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Load prediction of plane charge explosion technique
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(1. National Key Laboratory of Intense Pulsed Radiation Simulation/and Effect, Northwest Institute of Nuclear Technology,
Xi’an 710024, Shaonxi~China)

Abstract: A theoretical study on load prediction models was condueted tQ meet the need for rapid load design in the plane charge
explosion technique. The proposed theoretical model negléctéd the préssure homogenization stage in the initial explosion phase
and adopted the quasi-static cavity pressure assumption toxchatacterize the initial cavity pressure state. On this basis, the cavity
expansion process in plane charge explosion tests was simplified 't an overburden compression problem under one-dimensional
strain conditions. The rigid-perfectly plastic-locking (R-PP,L) €onstitutive model was employed to describe the deformation
behavior of the overburden material under one-dimensional strain. Finally, by incorporating plastic wave propagation theory, a
theoretical dynamic-response model for plane charge explosion tests was constructed, and an analytical solution for load
prediction accounting for the deformation_and bulk motion of the overburden material was derived. The proposed model was
validated against finite element results. Thedeffects of 'various parameters, including the mechanical properties of overburden
materials, overburden thicknesses, and injtial cavity heights, on the load waveform characteristics in plane charge explosion tests
were analyzed. The results show thatwith\injtial cavity pressures ranging from 3.6 to 66.5 MPa, overburden thicknesses ranging
from 0.5 to 2 m, initial cavity heiglts ranging™from 0.05 to 0.2 m, and soil and sand as the overburden materials, the predicted
pressure—time history curves ard in ‘goodtagseement with the finite element results. The load waveform characteristics in plane
charge explosion tests are closely, related'to the mechanical properties of overburden materials, overburden thicknesses, and initial
cavity heights, which affect the early*stage, late-stage, and whole-process attenuation, respectively. Lower overburden density
and plateau stress, togethengvithva larger densification strain, lead to faster initial pressure attenuation; a smaller overburden
thickness leads to faster laté-stage attenuation; and a smaller initial cavity height leads to faster attenuation over the whole process.
In load design, a small initial cavity height should be prioritized to reduce charge consumption and engineering requirements,
lower experimental €osts and improve experimental feasibility. The proposed model can provide a theoretical reference for the
rapid design of‘expefimental schemes for plane charge explosion tests.

Keywords: plane charge explosion technique; rigid-perfectly plastic-locking model; dynamic response; explosive loading
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Fig. PTypical configuration of the plane charge explosion technique

1. IBiptEal
1.1. i z=RE

XU 1 R ) LT S T 25 2 RN 2 S A TR, R S s ) RS 8 o AR, e R ST
REREL KL, PRIRAE 2 W NI S A, B NE = A 2 S s Y A 25 i R R S04 B e /N T 25
RN T o ERE 23 B o W 2 s R ) B K S e 1 0 I 52, I FYE 2578 S 3N 2 s AR AR B 2R
BN HERRAS K ) p, RALIBNE B IEVIE T e K 1, HAE SRR 25K e )% FEAHOC . TR
REINERLSS R P B RS P8 5 KT 78 A k), AR S/ R BpC R & mT DL 2SS, AT b ] oy 25 s
JEKER AR E ST A ek, 78 RSz B A el i AW, ERRR ot 2SR 7 R IR
(320 S B AT ) AR, 8~ THI 26 24 A 400 I 2 S 06 1) In Ao Rl ALl e Ak o — 4 W A8 2544 i 78 L3
g @02, T PR FLBRESAT N, 78 AR R T 28 B 1R 52 77 - 97 A i 2830 0 4 v
I8 AR AL, % 56 4 K SR BT Y BERL22), TS5 Li S502306 T RIS 3R AL 20 22 UM R A AE 77 1
K FH NI - BE AR I8 -8 2 (R-PP-L) B U IR 78 A4 RHE — 4E N AR INEL T B8 TEAT N, XA 6 R )



mOE 5 &
Explosion and Shock Waves

oy ME LA ¢ WL RERICRFLNITE, HRIENXD RN

el ote)de (1)

| o @)
Igdo(g) de

oy =T (3)

A NRERWIRCE, o(e) JE LABHE —YERIAZ IS8 T N - RAE S &, AT I R (] R e 4 5
KRR s20), o SAMPR 2 N AT 40 ARNAR o BEAh, AT 5T T 2 AR SN B B AR T2 510 - H g ke
RN AR AN EAL BT FE R A 7R, AN FERREN A R AN, BRI G, SRATY 5 Sk 5
LRV R, Ul R NLAR SR AN 4 | T 7T ) R R SRR DR bR ] B RR E T E iR A,

