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Numerical simulation and test study on ground shock subzones
in soil produced by ground and buried explosion
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Abstract: In order to investigate the temporal and spatial distribution of the stress wave in the soil produced by buried
explosion, the ANSYS/AUTODYN software was employed for modelling and simulation, and the ground shock effect of
explosion in soil was analyzed. Based on the relationship between the pressure and volumetric strain of Luoyang loess obtained
by predecessors, the relationship between the pressure and density of the impact compaction in the SAND model was modified.
The numerical model was validated by the test data, which were measured from the contact explosion and semi-buried
explosion test in loess. Then, a total of 22 numerical simulation conditions were examined to study the influence of the scaled
buried depth of the charge and the type of the explosive on the ground shock subzones. The results show that as the depth of
the soil medium increases, the peak of induced ground shock decreases, while the peak of direct ground shock increases, until
the peak of the pressure-time curve and the peak in the vertical stress-time curve finally merge into a single peak. According to
the characteristics of the pressure and vertical stress at various depths, the stress wave field in soil can be divided into three
subzones consisting of surface subzone, near-surface subzone and central subzone. With the increase of the scaled buried depth

of the charge, the central subzone rapidly increases, the surface subzone rapidly decreases, and the near-surface subzone
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gradually increases from zero, when the scaled buried depth of the charge ranges from —0.05 m/kg'” to 0.075 m/kg'”. The

distribution of the ground shock subzones tends to be stable, when the scaled buried depth of the charge ranges from 0.1 m/kg"”

to 0.4 m/kg'”. The energy of the explosive coupling into the air and soil mediums is affected by the type of the explosive. In
certain extent, the angle of the ground shock subzones is linearly related to the ratio of the air-blast overpressure impulse to the
impulse of the direct ground shock stress.

Keywords: ground explosion; buried explosion; direct ground shock; induced ground shock; ground shock subzone
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Table 1 Calculation conditions

T YEyRAY it /kg 2 LI/ (m kg ") 2242 mm B 24 15 B /mm
Bl TNT 1 -0.05 442 100
B2 TNT 1 -0.025 442 100
B3 TNT 1 0 442 100
B4 TNT 1 0.025 442 100
B5 TNT 1 0.05 442 100
B6 TNT 1 0.075 442 100
B7 TNT 1 0.1 442 100
B8 TNT 1 0.2 442 100
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Table 1 (Continued)
T YEZGT HeZihi/kg H 25 LR/ (m kg ) $ 252142 /mm HEZ i /mm
B9 TNT 1 0.3 442 100
B10 TNT 1 0.4 442 100
Cl1 ANFO 1.380 0 61.8 123.6
2 C4 0.655 0 40.2 80.4
C3 EXPLOS.D 0.968 0 47.7 95.4
C4 HMX 0.663 0 38.2 76.4
cs HNS 1.65 0.815 0 42.8 85.6
C6 NM 0.814 0 48.6 97.2
C7 PBX9407 0.685 0 40.8 81.6
C8 PBX9502 0.987 0 43.6 87.2
9 PETN 1.77 0.645 0 38.7 774
C10 SEISMOPLAS 0.835 0 43.7 87.4
Cl1 TETRYL 0.777 0 415 83.0
C12 TNT 1 0 46.0 92.0
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(a) Different materials in the model (b) Eulerian domain (c) Lagrangian part
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Fig. 3 The finite element model and boundary conditions
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(a) Condition B1 (b) Condition B2 (c¢) Condition B3 (d) Condition B4 (e) Condition B5
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Fig. 4 Enlarged details near TNT under conditions B1-B10
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(a) Numerical mesh (b) Partial enlarged details near TNT
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Fig. 5 Numerical mesh
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Table 2 Explosive parameters'™!

