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Analytical Assessment of Blast Damage of 270,000-kL. LNG Storage
Outer Tank According to Explosive Charges

Jang-Ho Jay Kim,"” Seung-Jai Choi," Ji-Hun Choi,” Tae-Kyun Kim,” and Tae-Hee Lee"

YSchool of Civil and Environmental Engineering, Yonsei University, Seoul 03722, Rep. of Korea

ABSTRACT The outer tank of a liquefied natural gas (LNG) storage tank is a longitudinally and meridionally pre-stressed concrete
(PSC) wall structure. Because of the current trend of constructing larger LNG storage tanks, the pre-stressing forces required to
increase wall strength must be significantly increased. Because of the increase in tank sizes and pre-stressing forces, an extreme
loading scenario such as a bomb blast or an airplane crash needs to be investigated. Therefore, in this study, the blast resistance
performance of LNG storage tanks was analyzed by conducting a blast simulation to investigate the safety of larger LNG storage
tanks. Test data validation for a blast simulation of reinforced concrete panels was performed using a specific FEM code, LS-DYNA,
prior to a full-scale blast simulation of the outer tank of a 270,000-kL. LNG storage tank. Another objective of this study was to
evaluate the safety and serviceability of an LNG storage tank with respect to varying amounts of explosive charge. The results of this
study can be used as basic data for the design and safety evaluation of PSC LNG storage tanks.
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Fig. 1 Mounting frame for RC specimen

Table 1 Material properties

Material Properties (Unit) Value
Compressive strength (MPa) 25.6

Tensile strength (MPa) 2.20

Concrete

Young’s modulus (GPa) 28.8

Poisson’s ratio 0.166

Yield strength (MPa) 400

. ) Ultimate strength (MPa) 600
Remﬁz;cmg Mass density (ton/m’) 7.85
Young’s modulus (GPa) 200.0

Poisson’s ratio 0.3
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Fig. 4 Comparison of experimental and analytical displacement
results.

Table 2 Comparison of experimental and analytical maximum
displacement results

Experiment Analysis
Maximum
displacement 24.40 27.01
(mm)
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Fig. 5 Cross-section details of 270,000-kL LNG tank.

Table 3 Blast position

Blast location Features

The strength at the mid-height region
of the wall is lower than that at support
region.

30m from the ground
(mid-height region)

PS tendons were placed much more
densely and stress was concentrated
in the lower regions.

I15m from the ground
(support region)
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Table 5 Typical failure criteria for structural elements of concrete structures (ASCE, 1999)

Material . o Light Moderate Severe
Element type properties Failure type Criteria damage damage damage
Global bending/ Ratio Qf center-line 4% 8% 15%
B Membrane response deflection to span,
eam :
Shear Average shear. strain 1% 2% 39
across section,
Bending/ 4% 8% 15%
Slab Concrete Membrane
(p>0.5%/face) Shear 1% 2% 3%
Column Compression Shortening/height 1% 2% 4%
Loadv;t:l:f rne Compression Shortening/height 1% 2% 4%
Shear wall Shear Average shear. strain 1% 2% 3%
across section
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Table 6 Blast assessment
. Max. Arrival time Displacement / Damage
displacement (sec) span length level
(mm) (6/L)
No damage
o
0.23 0.35 0.08% (6/ L<4%)

Table 7 Structural Design for Physical Security (ASCE, 1999)

Aporessor Design Basis
gere Threat Weapons Tools
Tactics .
Severity
. 2,000 Ibm 12,000 1bm
Very High TNT truck
Moving High  |500 1bm TNT| >000Ibm
Vehicle Bomb truck
/ Stationary ) 4,000 Ibm
Vehicle Bomb Medium 100 Ibm TNT car
Low 50 1bm TNT | 000 16m
car
1D, TED
High (100 Ibm TNT)
and grenades
. 1ID, IED
Exterior Medium (2 Ibm TNT) None
and grenades
Low IID, Rocks
and clubs

Table 8 Blast assessment according to explosive charges

Explosive Max. Displacement
c}?ar s | displacement |/ span length| Damage level
¢ (mm) (6/L)

4536 kg : r—
(100 Ibs) 0.23 0.08 % .
226.80 kg o No damage
(500 Ibs) 0.98 033 % e
909.18 kg o No damage
(2,000 Ibs) 273 0.91 % i hssites

ol o o

ol AFu] & ule} 7o) TNT 45.36 kg (100 Ibs)2] £]4-
3l Aluhe] .o whet -3t AsA S Al = A3t
A Aol A o ® sk Hof A" 0.23
mmZz §/L=0.08% > 2 A ASCE 7|50l 2%t 3 W o
3 Aulgk &0 2 Ay = 4% osto| R WA o]
w8 ol A Adell Tk ot S0 72 e 4= QT
LNG A = 9] 2] =4} 3 7} 2 3}E Table 601 A3
olgA FHH o R WA HYFSEH

