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Numerical prediction and control of crack patterns in
non-explosive demolition process for brittle structures

[e)
4 & 1

Nam Yunmin

Department of Mechanical Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

A traditional method for demolishing large-scale structures such as
buildings and bridges is the use of explosives. However, the explosive
method leads to noise, vibration, and dust emissions during the demolition
process. In particular, applying the method to marine structures may cause
safety hazards and destroy ecosystems. Soundless chemical demolition agents
(SCDAs), also known non-explosive demolition agents, can be considered a
promising alternative to the explosives, because they can reduce
environmental problems. The SCDAs are powdery materials similar to
cement, which result in the generation of expansive pressure when
contacting with water under constrained conditions.

Although the SCDAs have the environmental advantages, general
guidelines for usage of the SCDAs have not been established yet. In this
study, a series of numerical simulations of the SCDA-driven demolition

process are conducted using a concrete damaged plasticity model. The tendency
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of crack initiation and propagation in brittle circular and semi-infinite
structures is observed varying the dimensions, boundary condition,
compressive strength of structures, and the number and spacing of the
SCDAs. Furthermore, considering the additional holes, in which the SCDAs
are not injected, the effect of distance between the SCDAs and holes on
the crack patterns is investigated. The effective arrangement of the SCDAs

and holes for controlling the desired crack patterns is also discussed.

KEY WORDS: Crack control #&A]o; Structure demolition ++%& &l A); Soundless
Chemical Demolition Agent ¥4~23}38t984-4)]; Semi-infinite domain ¥WFF-3+ 4
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Fig. 10 Crack path of fixed boundary structure
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45.00
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35.00

30.00

25.00

20.00

15.00

Pressure [MPa]

10.00

5.00

0.00

0% 25% 50% 75%

Boundary condition
Fig. 11 The required pressure depending on boundary condition

Fig. 12 & Fx=9 Z7]7} 1.0 m < s RHgA 2=l & HiQ
TGS vdebd TEE otk &= AR wobel wet 7o

B A717E A Ae Ae &g 5 AnH.

45.0
== 0%BC
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1] 7 - 0
o 30.0 L 10
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= t
@ 225
=
[%4]
wv
g 150
a
7.5
0.0
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SCDA expansion [%]

Fig. 12 Pressure history of 1 m structure
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SCDAE Ap&ste] F&=o] Hod Fx2& A 29 AL 75
ANM AFrEE WFoez IAHI, o HieFAAgee A ERHAA &

ne FRAR 4

o
TZES AV|E Ao 42 04 m, 1.0 m, 20 m, 5.0 m 23 10.0 m I
o= X FZgel =717} 0.038 m ¢l SCDA 1/HE W= % s~
A FxEY =27 tg HedTFE DAY Table 1 & SCDAoY 937 +
=9 A7 W& HLQoTHAGS U ®elx Fig 13 &
dERAL 4 el Aoty FxEQ A7 ulHsty HAQTHAY
o 3t Fig. 14 & 7= Z7]d B HALa79%
Aol dEFe vERA fzolth o] AAdE W 87 HE AL THAYS
T2 27171 10 m o A" AF LAk
Atk =, 7= Z717F 10 m o}de] 2 A% =7l ¢
g FFol iU & 4 dom, ojuf SCDAS| Ao o7k FAXIHA|

TEE A7E WHEolA BaE 24 7T AeE FlFEAT

Table 1 Required pressure depending on structure size

Structure size Required pressure
[m] [MPa]
0.4 16.9
1.0 35.4
2.0 60.4
5.0 87.3
10.0 104.7
- 17 -
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DAMAGET

(Avg: 75%)
+5.000e-03
+4.583e-03
+4.167e-03
+3.750e-03
+3.333e-03
+2.917e-03
+2.500e-03
+2.083e-03
+1.667e-03
+1.250e-03
+8.333e-04
+4.167e-04
+0.000e+00

(@ 04 m

(b) 1.0 m (© 2.0 m

(d 5.0 m (e) 10.0 m

Fig. 13 Damaged configurations depending on the size of structure
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Fig. 14 The required pressure depending on the structure dimension
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5 AreTRIY Fe AFYS ITNTE I FaHL 4/
gol 7185% A2aTBIY e HIHOE Fse e L
o

d; = distance between each SCDA
d, = SCDA diameter

Fig. 15 Description of 10.0 m structure

Table 2 Result of required pressure each the number of SCDA in

10 m structure

Number of Required pressure
SCDA [MPa] h/d,
1 98.9 2.603
2 84.6 2.228
3 71.8 1.890
4 67.0 1.764
5 58.4 1.537
10 36.6 0.964
20 20.6 0.541
30 14.0 0.368
- 20 -
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100.00
©
o 80.00
=)
£ 60.00
-
%)
%]
Y
& 40.00

