E

o
(O]
oA <
w (9]
o 4
o a
S 5]
b e
[ c
S S
O
<
Clearance Clearance
(a) Hard Contact (b) Exponential Contact

Fig. 3-7 Hard Contact & Exponential Contact

_21_
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Al 473 A 249

4.1 3L Z7

411 /M8

T8 z7oA SCDAS AU 24 98 AAPL FYsuT A
o A4-¥ SCDAE ©l= Dexpan (Fig. 4-D& A3t Table 4-10] 217]&
o me Dexpanel £F7F UEIQEE 2 A7 8% 84 uelet
of urde A2 Ad 2a)E sHRAPd 1M} @Y HgH A
of Mg WAt ABSNT. AP Tl Aold ARE e Fo F
A mel Sl &8sttt

i

O]

SRR TR 20 S 3 &
Fig. 4-1 Soundless Chemical Demolition Agent (Dexpan)
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Table 4-1 Dexpan®] &/

Types of Dexpan Available
1 257 40T
2 10~ 5T
3 -5710C

412 BP(SAE A9

AY At FAH AFE gIHHE ol &3t s ATHFg 4-2). F9 A&
g Zlolo] wet WY WstE FAHS Y T F3td AR AS HASA S
3¢ TIEEe] Wt a4 Hrlstdnh AHEE F#e] Zol= 27 10cm,
20cm, 30cm ¢} 15cm ©]™ €173 34mm W7 28mme] ZA#e] FAlo| WP EA

o)A & LAY B WA NFBAANA] BIY 2Ae 137 A5t
SCDAZF #98 4% AAZ £3A4 $ A %
B FPsA olm 5 fA ol WwE IS 2
G AYAY AT A5 vaseh FH A0 By P A
Z7-& Table 4-20 A gjste] YERAIAT
oF 15Ce] FBEANNE FHAT WS Eato] Ujie] 150C o4
Qg BYAIY FH2W BA] F712 Edo] Yojup ROz Felo] 5
9tk Fig. 4-3elA4 sk o] o] UBFE Wako] o] Fox A hgol e e
AL AT el WE kel F7kE WA = a3 P
W SCDAS) A€ fUstel BFY EFE RE ZOE Uuhgth meA
Ao el FHHE A A4S A7) el 11 102, 113
ol7bA] o] Bt Ay HPE FASAL

P

-2

_23_
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(© 2BH<s o] &3 AR} 54 439 =s
Fig. 4-2 < dR< o] 83 B 54

N
(92
1

N
o
1

=
o
1

Pressure (Mpa)
&

(9]
1
L ——

O T T T
0 0.5 1 1.5 2

Time (Hour)
Fig. 4-3 3t whsto] A&shA e ZA9-o A-AY 1=
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Table 4-2 AW 3t 54 29

= 30] o3
A 7] olem) ( 1@2(;/%;;]) R
100 HIs/w: 0.77:0.23) 11 X
20000 gHls/w: 0.57:0.43) 13 X
30(RgHIsiw: 0.77:0.23) 13 X
300N &Hls/w: 0.77:0.23) 12 X
1500 &ls/w: 0.77:0.23) 1/1 X
1500 &ls/w: 0.77:0.23) 0 X
1500 &ls/w: 0.77:0.23) 12 X
1500 &ls/w: 0.77:0.23) 1/1 O

413 B3} 54 2%

WA el dolo w2} SAE WU Fig. 4-4@e°l HlasiAth 9o
23 ke T FEe WASH] fiste] Ao dAAClE =0 vUste] A
= APsAt =0 B A S dAHoE ARt WHIE A @
F Jom B M o] FVEEE A =HFE & T 4 o 10cm
o] B A& AAZE 2ol FA77F stol sz do| MY 5l Wike A

S stdom 20cme} 30cm 2AoE dole] 13w A7NA st HAL 53
ST Fig. 4-4b)el 7 AsE Jerilssl AA7F ol 221 10em ool
BB AS 971ewe] dFo] mulste] HwA TEM A SHo| FIt
Sgee FAT 5 Atk ol WY R 7)) =ZHYW 20cm 9 30cm 2
ol A Az aze) W

AR o7 ewel ne

2 A2 20cm ZHB0%)S °F26% =olE HA
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o
o
)
o
flo
T
o
=

BALGL 150413 ol Fx A&HOR Fste A & & AR A
o g $ee] e "3 ol £xo AFL AAUGH TE
A Zb-58 TAE YERY T 10cme} 30cm 7F3#2] SCDA A2 24413t
°F 26.3 MPa& AAZI&= Aoz IEYTt