T IESESIL] pflgrem™)  4/GPa B/GPa R, R, w DJms")  p/GPa  EJ(GIm”)
C1 ANFO 0.931 49.46 1.891 3907  1.118  0.333 4160 5.15 2.484
c2 c4 1.601 609.77 1295 45 1.4 0.25 8193 28 9.0
c3 EXPLOS.D 1.42 300.7 3.94 43 12 0.35 6500 16 54
c4 HMX 1.891 778.28 70714 42 1.0 0.30 9110 42 10.5
Cs5 HNS 1.65 1.65 463.1 8873  4.55 1.35 0.35 7030 215 7.45
c6 NM 1.128 209.25 5689 4.4 12 0.30 6280 12.5 5.1
c7 PBX9407 1.60 573.2 14.64 4.6 1.4 0.32 7910 26.5 8.6
C8 PBX9502 1.895 460.3 9.544 4.0 1.7 0.48 7710 30.2 7.07
C9 PETN 1.77 1.77 617.05 16926 4.4 12 0.25 8300 335 10.1
C10 SEISMOPLAS 1.588 620.60 2327 5399 1.651  0.282 7200 20.5 7.0
Cl1 TETRYL 1.73 586.83  10.671 44 12 0.275 7910 28.5 8.2
CI12 TNT 1.63 373.77 3.7471 415 0.9 0.35 6930 21.0 6.0

B1~BI10 TNT 1.63 373.77 37471 415 0.9 0.35 6930 21.0 6.0
133 &+

XF# R ANSYS/AUTODYN #1{4: P & b4 L ) SAND BEARICO) Laine 507 4 0 +- 76 2h &
TR S5 T A 2 T SAND #EAL, R T IZAAIYEAT T — R IVEE B 5T 0, SAND A5
FIFRIRZS I F 5 URL SR BE R A 2 N4> . ANSYS/AUTODYN #i: vh (4 i SE A RS 5 B4 et AR 2k
P£ 2 2%, SAND BRI FH 1 S 4 M R SE RS T it o TR SEAVIRAS Iy B vl DL 5 2 o A AR | 2R R A 7Y
e [F R AR 12T o ORISR B A AL & Drucker-Prager 3 B RLAICY (45 F2, % 0E TR A . BT
FID + 25 Uk SRS EE o B 1RSI 58 AR5, SAND B 1R 1 9% 3 i AL 00 DA e BT U 5 %
Z IR EREOC R . 7 3 S SAND BEH iy A 1S HE ),

3 SAND EE S
Table 3 Parameters of the SAND model***!

Wil R (S HH Ep=2.641 g/em’) TR DR i AR R
& F1/MPa 1/ (g-em™) 7 /(km-s™) 2/ (g-em ) JEF1/MPa i & /MPa P /(g-em™) B /GPa
0 1.674 0.2652 1.674 0 0 1.674 0.077
4.577 1.739 0.8521 1.745 3.40 4.23 1.746 0.869
14.98 1.874 1.722 2.086 3.49 44.7 2.086 4.03
29.15 1.997 1.875 2.147 101 124 2.147 491
59.17 2.144 2.265 2.300 185 226 2.300 7.77
98.09 2.250 2.956 2.572 500 226 2.572 14.8
179.4 2.380 3.112 2.598 2.598 16.6
289.4 2.485 4.600 2.635 . 2.635 36.7
KB R
450.2 2.585 4.634 2.641 2.641 37.3
Pun=—1.00 kPa
650.7 2.670 4.634 2.800 2.800 37.3

TE: (DA 7 585 B 1 50 B M pRBOR Al A L 0y BV P S5l A5 (2) R P75 0 5 % B 2004 3 B2 M R BRI 0 - (Y B P I 8 A 2 2

I, A 5k 1 BH B X A9 8 B 2088 - FLEE N 2.54~2.84, T% R 1200~ 1790 kg/m’, K4k
KR 10%~15%, B8 1K 30~60 kPa, PN EEHEFf Ky 15°~25°, 1% [ X 8 + 19 E 17 p(Pa) S5 RFR )
RSP
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NS

p =8.626x 10°exp(18.93¢)

T4 AMESRESHFRETPENSEE 1 HXRETR Q)

Table 4 Relationship between pressure and density 1 in the compaction linear equation of state

3)
HEIE, 3k 4

(based on formula (3))