20.00

0.00

0 1 2 3

dl/ d2

Fig. 16 Required pressure depending on di/d,

F9e A4 % QA F$ F=E %S| SCDANA WA AYH I A}
of F2E WMoz Fdo] AW ol Fg 17 & 53 FAT 5 9
o} Fig. 18 & SCDAZ 2071} 307HE WiXIste] 314 ¥ ALaTRIGL 7
SCDAME hehd e zolth. FxEe W% REs 7b3 b7he SCDAY
HraTggeel /M4 wA Ugn w#de) A4 94 F2E 9hZo] SCDAY
A A AE R oA vt T2E wgEe 2 o] WAHATH

J

DAMAGET
(Avg: 75%)

I I NP N e I o Mo NI e I I

+5.000e-02
+0.000e+00

Fig. 17 Crack path of 10.0 m structure with 10EA SCDA
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Mimimum require pressure

20.8

204

20.0

155
15.0
14.5
14.0
135
13.0

[MPa]

@ 20EA

5 10 15 20 25 30

SCDA number
[EA]

Fig. 18 The required pressure depending on number of SCDA
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> Infinite element

— Finite element

Fig. 19 Connectivity between infinite elements and finite elements
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Free surface

L

L J

Infinite element

Finite element

L 4

SCDA

L J

v

Symmetry

Fig. 20 Analysis domain using the symmetry

Table 3 Required pressure depending on domain size

o Minimum requirement
Domain size .
expansion pressure

[m]

[MPa]
5 70.73
10 71.83
20 72.34
30 72.39
40 72.41
50 72.41
60 72.42
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(@) 10 m (b) 20 m (© 30 m
DAMAGET
(Avg: 75%)
+6.000e-01
+5.500e-01
+5.000e-01
+4.500e-01
+4.000e-01
+3.500e-01
+3.000e-01
+2.500e-01
+2.000e-01
+1.500e-01
+1.000e-01
+5.000e-02
+0.000e+00
(d 40 m (e) 50 m (f) 60 m contour

Fig. 21 Crack paths of various size domains
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Azl AgYES 1m,2m,25m,3m,4m 2 ZAxHoE SeE7AAN #
XA FEE dotre S IPstATh FAAL] At 2 m A=
WA 7k Ao AEoF Qe HAA Apold FLo] o]ojW-E Fig. 22(a)
ANA AT 4 A, 25 m o= FEAEo] HAF oA HA FEo] AZAEH
A Ges BYon 3 m oldREe T BAA Y 1Hgo] AekH #hol o]
o] A %e& Fig. 22(b) oA el & Qo

DAMAGET

(Avg: 75%)
+6.000e-01
+5.500e-01
+5.000e-01
+4.500e-01
+4.000e-01
+3.500e-01
+3.000e-01
+2.500e-01
+2.000e-01
+1.500e-01
+1.000e-01
+5.000e-02
+0.000e+00

(@ 2 m (b) 3 m Contour

Fig. 22 Crack path depending on vertical distance between two SCDAs

4.2.2 A3 =323 wgo = 27019 SCDA #ix

SCDA /RS Afold 1 m Eolx 3o wix], nAsta Z=rQl ok& gk
© 2 SCDAE 1/ME F7} wixd w] % SCDAZFe] A€lE 1m, 1.5 m, 2 m, 3
m, 4 mE ZA7IAA A4S F3, #I9AAY FHES Lotr ) Ao
A1 m "o o] wx3 SCDAZS SCDA-a =, AES ZH3 SCDAE
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SCDA-b = AAstth 1.5 m 7kA = F SCDA Afold] #do] MA #Yg &
SCDA-a oA - WEFoez Fdo] dojd AL Fig. 23(a) 2 () oA &<
g Aom 2 m FEE SCDA-a oA A HEFo= Fdo] WA X

3, SCDA Ateloll w<do] A3 AL Fig. 23(c) 9 Fig. 23(d) <A &<l

ik

At

(@) 1.5 m (First crack path between SCDA-a and SCDA-b)

(b) 1.5 m (Second crack path from SCDA-a to free surface)