45
40 - 10ecm —— 30cm -
35 -
30 -
&5
%20 i 20cm /
§ 15 -
“10 -
5 .
O T T T T T T T
0 20 40 60 80 100 120 140 160
Time (Hour)
(@) e dojo upE 33743t
12
10 4
8
g
¢ 6
g,
£
g
2
0 T
40 60 80 100 WZO 140 160
-2

Time (Hour)

(b) &7]2=
Fig. 4-4 7F#e] Ao} 97| =
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FE Aolol mE A} A Aeols &AAsr] sk e Hojol| w

2 B9 HwE AT FTo] 15cm oAl AS 3ol Aolo o3 A
el Aol fE AeE HAUFo] ¥ ATAE 15cme] BBE A2
ksl
10
9
8
7
g ]
o 15cm steel pipe
s 4
3
2 . e T
1 M
0
0 2 ) . 8 ) 12
Time (Hour)

4-

=
=

Al

rr

Fig. 4-5 =5 ol|A ] A dojo wE 3t vln

Aat ol Ro] WE FYY F7t S ol Fig. 4-691 tehict. Fig.
6@ 2ol FANOE FHAL WSA o] Yo we LE(500)
A9 BRG] ZE E@o] BAse] WHEo] FAd)
Z7bshe A FAT 4 AUtk WekA 9171 &=e] Wi SCDAE Fuhs)
Aol Fasiel AAl AR Fols £l Ede] tu@ w3 veE

i
oz
>
I
o i
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10 -

Pressure (Mpa)
&

(O}
1
L ——

Time (Hour)

(@) &€ Eabo] Y&3HA F2 Ao AL =

50
© 40 -
a.
23
g
ézo .
g
& 10 -
O i T T T T
0 5 10 15 20 25

Time (sec)

(b) 4 Wl ALY Agel BHY 12
Fig. 4-6 @@avel whe w3t

Fig. 4-7% S1RolAe $89 43 A0 A& A% # =
A viws aesmolrh 15470 AR F R FE FYL HE
SCDAS] 7% %ol 10MPa, 9% ¥
20MPaz 2u) ool Zolg vehjrt. ®
2 Z/hsT gasts A%l HUuHe
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74 11MPas} 23MPa= 2ui7} A= #A3ehe HAAth otz 959 s &
YH= ARG AAdste= Zlo] SCDAY w @S wrol Ak I o fejgh =1
olal, AA| sjYFEANM = d=o o8 el FUZF SCDAZF F4HE %27t
Jey s Fde AT & ¢ e AN HEY £ FIeddA &
o WS aFsior & Aow dAddn
30
W/ Waterproof
25 - / P
£ 20
2
o 15 - W/O Waterproof
2 -
0 10 -
a
5 -
O T I I I
0 10 20 30 40 50

Time (Hour)

Fig. 4-7 9|59 & #AW/ Waterproof)3} 2FeHW/O Waterproof)oll 2] 3k
B Bl

414 Ay 239 2%

%A Z@dgeld] we WAt sﬂT F 9 S 447 Ado
4 232 #Fd = 9 s3d dbe A o S
FYUH SCDAZE o = lemz 3]t SAHA BAHE Fapddd g Al
o7} Basith Ed oy Fo] 98 A5
HER e W SCDAE #83 A¢ FFEELAE /\]-9—0}7%1/]- SE &

.

AEEHE %
ARARG] S Tocm A Ak FEl U2l A B eHel A
TUL wol £EO| 4US A= PPOE PFYL A2 HAc
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4.2 =)A= SCDA

4.2.1 S A& SCDAY 7H&

B Ay e mIoa AZHE SCDAS! Dexpang o] &3 23S £ty A

o sl 9% drtds o A Eo17] st ol 4l SCDAE

A AFstA ). Table 4-3= =W A2 SCDAY A& w4 3F0]H, Table 4-4&
MEEE vehlt 39 SCDAS AH&al] A8l A Aed 3
EEYAE Ao vl H&S  Table 4-59] YeEFATH
Table 4-3 =A% SCDAS] HEEA4 %
S /\}%]ﬁo Q Al
& AE E
o= (%‘%H%) _ﬂ‘l‘lﬂo 1 0
A 3] 100 CaO
= 0
EsHA 015 TFeETYdESH
e . PR 5 8
#E3A 0 Zel7h PO
2EA 5 e EA WH71EAA, 34
. T, FEE, .
A A 10 = T3
=3A 15 A2 27 THAFS
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Table 4-4 = A2} SCDA] wjj &3k

AT A3 100 100 100
= 30 50 50

53 105

ek 2A Z3EA 007
A 015

F3A 15 0.225

ERTEIPY SEHA R Rl

=3 A7} SEA =% =% R
B34 pae pac Kack

Table 4-5 v 3HH]

