TUNNEL & UNDERGROUND SPACE Vol.31, No.1, 2021, pp.52-65
https://doi.org/10.7474/TUS.2021.31.1.052 ISSN: 1225-1275(Print) ISSN: 2287-1748(0Online)

ORIGINAL ARTICLE

o[\

|2 20| o] 0|2|= &l thst =522 B7t

Probabilistic Assesment of the Effects of Vapor Cloud Explosion on a
Human Body

Yong-Kyun Yoon'* and Eun-Hye Ju?

'Professor, Department of Fire and Disaster Protection, Semyung University
’Professor, Department of Firefighter Administration, Gangdong University

*Corresponding author: yoon63@semyung.ac.kr

ABSTRACT
Received: February 9, 2021 In this study, authors analyzed the vapor cloud explosion induced by propane leak at the
Revised: February 15, 2021 PEMIX Terminal, which is the propane storage facility outside of Mexico City. TNT equivalence

mass for the leaked 4750 kg propane was estimated to be 9398 kg. Blast parameters such as
peak overpressure, positive phase duration, and impact at 40-400 (m) away from the center
of the explosion were calculated by applying TNT Equivalency Method and Multi-Energy
Method. The probability of damage due to lung damage, eardrum rupture, head impact, and
whole-body displacement impact by applying the probit function obtained using blast
parameters was evaluated. The peak overpressure obtained using Multi-Energy Method was
found to be greater than the peak overpressure obtained by applying the TNT Equivalency
Method at all distances considered, but it was evaluated that there was no significant
difference from the points above 200 m. The peak overpressure obtained by Multi-Energy
Method was computed to assess the extent of damage to the structure, and it was shown
that structures within 100 m of the explosion center would collapse completely, and that the
glasses of the structures 400 m away would be almost broken. The probability of death due to
lung damage was shown to vary depending on a human body's position located in the
propagating direction of shock wave, and if there is a reflecting surface in the immediate
surroundings of a human body, the probability of death was estimated to be the greatest. The
impact of shock wave on lung damage, eardrum rupture, head impact, and whole-body
displacement impact was evaluated and found to affect whole-body impact < lung damage <
eardrum rupture < head impact in order.

Accepted: February 16, 2021

Keywords: Vapor cloud explosion, TNT Equivalency Method, Multi-Energy Method, Probit
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Fig. 1. Variations of overpressure with time of blasting wave
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Fig. 2. Simplified overpressure-time relationships
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Acfeile Beptoka, PAeIAE Tk 8ol UEKAICE, 2010).

Table 1. TNT equivalence mass factors for representative military explosives

NT equivalence mass factors

Name of explosives

Peak overpressure Impulse
TNT 1.0 1.0
Amatol 0.99 0.98
Composition C4 1.37 1.19
Cyclotol 60/40 (RDX/TNT) 1.14 1.09
HMX 1.02 1.03
Octol 75/25 (HMX/TNT) 1.06 1.06
PETN 1.27 1.11
RDX 1.14 1.09
Tetryl 1.07 1.05
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ZHF AL 2 Vo= O 2 1~107FA] 9] A2 BA|ER= ZHEE A9 coefficient of strength explosion blast)E =I5}
SAPFAASE Zo] 9l=o H 5= QT (van den Berg, 1985). 57| L2 H7lob7| 2IoiA= TNT S57FHHET}
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Fig. 3. Scaled positive phase duration vs scaled distance (After Yoon, 2019)
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FFde = A w0l SAu oF WSS ] @Al Sashe 7 lAllell 28k S F i 2.
P =P, (14)
Fig. 4(b)2} 2] Afefo] Agl 39 Fn Pl S Aaako 2 g2lol B30 ol 5 ()0l F7h2 2t
2
P:P5+Q:Ps+m (15)
Fig. 4(c)2F o] fo]o] ZMI= Q= Al Q1oll A7 AL WOl Q= 7-¢- T2 R RIE(P, ) 2o,
) 8P+ 14P, - P,
P=p = (16)

" P, +TP,

o714, P,=tl71%0= 100 kPa= 7143t

(@) A case in which there is no obstruction of shock wave due to the human body

(b) A case in which shock wave flows around the human body

=0

(€) A case in which shock wave is reflected against a surface in the immediate surroundings of a human body

Fig. 4. Position of the human body in relation to a propagating direction of shock wave (After Assael and Kakosimos, 2010)
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E= VX px AH, = 2554 % 1.86 X 46000 = 218520 M.J