ISR N AR R IR B, B 5 25 R AR AT oot aeqr AR B AR AR,/ JEGE IET2 Bl i) i Ak 70 2
BB 3 - 1 2% 2 BN B S50 1 s A S A2 . ER T oy MBI S r A E - N, B Nia s
RSO BIEYER . T R-PP-L AR A RIE B BESRE G T 75 K < ESE e B T 46 22 4E £ o
(IR IR0, R HTA RALE o, VEF T LOEBE v, (1) 1] I8 3l BRI e AV B T o(¢) 1] b AL HE,
BeJa I AL LB BAE ] N IE B SENAR 6,5 FFLOE L v, (o) A IB B 240 BRI A 36 22 T, 56
WA p(t) FEARE oy AN, A HAF IR 453 0, 3ENp () 401 T B A& 2 s b B

&=0
V=r4

Shock []¢ . @

front % —
d

V=v;

SRAREI I

B 2 EREIMBE T B LR —E N TR R R TEE
Fig. 2 Sketch of the propagation of aone-dimensional strain wave in overburden loaded by cavity pressure
1.2 Zh A0 R AR Rk
FE T AR T g AR\ T 1 2 2 R N AR S B8 (Bl ) A R R 23 9 A IR A A R A
BB
12,1 BErEZHHE §<E)
A B 2 R BRI 0 2R, e AN A i i) Bl &SP A 26 AR 20 308

oy =mll= ), @)
p—0; = m%‘}i )
K, m A AR R . R —4E SRS, 5 U B T A ) 5 AT B R ST AR 2R A
V, =V = &€ (6)
o, — oy = pc(v, —vp) @)

R@~NDFFREMSETEHFEIAE p So,v s+ vy vy~ o L4, Nl p Mt KRAT
fift, ARIEYD TR POE T AR SRS T, A AR A



mOE 5 &
Explosion and Shock Waves

=2 ®)
Pohy = ph=p(h,+ [ vdo) ©

BROXM ORG, FHFRAR@B Ly, . EBE A=y, T8 T
m(1= )i~ &) = oy (10)

FIH RO F(T)H L v, — v, T, BIEREERAARG)HE o, #—BRHKXGMXO)H L p,
CIECRN G chilyps

pOThO—gdpjz—m%iizaY (11)

A0V DN R A AR o TR, WG %N

S(=0y =0 (12)
00y =0 (13)
Vg =0 (14)

R 77 R AT I I DU e - PEREVE AR A(r) » AR B AF4e 7 b R 4B B 1) s ) R OG R
122 ¥Rzl mE (s=L)

PR 3R 28 LT IR T p N TV ER o, B, B LM RLET Ib R4, FHEET &
FIER PR INEIZS . iR s E S E AN

=, (15)
Zi609), nFRRIE TR IR T
p—2€;+;§%;=o (16)
WA A ARG L 5 0T — B B & Sediok ety B 5CmT j DU R Je s - e B SR A

PR - XilY gl

IR A AR s SRR DA PR TG EE LS-DYNA. 8 37~ [ 2% 245 14000 5 5 30 44 24 (1)
BUE AR, 3l X HATRIARAN BB AR L 45 AT HS T 45 5, B0E B 7Y [ A Rk
2.1 BUERBIE N S50
2.1.1 FAAAEA 69 17 5

IR 88~ T 2 24 AL A S 36 A4 2R ) T LT R i 0121, 38857 1 Bl 3 B ) 0 B G T A B4 v B A
B, BB E LY R B 4 S HR, EAERN ANFO JEZ), {EH JWL RS FER
HIGH-EXPLOSIVE-BURN A A HAZ S IS R R ) - RR-Re ¢ & s 7B LA R il e 358 1 sl diid,
KH Soil and foam~” A #1A FH AN #7270 18 77 2 AER Y, R X8R H Mat-null #8247 1854,
PABGERE N Q235 M, KA JOHNSON-COOK HEMIBARAE AR TEAT Ny, MR o6t Fr ik, SRA 2D
ALE P N AR AR YA 7 B 00 VE 24 1 23 St AT AR Kl 43 R XSS A R ST 43 000 2mm #T Smm; SR
F 2D A& B H P [ S AR 45 AR 20 B o5 £ RNZE b AT A &Il 23, RS RSE Smm. BRI R B
RSN, AP ERRRIA T A MEZG R S R AR SRR R R ALE [R5k
HATHEL, PANREE R E N lom, FETELT S, FHoME SR 1~ 3 k.