3

| =1
we g

R

2

A ] Qb & ks e

TE2E AAZ

%7 e] Fejz Ashslo] wA| o] WA ol ofs) 44

2

o EE W

AT S e 2w o] PF o] v WA &
2WHE osA e Ao

2 Ao

270,000 kL= LNG X7 B3 2|Zo| =4

I w7] 2
A 3HAl A e
ZH5E 30 m, B A 5 stand-offE 1 m= 117 332 ASCE
of| A1 #| Al St moving vehicle bomb &4 0.7 FZE9f 7|5
A Qe Flb ko] mE FE AU 2 E 7|52 high
threat severity®] TNT &2-&F 226.80 kg (500 Ibs), very high
threat severity &] TNT &25F 909.18 kg (2,000 Ibs) = H 3 5F
o g4 S aATh ASCEP oA A A|5F Zukeko] ul=
2k A ug] 2 5 Table 701 YRS

Fig. 12014 Fbek wstol] wheh Hof W) 9 Hof 55
#hol S7kstal Alas sl & ¢ lvh Fugo] Frtet
Al = 5ol UA 7 S ek A H EE Zd Al A 7} =
FA Yol T7kstA Hw &) Aol v & e vA
Al H= Aotk g 2o FAES Tl T ¥ FrE
2 A) &+ A 7}HE- Table 81| LFER AT

Table 8oll4 &= < Qo] F 2% 226.80 kg (500 Ibs) B!
909.18 kg (2,000 Ibs)2] Table 52] ASCE7|=0]l 23+ 3 W&o
o3l 4% o]sto] & Fk I 3F F7F A LNG A8 2=
A o] &2l i) obd S0 7 waksl 4= 9)u}. whebA ASCE
715l &8 LNG A48 9% WA ] Fidatsol mhE &
242 Thetalol & wl B ok g o] g H vk & 4= QT

| [——1001bsTNT
| | —=—3001bs TNT
! [—+—2.000 1bsTNT

z
H
]
2
;
4
§
=

Time (msec)

(a) Displacement

——1001bs TNT
—£—3001bs TNT

===2.000 1bs INT |-

Filective s trexs (MPa)

Time (msec)
(b) Effective stress

Fig. 12 Comparisons of displacement and effective stress
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N

s A sk dl alo] cu A o] Hukak gl AL
Frep = Z9heF 4536 kg (100 Ibs) = A7
5to] LNG A8 A 324 FoF 91 X|of] % slj4]g
ool vlal W= w-g v

= ol B2 =3 ko) vk

Asto] FA g o] B $H7MA] AP A X 7] Wi

2) WA £l thall ASCENA AA g 52k 43 57+
NEo R Eel BE Hk JF FUHE ArlEk

LNG A3 WA 55 dlskltt

3) 1 m stand-off %% o] 2 A 2], TNT 45.36 kg (100 1bs)2]
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TR B QA7 HE AS gl
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TNT 45.36 kg (100 Ibs), 226.80 kg (500 Ibs), 909.18 kg
(2,000 Ibs) O A7 ako] Fwkakol] wh= FHk 645 4]

S Sl o Fo ZakEEel 909.18 kg (2,000 Ibs) 2]
Shgol A= LNG A8 A= Qb sk 31 0.2 ghehyty,

A =2

AT AR A3 8 Adow st
Ao A YL dho} Falst At ebd A7) EAR] 9]
A4 7Y th(No. 1403010). =3 o] A4-=2016\0 % &
g zsh o] QYo s FAde] 1 ge

o} 3 AP Ut FAATA-EFATAF, No. 2016R1-
A2B3009444). o] o] ZFAF == Ut}

References

1. Kim, C. K., and Kim, H. G., “Optimized Design of Roof
Structure in LNG Storage Tank™, Journal of the Korean
Institute of Gas, Vol. 9, No. 4, 2005, pp. 36-43.

2. Jeon, S. J., Jin, B. M., Yoo, J. W., and Kim, Y. J., “Design
Basis for Large Above-Ground LNG Tank”, Journal of
Korea Concrete Institute, Vol. 15, No. 3, 2003, pp. 31-37.

3. Delorme, L., Iglesias, A. S., and Perez, S. A., “Sloshing
Loads Simulation in LNG Tankers with SPH”, International
Conference on Computational Methods in Marine Engineering,
Barcelona, Spain, 2005.