SCDA type SCDA = T
S1 S2
=A% SCDA 100 50 16 0
=A% SCDA 100 50 0 063

Collection @ kmou
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4.2.2 S WA= SCDA H7}
Fig. 4-9% SUlAIZ SCDASl #3ol4 e BAYS vebd deolch, B3
oF Sz F) AR SCDAS] A9 FFoIA A AR st P ol
adhe Ao ol HYh ol HAWHAE AART A YHIB
AGFOEA WAT ANz, FAYHIE FUF F/HHU AT DG A
2 #edn. £ A0E £3REIAY A5, Sl WE A fEHol v
Hold AW} wl g Fop R Agyo] gtk B B AT
S

29he o) g7 AL FAshATh

Pressure (Mpa)
= N w
n N n w n

[y

0.5

o 1 2 3 4 5 6
Time (Hour)

Fig. 4-9 =}t SCDA 7 <k
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A SR 2d A

51 743 454 AL

ABAQUS Explicit 6.12¢] £Z38]E A axdl Concrete damaged plasticity
model-& ©]&3tq oA/fe] HFES 7H ZAYE Fx2A EAE JREstA
o HFEol SCDAS #ASto] #A&atS A TAUE F2A 49 TAA
Q3 SCDASl HA 27 HAYMinimum required pressure)S 7|
ABAQUS =Hl& o]&ste FAstHow F#dxIdo] AgH WFog A7t
HeA Felsidn g 2l thejA s L7 fx|ol SCDA HFES T
< AA F3YE €dBY ddAlo] AdFE T3 EE HAE5E FHSAT

511 34 =d¥

MEd sfjdrde] #E HA B I I 7RSS =3 gz Ty
AN7IEA sty fste HEy ol e 4E9HE Ede

4
tes
L
g
td
i)
Lo
=
B
-
iy
o
o
[
=)
(@)
o
5]
<
= 8
=]
=
o
=]
o
)
o
i9
X0
4
1
oQ
o
—
=2
>,
*

ZIYES $H-FIZ A3} FAL CEB-FIP (201008 2]& o]&3le] #A
TAsAT 1HE FIYE F2A %EHE)«I A71= 1.0m ¢ AFHA
7 38mme] & wHEo] #E9 WHS Rl 2aYESY EAXF I

Ao JA7F #EEy F Fd4do] A —rﬁE‘iTi Zhgstez 2udd vl

oz S¥H-FEZ ZA(Bilinear tensile stress-crack opening displacement

graph)& ARg3te] ZIYES #EE BEASIATH £ AFdAe driygoz

AHEHEE FaYES 4FAECMPAE 7EoE i or I dAE 140

N/m o]t}

=

SRS
il

2D element(CPE4)E A&t on, &9 AEL AANA 857} /M =
L 38mm=z HSFP T WAAe] A & UlFol SCDAE nd sl &%
=S Ag3oaHn WS FE3HUTH SCDA HAA ) ZIFES HJPR=
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Tie7} obd Contact2 & 3tF T HEF 42 <=3 General contacts A&
stgom ulFASFE 042 AF83le] SCDAGIA] B A £ BEF3goz kAl
3= 3] A(rotation)S H 43} T

Symmetry
v \
D O C
Q
D O C
O
D O C

Fig. 5-1 a4l 5 =4 mesh B A =4

512 34 A3}
SCDA®| &faf dAyst= BAQC 2 ety FAYE FAXHAA et afA <
3 Ao n)e] Z3ol o}
T qRE HES A7 k-factor(E 2] AE3 E3F 1142 v} 6.6Y
$ &3 & Abo] I #<Y(Secondary cracks)e] AHAAEA ¢y F Q2 HFA(Main
crack)o] & AAHAo Y #H WFS wE Aoyt Bad A
6.691 4 4.77kA] A Ak = Aoz FAJFHAT o] A A x| wt

o

< k-factor
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Fig. 5-23 %o] SCDAE HiA|stal s Z2xE Hlwstdoh. A Ax 449
Pattern-3o1 4 ¢F 9.2 MPa®] AStelA FAsA JAAHATG. F7HA¢0 BF
P destA @S ZoE dAddT ifﬂ Hee] e #d 4L vuEy
g AFE T A asgtEe] AHAAE £ W, 29 AEH & 1 A
o] Hl7} 6.6(k factor)?l 7d-% A} 15.6 MPaoll A FxA|o #+ES &340
2 FAAIE AR FRIFHATH oA FalE 3 AP HE BAYGS
=A% A3} 26.3 MPa ©o|Ate] BAtS WA Ao mR s SCDAEZS A&
2 AL A FY SCDAZ S 3T H9 #EdS TAYANZ 3oz 49
FET. AdAAete HaEAS Ty Fol et B Aol AR
Zo] A &3 k-factor 6.6 ¥ 4.72 150 MPa Z=7kA A &39S A4S dstes
WgFo R F4do] & ARES F0 T F Aok
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Symmetry Symmetry Symmetry

g \_/

O O
O

)