mOE 5 &
Explosion and Shock Waves

Plate —_
Air _

Explosive _

Rigid |
ground i ____ . ___ i .-
3 PERERGEMMEEABRTRE

Fig. 3 Finite element models of the plane charge explosion technique
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Tab. 2 Materials properties of explosive [32]
(k! po(kg/m?) A(GPa) B(GPa) R1 R2 o EO(GJ/m3) D(m/s) P4GPa)
ANFO 931 49.46 1.891 3.907 1.118 0.3333 2.484 4160 5.15
PETN 1770 617 16.926 4.4 1.2 0.25 7 8300 33.5
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Tab. 3 Materials properties of overburden!32331

M po(kg/m?)  G(GPa)  K(GPa)  AO(MPa?) A1(MPa) A2 PC VCR  Pger(MPa)

* 1870 0.358 1.523 0.158 0.124 0.024 -0.15 0 0
Vepso Vepsi Veps Veps3 VEepss VEpss VEpse Veps7 Vepss VEpso

0 0.073 0.134 0.191 0.263 0.313 0.333 0.39 0.46 -
PEPSO PEPSl PEPSZ 1:‘EPS3 PEPS4 PEPSS PEPS6 l)EPS7 PEPSS 1)EPS9
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)  (MPa)  (MPa) (MPa)

0 0.3 1.2 2.5 4.99 9.03 15.03 40.0 70.0 -
A po(kg/m?)  G(GPa)  K(GPa)  AO(MPa?) A1(MPa) A2 PC VCR  Pgper(MPa)
4N 1600 0.0118 0.1075 0 0 0.6 0 0 0
VEpso Vepsi VEepsy VEps3 Vepss VEpss Vepse Vepsy Vepss VEpso

0 0.11 0.17 0.22 0.26 0.29 0.36 041 0.46 0.51
PEPSO PEPSl PEPSZ PEPS3 PEPS4 PEPSS PEPS6 PEPS7 PEPSS 1)EPS‘)
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) y  (MPa)\. (MPa) (MPa)

0 26.7 46.8 66.9 93.6 120.2 233.3 3685 699.2 1100
(ks polkg/m®)  G(GPa)  K(GPa)  AO(MPa?) A1(MPa) A2 PC VCR  Pggr(MPa)

FIHEL 1755 0.014 0.131 0.158 0.124 0.024 .15 0 0
VEpso VEpsi Veps2 VEps3 Vepss VEpss VErss Veps7 Vepss VEpsg

0 0.03 0.05 0.09 0.14 0.19 0.23 0.27 0.31 -
PEPSO PEPSl PEPSZ PEPS3 PEPS4 PEPSS PEPS6 PEPS7 PEPSS PEPS9
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

0 0.45 1.13 3.82 8.83 17.18 31.39 50.32 87.60 -
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Fig. 5 Test configuration and procedure for plane charge explosion experiment
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Fig. 8 Evaluation of theoretical model prediction deviation based on the validation experiment and the numerical simulation
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Fig. 9 Stress—strain curves and energy-absorption efficiency-strain curves of overburdemsoil under one-dimensional strain

compression
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Fig. 16 The influence of overburden thicknesses on the characteristics of simulated loading curves

BE— B I W HR 23 8 R g RSB AT AR HE AN 2 i v B AR A WS W AR T B 17 s . b
XA B AT BT PE R W& 17(a), WIS TT p, = 20MPa B KMPLE L p, =1800kg/m” -
FERS) oy =10MPa « #HNAL ¢, =02 BLERE L=1m B, BRI R 2 4B B ) 20
AR by BRI IN . =5 8 )2 0 e 0 380l 5 23 s v B2 m AR A RERRER, T ARAG TG R P T 2R 24
BN B S BT B R — o B2 D o B B e T 77 p B8 (A AL RN, 45 R
B 17(b)FT7Rs e 1E p, AHEIINY, g /N, h AR RN, RHE AR GTIR L BT R, ARHIAR 28 s i
HIINETT SRR BRI XS . AN, FEMRRIRIGE R0 T AP IR S )2 2 AR By /)N T FAEATR
DR AE B A Bt REAC S I BE AR my BT 200 He NS T2 AT D04, DARRARS SEIG S5 11 5T
TRIERIEOR, B SRIG A, 4R m SE i 77 R §ih.