Ei‘ﬂ = 2 ARtelr] floliA= U025 E Aol i ol SA%RS dolof ettt 2 Aol A= TNT 7P
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HRH O] ZRIE A7 10 ] Zchldat 57 HA7120% & wie] Zchaleto] Akgt A0 2 defA] Q7] wie] o 71A=
TNT 5710l 288 5745 20% 2 X451t Mercx and van den Berg, 2005). TNT 2] Z39-8- AAJ5}2] o1 Axhi
of| whzh e ]9t B Aol A= 4650 ki/kg = SFATH(Yoon, 2018). 2] (4)& AR&510] TNT 57F4S J16bH theart 2k
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She 2t & 2 ek A Aol 2A vgold A el ofsl] sl 2] Z717FTNT 57 Piell ofsf Alta i
202 UERFAIRE 200 m O] % A El= 719] AR 202 LRt HU 0 27 200 m ol Ao 9= FrEEe] nty]
We Sl 779 A2 30 kPas A2Ishe 202 ZAEIRLAL, o] Aol tholl|A = TNT 57 el 2fsh ¥71Hd
it 271 23.8, 16(kPa) 0.2 LER thgofu| 2 Hol| ofsl Altbd Bt A 4ol 25 | Fetete & &

THOoE
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Fig. 5. Variations of peak overpressure with distance
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Table 2. Damage levels with peak overpressure (After Assael and Kakosimos, 2010)

P
Damage levels (kI:a)
Glass Panes
Fracture 5% 07 -1
Fracture 50% 14 -3
Fracture 90% 3-6
Buildings
. 3-5
Movement of tiles 6-9
Destruction of doors and window frames
. . 35-80
Destruction of wall construction 50-70% 20 - 260

Near total demolition

Table 3°li= TNT 57 P} thgoll A H-S 2-85to] A1t iy, 2%, o] 4 21EAI o] FAI=|o] Qlot. TNT 571
1H9] 742 UN SaferGuard 4] A|155H= Kingery-Bulmash TF}2] 2153 ARgoto] S ¥4 1S 130w, ool A <
73olli= 21 (5), (6), (7)TFFig. 35 o]-85to] ZH W= ghs Atsioiet. eizie 2 oFo) o A1SARRE thsell| A o] TNT
S7REG 2 705 UEh] lZel SAE T thsellUAH ] 7397 INT 57H 9] Kot &

Table 3. Variations of blasting parameters with a distance from explosion center

Blasting parameters
Diztla;;lce Peak o(vkeg;essure (LIEZT:]:) Positive Izl;a:;: duration
TNT Equivalency Multi-Energy TNT Equivalency Multi-Energy TNT Equivalency Multi-Energy

Method Method Method Method Method Method

40 321.01 750.22 2986.95 25397.89 42.83 67.71

80 71.98 144.92 1595.15 465431 70.2 64.23

120 34.68 55.39 1113.73 2397.22 83.83 86.56
160 22.03 33.44 852.86 1754.08 92.37 104.92
200 15.95 23.80 689.21 1412.48 99.29 118.70
240 12.44 18.03 571.95 1175.51 105.32 130.42
280 10.17 14.25 497.86 989.29 110.65 138.82
320 8.58 11.63 437.58 852.01 115.38 146.52
360 7.4 9.82 390.52 752.02 119.59 153.12
400 6.49 8.73 352.7 682.90 123.35 156.45

FANT} | &/gol| nlAlE I T YO = fIF[SIAL = Q1A|0] ZpAlof wht DRIt Table 4= Fig. 4(a)2}
ol 9] Q= 7-H(lying position), Fig. 4(b)2} o] AQlojx] AT} Q14| FH 0 2 -3-55= 73-(standing position), Fig.
4(c)2Fgo] Q1A 8 ‘{V\}%O] )= 78-%{(with reflecting surface)©ll theh AFY 2HE0] FAJ=|O] Qlrt. 2150] 0.001% K} 2}
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TNT 57P] 75 E20 238 40 m o|ufoll Alo] r9Igk 73 ol A 8h8o] 0.55% 2 Al 24go] Ao girki 2 4
QLA Al HAIHo] Qs 3ol Al E150] 2171 78.06, 100 (%) AR 8150] thS- oblet. vl ok A
(16)°] T QA FhEIIo] ofF: £ HHF, P, o 91 Ao HhAIGTRlo] QA Achuigre] gell} )3, Ak Hrhuito]

CREol A S 5o 25t At TSRS TNT S7boNH 76t Ak Hcheiiact 217 whio] s 4ol whe Afeg Shg
U 2 702 5T 4 ek EE BT 40 m o] A 2ol Aglo] A9 Aot Ao = rhect

Table 4. Probability of lung damage at each distance

Probability of damage
()