/

(a) TAYE €U E

(b) Pattern 1 (c) Pattern 2
v
Symmetry Symmetry
O C D
DRNEFE @ s SRS O
O
(d) Pattern 3 (e) Pattern 4

Fig. 5-2 k-factore} <A o]
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=)

Mg A rde] ZagES] FANAY FE B Fad HroTe
o]

e =
AT oA 3 MErde st ook U3 ve(lD=E 24 49
= d

78 2 Ao TGS A7} nn BT

At FA4 wd dAE A7) Aste] BASE SAANDAA ARSI
SCDASH 593 AEL ol gste] AFS S5t mdA=L 3 A==
ZIYE EFL F 4T FoIH =S U2 FEH] AT ZAA Flst
7l % F7F A 23 FE O AAskd SCDA ARgol 9% FAYE &5
(30MPa)2] #dX A= 1AL &3 7H40] F& A W& FFo] I
of At AFE Tt &l® vk AtHGambaste, 2003). 12y & ATl =

1%
td
i)
i
v
il
X

>
2
>
o
=2
>,
rlr
(L
ot
flo
k
na
ofr
ok
XN
50
kl
>,
m)
o
2
2
ol
ok
2

g FE 9A7} obd Aol HAATHE FARYS) WRolth £ APA T
o 7b BoW AEA AN N Fe FIS WAAD T 9

A3 AH&H SCDA+ Dexpan A|Folm 1099 £7]|2=(15C~25C)E i
#3sle] Dexpan type 2 (10C~25C)= AREsdth A" EHres Zolrt
20cml Aol s Ed} AolHoln HFEe 7], A= obf Fig. 5-49
Zo] BT FYsA AFsAT. Ade FATHA JAYE o] 83t 23
Ed 7l d BA(E FFHoH 9 EAlo] FAF AIFEANAE F
2t FAMA AL &2l Fig. 5-5% A&9 Dexpan SCDA®] =gt
I} HYE SAHS 9% DAQ Al=HES YERA Aot
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1,000mm | | 1,000mm |
i |

eo‘ 65 125 125125125125125 65 60 60 190 250 250 190 flio
N [l
® €, o
M =
© 8
O D - | U] G
M|k N
o O O O |32 |8 S
©) O ol—+2 |5 &
O 0O O O W E
O &; O O
¥ e q
38 *5H : 200mm =7 : 200mm 38
(a) Pattern-1 (b) Pattern-2
‘ 1,000mm |
| ! | 1,000mm |

40 210 250 250 210 40 [ i

38

l 250 125125125125 250
O O —+=
5t e o |y
o O O 0 O g O O ;L“:
3 O U'_“‘
O O -
O @—;{Z
o O O 2

*Z 74 : 200mm u
- 28 *27H - 200mm

(c) Pattern-3 (d) Pattern-4

Fig. 5-3 Zd4%2 9% #agessy =d

- 38 -
Collection @ kmou

Wwipoo'T

Wwoo0'T




| 1,000mm | i 1,000mm i
| |

60 65 125 250 250 12565 60 60‘ 65 125 500 125 65 60
| "
=5 T O O -+ 1
2 g
o O O e e © © _“g B
O O |+ |8 O O |+ 8
N %] o
© Ol—+% |5 O O tg 2
O O E 3 O O 7*5
O O O O O .
‘ R E‘ ) 3
38 *E=7H : 200mm 38 *274 : 200mm

@) (b)
Fig. 5-4 23289 339 A% A3

"(a) SCDA Hfgd (b) DAQ system
Fig. 5-5 SCDA #|§ 2 DAQ system

_39_

Collection @ kmou



(c) Pattern-3

(d) Pattern-4
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(a) Applied Pressure

(c) Applied Pressure (8MPa) (d) Applied Pressure (13.6MPa)
Fig. 5-13 Crack Propagation (7}2)
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(a) Applied Pressu (OM lied Pressure (2MPa)

(c) Applied Pressure (5MPa) (d) Applied Pressure (8.3MPa)
Fig. 5-14 Crack Propagation (A Z)
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Table 5-1 HFa4 2 Az

Crack Type

Number of
Hole

k—factor
(1=38mm)

a
(Distance from
free surface)

Concrete
Compressive
Strength (MPa)
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Pressure
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05s
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19.7
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27

1

136
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21.3

19.2

26.2

26

108
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151
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23
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22.6
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Vertical
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6.4
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40
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30
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40
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30
40

119

05s

20
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