L (grem™) RIS & = 1~pif pist FBUARRAS {EIEJG 71/ MPa
1.674 0 0 0
1.739 0.03738 0.03738 1.750
1.874 0.07204 0.10942 6.844
1.997 0.06159 0.17101 21.96
2.144 0.06856 0.23957 80.42
2.250 0.04711 0.286 68 196.2
2.380 0.054 62 0.34131 551.8
2.485 0.04225 0.38356 1227.8
2.585 0.03868 0.42224 2553.6
2.670 0.03184 0.45408 4665.3

2 HERBNRRRIE

2.1 RIEHESR
(] 6 g - r 4 fil B E R 24 2R R A A B RT, TNT B 24 B9 oA BRI 43 59 —0.05 F1 0.0 m/kg'.
A7 B2 S O R I A AL~ A4, b PR IE TR 5 A B R bl R N 1 A S1~S4.

b AT}

Al A2 A3 A4 Al A2 A3 A4

= /
S 500 |250(250250 = /% 500 [250(250(250
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g S "
A .S =4 .
= T " S2
2 . S .
& S3 M |
: | S3
o
= | g |
B Sd |
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(a) Contact explosion (b) Semi-buried explosion
El6 Mk

Fig. 6 Test arrangements

R R PCB R A% B RS (L& 7(a)) 1038 M 7 23 = o < 0t 4 R, R L 7 o 0 4% e (AL
FE 7)) MR PR F1 o B 6 45 H T 8 AMEIRRAS AU B, 4 A~ Ml 25 A s D8R 0 o5 BE RO 7K S I 4y
A4 0.50, 0.75, 1.00 F1 1.25 m, 4 > o B 52 b o 88 ) 7 07 00 A9 BB 00 BE 23 1) A 0.5, 0.8, 1.2 Al
1.7 m, [B3E % 4 09 %5 B I AE 1600~ 1700 kg/m® Y1 BN o B3 SR S A% T AR A 3 28 ) 4B 72 1
DH5960 i sh A5 5 M Hr AL (WL 7(c)), REEII R 35 1 MHz,
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(a) PCB 113B22 (b) Pressure transducers (c) DH5960 data acquisition instrument

Bl 7 e A e

Fig. 7 Measuring instrumentation used in test
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=5 IR

Table 5 Test conditions

T Bezlit/ke %2l LB (m kg ) i T2 A O A T A A b b i) 7 7
El 1 -0.05
Al~A4 S1~S4
E2 1 0.00

(a) Condition E1 (b) Condition E2

K8 AT E
Fig. 8 Site layout before the test

23 RBERSITHEZERBIIE

B9 AR 56 I I B IR 0 o K DI YA 9 ATV B, A0 B M SR R AR
69.0 cm, FLERYTIREE 2R 23.5 em; 150 E2 A9 L SCERIT HARZY°M 87.0 em, FLSRYTIREEZ M 27.5 em,
HR AR B 9w A Ik 10 A0 5 I I, X050 E1 R BTIR & AR 2920 140 cm, IX50 E2 MIBTIR & AR 4N
160 cm,

K FH AR 1B A% A 2 000 Hz (141380 98 % 7 vk Ak B 56 2508, 31X 2 IR 6 Hh 45 0 o5, %) el A2 il £
10 fioR, TR S5, SIS AR ik o X eIk 2 YRS EE, B 25 255 24 LU IR R A 34 K, b if
23 S, el R R AR YR/ 0N, T b B b v I T (R R . R 10~12 R 6 g5 iR TR 5 AU E AU
S5 L far RGBT U O o JHCr, BT 10 TAS A4 1l R R 7, 76 AN (]I B 1) A% g b A5 0 T AE A (] 7 s
]34 B 1 S SABLY B7 ) Bk B, 3R T i A R B AR O, A2 SR AR LR T . &t
BRI RO S BB IS 0 R 2E 2 H 14.8%, H1 IR B, {56 54D 45 5 i — B M e, ml F
AT AR — BT oT .
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(b) Condition E2
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Fig. 9 Damages after the tests
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(a) Air-blast overpressure under condition E1
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(d) Vertical stress of direct ground shock under condition E2