25 1.5
(a) p——y; oy ) ——h=0.05m
——h=0.11h ——h=0.1m
20 ——h=0.15m ——h=0.15m
—~ ——h=0.2m ’g ——h=0.2m
£ = 10}
g 1 5
g Modehdimensions g Model dimensions
“ 1ok Overburdeén thickness:1.0m 2 Overburden thickness:1.0m
= Plateau Stress:10MPa E 0 Plateau Stress:10MPa
A Densification strain:0.2 @] Sr Densification strain:0.2
5k
0 1 1 1 0.0 1 1 1
0 S 10 15 20 0 5 10 15 20
Time (ms) Pressure (MPa)

17 #a= e E RIS e = 55 E AR

Fig. 17 The influencejof initial cavity height on the characteristics of simulated loading curves and the change in cavity heights

4 2518

ARSCRESE T P 2 A IR A B A O A BRI R, S e B AT T B
MAE, ST T B SRR A AR A OB, BT

(1) TP 0 2 25 BN B R RSB B by PA AT B e o BT — 4 A A s
23 FE VR, 4 W -3 A - B (R-PP-L) AR R RV i A PR I, 7 T T I 24 4L
AR ST HOZ F U RIBETE, 48t T % P b TR 45 R A3 20 ) 5 s T AT

(2) MR T $OfE B IR I0AT T B B HSE FA b . 0G4 FE 7 3.6~66.5MPa. 7 5L
0.5~2m. WIEZE T 0.05~0.2m. T+ PRI SKAUA HAIVD IS, FRYS RO TN A FE 730 T 5 $cf
G B A BT PR BN b R A R O UG R A R, E 8 ) S 72 2 B R s
7 RIS .

14



mOE 5 &
Explosion and Shock Waves

(3) S BICAHE S B AR Ve Re . B LB MR 2 I i BEAH G . B AR AT &
N2 AN S N AR, AL A I R 2 T3 I T R R R 7 RGN, AR A
PRI AR s A6 s e D, BRI AR PR . AR AL BT O EOR AT S R, fLoBikFRAg
MR AR R DA R B PRSI AN TR R, Sy se ey s Stk

S5k

(11 R, Whcit, A5 BEIEM TR B i & SEAR B AL RN 20 B [J]. FededE 4 THREEEHR, 2022, 43(12):
259-264. DOI: 10.11809/bqzbgcxb2022.12.038.

CUIGL, YAO W J, ZHENG Y. Analysis of damage effect of explosion shock waves on analog radio targets
[J].  Journal of Ordnance Equipment  Engineering, 2022, 43(12). 259-264. DOI:
10.11809/bqzbgcxb2022.12.038.

[2] XU, B, SKRERTK, S A B AR E b b o 4R F 20 XU E AR
2022, 42(08): 3-21. DOI: 10.11883/bzycj-2021-0326.

LIU Q, ZHAI C C, ZHANG Y F, et al. Numerical simulation and test study @n grou: ock subzones in soil
produced by ground and buried explosion [J]. Explosion and Shock , 42(08): 08821. DOI:
10.11883/bzycj-2021-0326.

[3] ZHANG P, LIU J, CHENG Y S, et al. Dynamic response of met:
panels subjected to air blast loading — An experimental study [J]. Materi
10.1016/j.matdes.2014.08.071.

[4] LIAO Z, TANG D G, LI Z Z, et al. Study on explosion tance ‘performance experiment and damage
assessment model of high-strength reinforcement concrete \béams [J]. International Journal of Impact
Engineering, 2019, 133: 103362. DOI: 10.1016/j.ijimpeng.‘§a\9/ 3362.

[5] KEL, LIU K, SHA Y Y, et al. Blast responses of st i
Thin-Walled Structures, 2021, 166: 107933. DOI: 1

[6] LIUK, KE L, SHA Y Y, et al. Dynamic response o

. BRAE S iy,

pezoidal corrugated-core sandwich
esign, 2015, 65:221-230. DOI:

ened panels subjected to plane shock waves [J].
.2021.107933.
elded corrugated sandwich panels subjected to

plane blast wave [J]. International Jou Imipact Engineering, 2022, 164: 104203. DOI:
10.1016/j.ijimpeng.2022.104203.

[71 JACQUES E. Blast retrofit of reinforced concte and slabs [D]. Canada: University of Ottawa, 2011: 42-
45.