(©) 2 m (First crack path from SCDA-a to free surface)

(d 2m (Second crack path between SCDA-a and SCDA-b)

Fig. 23 Crack path depending on horizontal distance between two SCDAs
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A 1 m Boj FEA 270¢] SCDAE o] &3}
¢ AHad By BFoRE 2 m AFEH FAG FFOIZE 15 m
Z SCDAE wjx|sljof 52802 Q13 SCDAALo]S] o] HA NHEHAT
o] & o] g & Table 4 9 #o] A3} ot AL Aot}

£
4l
e
filo
™
)
)
my
o

Table 4 Normalization between each SCDA distance

Distance between SCDA that . .
. distance normalized
is parallel to the free surface

\% 2 m 1
Distance between SCDA that ) )
. . distance normalized
is vertical to the free surface

h 1.5 m 1

4.3 72| vz

AA LA wES Ffjop HE R Fdo] A= AL W] & &
XA A7t Basith. T8 Fig. 24 oAl B 4 95o] SCDAS]
3 FE&He 7dsA F7Ha oA SCDA BHE o] &3 wdxdLe =

Fgo] BAYXE d=3lr] PEo] ExRs FAoT FIS IHA 7] oF
th ol & 2387l 93 SCDA FHol FH& F7l=2 wjAste] 27 a4

Lo

S, Max. In-Plane Principal
(Avg: 75%)

+2.000e+00
+1.667e+00
+1.333e+00
+1.000e+00
+6.667e-01
+3.333e-01
+1.788e-07

-3.333e-01
-6.667e-01
-1.000e+00
-1.333e+00
-1.667e+00
-2.000e+00

/)

Fig. 24 Principal stress distribution during SCDA expansion
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Fig. 25 9} %o] SCDA o] 72 watA 5™ SCDAS| Aol o3 >
geo] FHo| FAEHo] Fdo] WA WA, WIS WA A EE T o]
Yo dojups AL FAT 4 ALk

( ) S, Max. In-Plane Principal
(Avg: 75%)

+2.000e+00
+1.667e+00
+1.333e+00
+1.000e+00
+6.667e-01
+3.333e-01
+1.788e-07
-3.333e-01
-6.667e-01
-1.000e+00
-1.333e+00
-1.667e+00
-2.000e+00

I |

Fig. 25 Principal stress distribution during SCDA expansion with empty hole
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#oll 7S wix w SCDA-T Ate]l9] A& 01 m #E 1m 74 0.1 m
AA 0 WA AMe st

THE Eol s WP A9 SCDA-T9 7+ A7 0.1 m FE 0.6 m
7hA= SCDAS] Aol o3 F83o] 730 F&3] ATHAH. o= U3t
Fig. 26(2) ol 27114 a2 27|¢do] A7t & Awdy AP WFo=
Z71¢d ¥ T AFEdFor Fridde] PP & F AU 9]

= T
W Fig. 27 oA & 4 glke] HreTWRGe PasE A FAY 5 9
Aot Fig. 26(b) &= SCDA-749 1}9] A7 0.7 m o)ldd Ay #E9xA 4
Fo]al ol FHOo® A =7F HA dtor ALY £ 7
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o] gl Wt e AFRE YERAUTH

SCDAS} 78 Atole] A7t 0.7 m o] d o= F7Fe 7§ SCDAS] 7ol 9
T S8 Tol 7ol HAFHA @A o= ) Afed Y YFoe=

Adslolord @ol T FEAAAR datel F2E GRos 71U
ARH= AL BT 4 IATh T SCDAS] ¥ 0.7 m oo wjxet
A #2Q Lgl AL 7w Aol A=A

DAMAGET

(Avg: 75%)
+6.000e-01
+5.500e-01
+5.000e-01
+4.500e-01
+4.000e-01
+3.500e-01
+3.000e-01
+2.500e-01
+2.000e-01
+1.500e-01
+1.000e-01
+5.000e-02
+0.000e+00

(@) 0.6 m (b) 0.7 m Contour

Fig. 26 Effect of an empty hole in a vertical position at the SCDA
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Fig. 27 Changes in required pressure with respect to the distance
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(a) Empty hole 2EA (0.2 m)

(b) Empty hole 2EA (0.3 m)

Fig. 28 Effect of empty hole in a horizontal position at the SCDA
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A5Ad € 3T R IA A