P10 Ml ol g T 2 e ol M 1) 7 g It b £ 2 2R

Fig. 10 Tested time history curves of air-blast overpressure and vertical stress of direct ground shock
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Fig. 11 Numerically-simulated time history curves of air-blast overpressure and vertical stress of direct ground shock
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(a) Attenuation of peak air-blast overpressure (b) Attenuation of peak vertical stress of direct ground shock
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Fig. 12 Comparison of tests and simulations
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Table 6 Peak loads obtained by tests and simulations
‘ P ‘ i e
T RS TH NS
BLME/kPa B/ kPa 22/% B {E/kPa B /kPa TR2E1%
Al 5650 6394 11.6 Al 3678 4092 10.1
E1(B1) E2(B3)
A2 2943 3470 15.2 A2 1731 2167 20.1
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Table 6 (Continued)
) fr B ) faf 40
T A5 TH pIlP
HLHIE/kPa IR {E/kPa TR22/% HEE/kPa R0 /kPa TR2E/%
A3 1640 1832 10.5 A3 920 1180 22.0
A4 1008 1231 18.1 A4 533 686 223
S1 649 575 12.9 S1 1079 1041 3.7
E1(B1) E2(B3)
S2 193 279 30.8 S2 300
S3 92 82 12.2 S3 118 114 35
S4 55 S4 66
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Fig. 13 Pressure contours under condition B3
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Fig. 14 Pressure-time curves at the horizontal distance of 0.5 m from the detonation point under condition B3
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Fig. 15 Vertical stress time curves at the horizontal distance of 0.5 m from the detonation point under condition B3
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Fig. 16 Pressure contours at 1.0 ms under conditions B1-B10
60 2.0
— All
50 — Air
a0l c _ L5f — Loess
E — Current energy g TNT
:>B 0l —— Reference energy 55
§ —— Work done % LOF
2 20F —— Error )
£ k5]
5} £ L
= 10t g 03
0F =——
0 -
— 1 0 1 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
Time/ms Time/ms
(a) Total energy (b) Kinetic energy
17 T4 B3 FRIARI IR Mk
Fig. 17 Energy time history curves under condition B3
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Fig. 21 Pressure contours at 1.0 ms under conditions C1-C12
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Table 7 Numerically simulated results under conditions C1-C12
T FEZHSHY a/(°) BI°) ¥1°) Pos/kPa 7, s/kPa I/(kPa-ms) I/(kPa-ms) I,
Cl ANFO 23.12 6.99 59.89 2835.50 1636.93 137.3128 2336.691 0.05876
C2 C4 42.18 0.43 47.39 3733.34 893.77 159.3808 1138.626 0.13998
C3 EXPLOS.D 30.67 432 55.01 3451.48 1164.38 147.5805 1575.046 0.09370
C4 HMX 44.51 0.00 45.49 412533 849.82 161.8497 1077.647 0.15019
Cs HNS1.65 36.01 1.94 52.05 3794.17 1043.78 153.7076 1364.579 0.11264
C6 NM 34.75 1.75 53.50 3535.13 1121.93 154.8051 1491.994 0.10376
C7 PBX9407 42.09 0.00 47.91 3990.68 894.76 162.5825 1153.090 0.14100
C8 PBX9502 32.66 3.10 54.24 3932.76 1064.81 150.5989 1415.379 0.10640
C9 PETN1.77 45.35 0.00 44.65 3907.44 843.95 162.0005 1058.838 0.15300
C10 SEISMOPLAS 34.59 3.36 52.05 3592.10 983.94 150.9218 1301.707 0.11594
Cl1 TETRYL 38.58 1.45 49.97 3758.19 963.50 152.3302 1240.691 0.12278
Cl12 TNT 32.90 3.60 53.50 3562.00 1133.18 146.154 1 1515.783 0.09642

082201-15



5542 % X, A b ATEE EARAR: - rph el A O X BB, SR 7 55 8 3]
0.16F 0.16
- L ° [ ]
0.14 " 0.14 F °e
~oazp . " _oazf ., °
Qm - sz L]
TS " =010 ‘ .
L} L]
0.08 0.08 -
006F = 0061 o
4 5 6 7 8 9 0 5 10 15 20 25 30 35 40 45
Dy/(kms™) p/GPa

(a) Detonation velocity

(b) Detonation pressure

K23 11 BEXE2GRa AR TR AR AL
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