[8] CLUBLEY S K. Non-linear long duration blast loading of cylindrical shell structures [J]. Engineering
Structures, 2014, 59: 113-126. DOI: 10.1016/j.engstruct.2013.10.030.

[9] CLUBLEY S K. Long duration bla adlﬂk of cylindrical shell structures with variable fill level [J]. Thin-

§ DOI: 10.1016/j.tws.2014.08.021.

annealed glazing [J].
10.1016/j.ijsolstr.2016.
[11] MONK S, CLUBLE
ailure Analysis, 2021, 123: 105304. DOI: 10.1016/j.engfailanal.2021.105304.

[12] BRM-, )%J$1 0 T T2 24 R4 e R AR i (R AR YEAE D (9], B IE S i, 1994, 2(14): 112-

118.
CHEN Y Q; U F\J, SU S Z. Simulation of long-duration and high- overpressure blast wave action using a
plane charge losion and Shock Waves, 1994, 2(14): 112-118.

[13] PENG Q, D Y, WU H, et al. Experimental and numerical studies on dynamic behaviors of RC slabs

under long-dufation near-planar explosion loadings [J]. International Journal of Impact Engineering, 2022, 160:
104085. DOI: 10.1016/j.1jimpeng.2021.104085.

[14] DARCY G P, AUID H E, LEIGH G G. Simulation of air-blast induced ground motions: AFWL TR-65-11 [R].
New Mexico: Air Force Weapons Lab, 1965.

[15] SANAI M, COLTON J D, Simulation development for silo test program (STP). Volume 1. Design and
evaluation of a variable HEST (high explosive simulation technique) for STP 3.5A experiment: AD-A163274
[R]. Washington, DC: U.S Department of Defence, 1984.

[16] GHABOUSSI J, MILLAVEC W A, ISENBERG J. R/C structures under impulsive loading [J]. Journal of
Structural Engineering, 1984, 110(3): 505-522. DOI: 10.1061/(ASCE)0733-9445(1984)110:3(505).

[17] KRAUTHAMMER T. Shallow-buried RC box-type structures [J]. Journal of Structural Engineering, 1984,
110(3): 637-651. DOI: 10.1061/(ASCE)0733-9445(1984)110:3(637).

[18] CAIR,LIY Z, ZHANG C X, et al. Damage assessment of prefabricated prestressed channel slab under plane

15



mOE 5 &
Explosion and Shock Waves

charge blast [J]. Engineering Structures, 2021, 246: 103021. DOI: 10.1016/j.engstruct.2021.113021.

[19] YUS Y, ZHANG G K, WU H X, et al. Experimental study on the elastic-plastic dynamic response of shallow-
buried corrugated steel-plain concrete composite structures under long-duration plane blast wave loading [J].
Engineering Structures, 2023, 285: 115986. DOI: 10.1016/j.engstruct.2023.115986.

[20] ZHANG Y D, FANG Q, LIU O, et al. Numerical and experimental investigation into plane charge explosion
technique [J]. International Journal of Impact Engineering, 2008, 35(10): 1179-1185. DOI:
10.1016/j.ijimpeng.2008.01.009.

[21] GRUJICIC M, PANDURANGAN B, CHEESEMAN B A. The effect of degree of saturation of sand on
detonation phenomena associated with shallow-buried and ground-laid mines [J]. Shock and Vibration, 2006,
13(1): 41-61. DOI: 10.1155/2006/652405.

[22] KARINSKI Y S, FELDGUN V R, YANKELEVSKY D Z. Effect of Soil Locking on the Cylindrical Shock
Wave’s Peak Pressure Attenuation [J]. Journal of Engineering Mechanics, 2009, 135(10): 1166-1179. DOI:
10.1061/(ASCE)EM.1943-7889.0000042.

[23] LI Q M, MAGKIRIADIS I, HARRIGAN 1J J. Compressive Strain at the Onset ofsPensification of Cellular
Solids [J]. Journal of Cellular Plastics, 2006, 42(5): 371-392. DOI: 10.1177/0021 519.