SCDAQ’]’ :llué]-o’] HH';(]% tH 7 5} —E—gﬁé%]—% xﬂo.]—g'_;]—y_x]_ “6‘]—93\1’4—

Table 4 o4 Attt SCDA 1t A=lE SAZE sk Fig. 29, 32 ¢} o]
2717 ®Hg gl d)A 3 F @ sjo] SCDAS AAT Aol was| R
nAEto g e Erlste] HEHow ‘v’ 2 Hue BAL AANA T

=
22 AANNE e BEE AHS FASAT

5.1 SCDA 97} ¢} wjx)e] & Y& (Case 1)

4m x 8m ¢ FIre] 9702 SCDAS Fig. 29(a) ¢ FEE wjx|sla oS
Case 1 ¢ Z7|rdg AAsAY. Z712dL EZ Fig. 290b) ¢ #o]
2,4,6,8¥, & 471¢] SCDAE AA% AN E HALL T AYH #2314
Zeol WsEtE gRlsdtt 27129 A HAQ TGS 6145 ~ 68.02
MPa & ugron F49¢ @S Fig 30@ A3 ‘v’ & FHE Vehuys A
o] 2=t} Fig. 31 & SCDA 1/ME A497 4 m "®olz, = Fig. 29 oA
©] 5% SCDA®} Y3 XAl viA|sta | & T3t U2 #2470
o} Fig. 31 olX Y HAa T4 167.24 MPa & ko) Fig. 29(a) ol Al
= 4,61 SCDA®] A3 zg o7 23 68.02 MPa & Uttt

SCDAZ Fig. 20(b) o YEbd AHA 44E AAT 49 HeaTARGL 1
¥ SCDAo|A 70.45 MPa, 3 SCDAo| A 107.47 MPa, 5 SCDAe°| A 110.49

= 38 Tt AR UX $gn Aew
5 71 ke 195 99 SCDACIA TxEe| wgdaon gdol AAPL

A~
& AT

431 oA AAE EUE 35W SCDAS HAQF3Le Fol7] 98
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Fig. 29(c) ¢} #Z°] SCDA FHo| FHS F7Ist 34E TP 432 &
Nxel AE EtZ 1H SCDANAFEH AFd3 HP3 FFoz JAFH=
4EE 7YH<S F7iske] 3H SCDAE st A
e o 9 By Fx2EY ngldFe s A
o] +HE F7I¢ Foll= 3W SCDAE 3l == 21& Fig. 30(0) oA &
AstAch wbAe] HAQ TGS 70.82 MPa 2 79 X H AA HolE
Holz ol &8 HFol o3 P9 o5 & F Itk 33} 51 SCDAY]
T TEe AL BxE A ‘v’ A JHE 4IPS BRon 79
SCDAE 77.24 MPa, 5 SCDA+ 90.25 MPaZ &4 Q F37qtF
S glsld T Table 5 & Case 19 A Zdof A9l SCDAY® HA
o
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1m 1m 2m
1\
© —0 ®
4 m
Free Free
Surface Surface
Symmetry “ Symmetry 3
DO0O0000000000GCOOO DOOOOOOOOOOO@)O
(@) (b)
1m 3m
© @ 06
Free ®
Surface
Symmetry 35
Symmetry
DOO0OOO0O00000O000 o

©

O : SCDA . : Hole

Fig. 29 Arrangement for SCDA and empty hole at Case 1
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(@) 9 SCDAs

(c) 5 SCDAs with holes

(b) 5 SCDAs

DAMAGET

(Avg: 75%)
+6.000e-01
+5.500e-01
+5.000e-01
+4.500e-01
+4.000e-01
+3.500e-01
+3.000e-01
+2.500e-01
+2.000e-01
+1.500e-01
+1.000e-01
+ 5.000e-02
+0.000e+00

Fig. 30 Crack propagation result of Case 1

Fig. 31 Crack propagation result of No. 5 SCDA without another SCDA
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Table 5 Required pressure each SCDA at Case 1

Minimum requirement expansion pressure [MPa]

SCDA

9 SCDAs 5 SCDAs 5 SCDAs with Holes

(Fig. 30(a)) (Fig. 30(b)) (Fig. 30(c))
No. 1 61.45 70.45 70.82
No. 2 62.88 - -
No. 3 63.85 107.47 77.24
No. 4 66.65 - -
No. 5 68.02 110.49 90.25
No. 6 66.65 - -
No. 7 63.85 107.47 77.24
No. 8 62.88 - -
No. 9 61.45 70.45 70.82