4. Luccioni, B. M., Ambrosini, R. D., and Danesi, R. F.,

692 | st=2=32|ESS

== X287 X|6= (2016)

10.

11.

13.

14.

“Analysis of Building Collapse Under Blast Loads”,
Engineering Structures, Vol. 26, No. 1, 2004, pp. 63-71.

. Chen, W., Hao, H., and Chen, S., “Numerical Analysis

of Prestressed Reinforced Concrete Beam Subjected to
Blast Loading”, Materials & Design, Vol. 65, No. 83, 2015,
pp. 662-674.

. Jiang, H., Wang, X., and He, S., “Numerical Simulation of

Impact Tests on Reinforced Concrete Beams”, Materials &
Design, Vol. 39, No. 14, 2012, pp. 111-120.

. Wang, F., Wan, Y. K. M., Chong, O. Y. K., Lim, C. H., and

Lim, E. T. M., “Reinforced Concrete Slab Subjected to
Close-in Explosion”, Proc., 7th German LS-DYNA Forum,
Bamberg, Germany, 2008.

. Yi,N. H., Kim, J. H. J., Han, T. S., Cho, Y. G., and Lee, J.

H., “Blast-Resistant Characteristics of Ultra-High Strength
Concrete and Reactive Powder Concrete”, Construction and
Building Materials, Vol. 28, No. 1, 2012, pp. 694-707.

. Fang, Q., Qian, Q. H., and Shi, Y. L., “A Rate-Sensitive

Analysis of R/C Beams Subjected to Blast Loads.” Internatio-
nal Conference on Structures under Shock and Impact,
Udine, 1996.

Li, J., and Hao, H., “Influence of Brittle Shear Damage on
Accuracy of the Two-Step Method in Prediction of Structural
Response to Blast Loads”, International Journal of Impact
Engineering, Vol. 54, No. 19, 2013, pp. 217-231.

Shi, Y., Hao, H., and Li, Z. X., “Numerical Derivation of
Pressure—Impulse Diagrams for Prediction of RC Column
Damage to Blast Loads”, International Journal of Impact
Engineering, Vol. 35, No. 11, 2008, pp. 1213-1227.

. Lee,S. W., Jun, H. Y., Kim, J. H. J., Kim, J. H., and Lee, K.

W.. “Analysis Evaluation of Impact Behavior of 270,000 kL
LNG Storage Outer Tank from Prestress Force Loss”,
Journal of the Korean Institute of Gas, Vol. 18, No. 1, 2014,
pp. 31-40.

Conrath, E. J., “Structural Design for Physical Security:
State of the Practice”, American society of civil engineers,
1999.

Kim, H. J., Nam, J. W., Kim, S. B., Kim, J. H., and Byun, K.
J., “Analytical Evaluations of the Retrofit Performances of
Concrete Wall Structures Subjected to Blast Load”, Journal of
the Korea Concrete Institute, Vol. 19, No. 2, 2007, pp. 241-250.

. Malvar, L. J., “Review of Static and Dynamic Properties of

Steel Reinforcing Bars”, ACI Materials Journal, Vol. 95,
No. 5, 1998, pp. 609-616.

. Malvar, L. J., and Ross, C. A., “Review of Strain Rate

Effects for Concrete in Tension”, ACI Materials Journal,
Vol. 95, No. 6, 1998, pp. 735-739.



EIEE

PG ZelaEdy WA A ECECER

2  9f LNG AgHe dxv FAE FAR 74 UF =1, A
£ LNG ZVa}EgﬂJ ﬂioﬂ & Aol deasitt &

OITOV‘Oﬂ upe} T AEd Fre] doj|al o upE S8t 3§
ATE T2 AR ZIAEF2ES] 8] LNG A %L%ﬂﬂ] Z K =
WA s digk FAATE AT SAS 3t a A JEZ%EOL LS- DYNA A}J‘lo}cﬁ 270,000kL3 LNG A%
| whE o] gk LNG AgRAe] Ag v
el Zof| Mg FZ2E AT WstE #Flstka,

1_4

21 slze] TNT Sl olg A% & BoALA Sk ek TNT %
o LB A 9 ABAE BANLLA B, o Ao ARE
A A Y ANE B AR NEARL B F UTH B

mi OHﬂoE

WAEO0 : LNG HZd, =2 015 UM, LS-DYNA, 8243, TIAEYAE 22E

o

270,000 kL LNG XE B3 2/xo| Zdizio| M2 &4E SHAX HIt| 693