[24] AVALLE M, BELINGARDI G, MONTANINI R. Characterization of polyme ural foams under
compressive impact loading by means of energy-absorption diagram [J]. Interna Journal of Impact
Engineering, 2001, 25(5): 455-472. DOI: 10.1016/S0734-743X(00)00060

[25] SCHL, BR¥ET, RR, & RS RE 4N AR R IT A [J]. B
DOI: 10.11883/bzycj-2018-0015.
WEN Z, QIU Y'Y, ZI M, et al. Experimental study on quasi-one-dime
sand [J]. Explosion and Shock Waves, 2019, 39(03): 033101. DOI: 10’

[26] T, (EMEE, Buctz, 5. MRS RARR AR [/ \EIE S, 2020, 40(09): 093102. DOI:
10.11883/bzycj-2019-0432.
DONG K, REN H Q, RUAN W J, et al. Study on strain r
Waves, 2020, 40(09): 093102. DOI: 10.11883/bzycj-

[27] JIeR, SR, R, & RAr4ErEZ s
236-241. DOI: 10.11883/1001-1455(2016)02-0236-06¢
WAN X Z, MA H H, SHEN Z W, et al. Exp e umerical simulation of explosion cavity in soil by
aluminum fiber explosive [J]. Explosion an Waves, 2016, 36(2): 236-241. DOI: 10.11883/1001-
1455(2016)02-0236-06.

(28] WM, XSE5R, 756, 55 L@ E b REE AT (0], BIE S b, 2006, 26(3): 240-244. DOI:
10.11883/1001-1455(2006)03-0240-05.

SHI P, DENG G Q, YANG X M, et al. Study on ground shock energy distribution of explosion in soil [J].
Explosion and Shock Waves, 20 6(3): 240-244. DOI: 10.11883/1001-1455(2006)03-0240-05.

[29] B, ZRIKEE, FEMEZE, 5 IR AEAS A BT A R R R BB (7], $R3h 5 b,
2009, 28(7): 115-117, 216-217. : 10.13465/j.cnki.jvs.2009.07.001.

LIS B, DONG Z X, QI merical simulation for spread decay of blasting shock wave in different

media [J]. Journa ibration and  Shock, 2009, 28(7): 115-117, 216-217. DOI:
10.13465/j.cnki.jvs,2Q09. .
JJ,

[30] TAN P J, HA ID S R. Inertia effects in uniaxial dynamic compression of a closed cell
aluminium all m A [J]. Materials Science and Technology, 2002, 18(5): 480-488. DOI:
10.1179/02670830 .

[31] &k, Aelyy, WA, & L EEERREE S (0] B3RS TR, 2011, 28(1): 96-99,

: /jjace.2011.01.017.

H B, TIAN H W, et al. Numerical Analysis of Explosion Process in Soil [J]. Journal of
Architecture and Civil Engineering, 2011, 28(01): 96-117. DOI: 10.19815/j.jace.2011.01.017.

[32] ¥&F=, RET, RS, F ARt EAMEZETM (B2/0 M) AU H R,
2022:324-367.

[33] REZGUR, L&, BB SN 48N AR N AR R RSLIME [J]. A 1%, 2010, 31(S1): 216-
219, 231. DOI: 10.16285/j.rsm.2010.s1.060.

XIONG Y B, WANG C M, ZHAO K. Experimental tests on constitutive relation of fine sand under high stress
and quasi one-dimensional strain [J]. Rock and Soil Mechanics, 2010, 31(S1): 216-219, 231. DOI:
10.16285/j.rsm.2010.s1.060.

[34] &%, EET5, TR, 2. FT Savitzky-Golay [FAEEIE f HHZE T FMe0F 58 7). FERBOR AR,
2026, 39(6): 1189-1196. DOI: 10.3969/j.issn.1004-1699.2026.06.002.

YANG SJ, WANG Z Y, WANG XN, et al. Smoothing of Explosion Pressure Curve Based on Savitzky-Golay
Method [J]. Chinese Journal of Sensors and Actuators, 2026, 39(6): 1189-1196. DOI: 10.3969 / j.issn.1004-

, 2019, 39(03): 033101.

strain compression of calcareous

16



mOE 5 &
Explosion and Shock Waves

1699.2026.06.002.

[35] (CAEMURFMY mZs. TREHBEFM CGERBRDO M) FEEA T AR, 2018: 493-622.

[36] JF AL, Felg, WHEH. TR LIEIRER bRy Har 1], TR AR, 2022, 30(4):
1059-1068. DOI: 10.13544/j.cnki.jeg.2020-063.
SU X Z, CHENG F, XIE Y Y, et al. Mechanical properties and capacity expansion analysis of backfill soil in
engineering muck field [J]. Journal of Engineering Geology, 2022, 30(4): 1059-1068. DOI:
10.13544/j.cnki.jeg.2020-063.

S

17