5.2 SCDA 1371¢] Hix)ol] &3t 9 (Case 2)

55 m X 12 m &Ztel Fig. 32(a) ¢ FHE 1370¢] SCDAE Hix|3 =d<
Case 2 o z7lmdz HAgsle] ae Sastn e A7) kol SCDAC]
N4E 9lz Za4 A% Fig 320) 9 A4ARE was) ngy 5 2
o #14 A3 Fig 3@, O oA UehtRe] v A FHe #ENAL
o] FRoY HAQF ALl Fig. 32(2) & 59.81 ~ 66.44 MPa, Fig. 32(b)
68.36 ~ 98.20 MPa & vkt Fig. 32(a) o Hls] Fig. 32(b) & HAQ 9%
o] FEHA F/EE AL FAT 5 AAUTh H2oTBRLY FAE f
o FAAANAL W o] 5L @7] §13) Fig. 320 9 2ol WL Fra
G4e FASAT. THE FAFORA HAa AR 68.20 ~ 79.08 MPa
2 74393 Fig. 320) o vage o 9o 0|52 nghth= 2L Table 6

=
= T3 &I F Ao

CON IR A

ml
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45 m
—O0—O0—C—0® —0O @ ®

Free Free
6 6
Surface m Surface m @)
6
Symmetry 7 Symmetry 7
D0O000000000000000000 (o] OOOOOOOOOOOOOOOOOOOOGQOO

(@) (b)

ONONONO)
®
®

7

Symmetry ~

Free
Surface

Symmetry 4\
000000000000000000008®00

(©)
O - SCDA . : Hole

Fig. 32 Arrangement for SCDA and empty hole at Case 2
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(a) 13 SCDA (b) 9 SCDA

DAMAGET

(Avg: 75%)
+6.000e-01
+5.500e-01
+5.000e-01
+4.500e-01
+4.000e-01
+3.500e-01
+3.000e-01
+2.500e-01
+2.000e-01
+1.500e-01
+1.000e-01
+5.000e-02
+0.000e+00

() 9 SCDA with hole

Fig. 33 Crack propagation result of Case 2

_40_

)Collection @ kmou



Table 6 Required pressure each SCDA at Case 2

Minimum requirement expansion pressure [MPa]

SCDA 13 SCDAs 9 SCDAs 9 SCDAs with Holes
(Fig. 33(a)) (Fig. 33(b)) (Fig. 33(c))
No. 1 59.81 68.36 68.20
No. 2 60.59 73.01 71.37
No. 3 61.23
No. 4 62.28 75.58 72.11
No. 5 63.88 97.74 78.76
No. 6 65.85
No. 7 66.44 98.20 79.08
No. 8 65.85
No. 9 63.88 97.74 78.76
No. 10 62.28 75.58 72.11
No. 11 61.23
No. 12 60.59 73.01 71.37
No. 13 59.81 68.36 68.20
-1 -
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Table 7 U-shaped crack pattern with respect to the SCDA distance

and compressive strength

Compressive Normalized distance between the SCDAs
strength
[MPa] 0.70 1 0.80 1 0.85 | 090 095| 100|110 1.15| 1.4

12
20
30
40
50
60 -
70 -
100 -

x| O]|OI0|0

X| x| x| O|O
O
X
X

X| x| x| x1O]0O 0|0
x| x1Ol0O]0]0|0]|0O

x| x| OIO|O]O|0O|0O
X| X | x| x| OlO|O0]0O
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Table 8 Minimum pressure [MPa] required to form the U-shaped crack

pattern, depending on compressive strength

Compressive strength [MPal]

12 20 30 40 50 60

—_

46.03 61.44 77.29 87.38 105.68 120.02

2 52.29 62.88 78.75 89.11 107.28 121.86
3 54.69 63.85 79.83 90.36 108.57 123.22
4 60.03 66.65 83.75 94.18 109.13 123.83
SCDA
5 62.08 68.01 85.30 95.91 109.32 123.74
number
6 60.03 66.65 83.75 94.18 109.13 123.83
7 54.69 63.85 79.83 90.36 108.57 123.22
8 52.29 62.88 78.75 89.11 107.28 121.86
9 46.03 61.44 77.29 87.38 105.68 120.02
Average 54.24 64.18 80.50 90.89 107.85 122.40
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Fig. 34 Result of success ack propagation model
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Fig. 36 Other result
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