Dizzl)lce TNT Equivalency Method Multi-Energy Method
Lying position Standing position Wiﬂ;f:fg ::ting Lying position Standing position Witl:urreflel szting
40 0.55 78.06 100 99.60 100 100
80 0 0 0 0 0.001 32.96
120 0 0 0 0 0 0
160 0 0 0 0 0 0
200 0 0 0 0 0 0
240 0 0 0 0 0 0
280 0 0 0 0 0 0
320 0 0 0 0 0 0
360 0 0 0 0 0 0
400 0 0 0 0 0 0
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2910 218 40 m A= S ule]] ofk ] Aol e 2ol ofs) A Shgo] 100% o1, 1} xtd
o}, mje] S} 1A 9] $20) ol vfe] F70] 49 Zule] ofs] Bo| Welx gutet BAl] Hel R 2L

o}
A%, A A A2 w2 ol efe] FEo] FE2= 739 55| wheel 444l A9 SA0l WE AN FES W el it o
SR HE 2-8ofo] et &4} SHEo] FAIH Table 6:& HH 40 m 2ol A= o] Aol AR £HE0] 100%©]17, 80 m Z]
o= m2] SAo ot ARG 2-EC] 100%] 77k Zhe & 4= Ut 80 m A1-ollA ) &4, w2 T4, 041 9] 540 ofet
AP 2HEe Hlas| K w2] Ao ot Al 2HEe] 7F =L, | &3 A A9 T4l Rt A gHE 2 A ke e
& 5= Qlet o2 =ole] FH AILE Bohe A A BHEe W] Hsliie miElE Heshe o] Eazolete e Kottt
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Table 5. Probability of damage at each distance as a function of damage levels (TNT Equivalency Method)

Distance Probabilit(i;] (;f damage

() Lung damage Eardrum rupture Head impact Whole-body displacement impact
40 100 95.76 100 21.67
80 0 28.92 0 0
120 0 4776 0 0
160 0 0.92 0 0
200 0 0.24 0 0
240 0 0.082 0 0
280 0 0.033 0 0
320 0 0.016 0 0
360 0 0.008 0 0
400 0 0.005 0 0

Table 6. Probability of damage at each distance as a function of damage levels (Multi-Energy Method)

Probability of damage

Distance ((y)

(m) :
Lung damage Eardrum rupture Head impact Whole-body displacement impact
40 100 99.85 100 100
80 32.96 69.55 99.99 4.79
120 0 17.02 0 0
160 0 423 0 0
200 0 1.25 0 0
240 0 0.41 0 0
280 0 0.15 0 0
320 0 0.061 0 0
360 0 0.029 0 0
400 0 0.017 0 0
5.2&

BASIACE A7 | 2ol M & 4750 kgl T2Tof TigH TNT 57132 9398 kg 0 2 H7F=]QIct TNT 571} thso]|
U258 A-goto] 2 o 2 HE] Ao k2 oot ko] A ASAI SARHE 715t & =2 Hl S8 A galo] 7| &4 1

w o, vfe] 52, A 09 S0 T 4 SES Wit Qoizl
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1) ZUOFHE 40~400 (m) oA HlolA thEolUAHI TNT 57HHS 2-85to] 2|eaels 13t At 27] 750.22 ~
8.73 (kPa), 321.01~6.49 (kPa)= AlitE]o] 24 Hjol] A4 thgolle A el ot Z|eh}eto] TNT 57 HHel oft Z|hixted
Hop & 702 YepgA]9 200 m 0% AHRE = AR 0= H7hs| g

2) thgolvAHel ool Lol Z|ciaiels A-8ote] x5 &4 RIS Bk 23 ZU 0 2R E 100 m ool Y= 2=
O] 7% 9Fds] 5aE AR dISE1L, 400 m o AH FXES| FEHE ALl ked A o2 FAE I

3) o] ol gAY S5 FAT ZRRe 2 QR|okl Qli= QIA|S] Aol whet EefAl= A o2 vEiTh thgolldA]

= 283 A7 40 m Bolxl A3 ellxt= B QIA|1] ZpA|efl A AP =HEe] 100%0] 77k 2L 0 & UEREAL, 120 m %

Aol = AR EE0] 0% A 02 YERITE TNT 57HHS 283t 73-9-0lli= 40 m Aol 9] Al Ego] Q1A 59

HO| = 79 100%, A= A4 = 78.06%, T+ ARAIOlA=0.55% Q1 2 0 2 WAL, 80 m o A5l
A BE 2o AR 8] 0% 2 F7F= I

4) TNT 57P& 285101 40 m Bol7l Z5elx] A1t w2 S-Aof| O3t A <HE-2100%°117, 177 1 SHETE 95.76%9]
Ao yepsith T3 22 AzjellA thgouxHS A-gote] Akt vj2] SA1} HAl A9 SHol ot A EE2
100%<] Z0 2 Vbt et ot 7 9] 100%<] 717k A0 2 Hris|oic)

5) thsellvA S 2-85t0] 80 m Aol A3t ] &4, vt wed, w2] 54, 141 19 A0 ofRt &) SES vlwe 2

3} Egwto] ofafo] A A9 57 < 7] &4h < Tk < fe] $ 0@ QRS vlA|= Zlow et

ol

Ir
N,

Al =

o] =22 20205h 3 = Aot wijelke ] x|of] ofsl] aid Ar-AY T A7HIE A Yl shael gARE ERUH:
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