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Anti-explosion tests and numerical simulations of ultra-high toughness
cementitious composites subjected to blast by embedded explosives

WU Ping, XU Shilang, LI Qinghua, ZHOU Fei, CHEN Baikun, JIANG Xiao, AL MANSOUR Ahmed
(Institute of Advanced Engineering Structures and Materials, Zhejing University, Hangzhou 310058, Zhejiang, China)

Abstract: To study the blast resistance and damage rule of ultra-high toughness cementitious composites (UHTCC) subjected
to blast by embedded explosives, blast resistance tests of embedded explosives were carried out on UHTCC and high-strength
concrete (HSC) with different embedded depths of explosives. The damage patterns of the targets of the two materials were
obtained. Using the test results of contact explosion, the blast resistance parameters of the above two materials were calculated.
The test results show that UHTCC has better blast resistance than high-strength concrete under the same test conditions. To
further explore the influence of compressive strength, tensile strength and tensile toughness on the blast resistance of UHTCC
targets to embedded explosives, the improved K&C model was used to numerically simulate the UHTCC target subjected to
blast by explosives with an embedded depth of 40 mm. The simulation results were basically consistent with the experimental
results. According to the results of numerical simulation, the rule that the attenuation speed of the explosion shock wave along
the radial direction of target was greater than that along the axial direction was obtained, which verified the validity of the
model. Then, by adjusting the parameters related to the compressive strength, tensile strength and tensile toughness in the
modified K&C model, the damage patterns of the UHTCC targets with different compressive and tensile strengths and tensile
toughness were predicted. It is found that enhancing the toughness of UHTCC can effectively prevent the target from
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undergoing overall damage, increasing the tensile strength of UHTCC can reduce the cratering diameter of the blasting surface,
and increasing the compressive strength of the material has no obvious effect on reducing the cratering size. These studies can
provide a basis for the application of UHTCC materials in protection engineering.

Keywords: ultra-high toughness cementitious composites; embedded explosives; blast resistance parameters; K&C model
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TR BG 0, B e < BT AR S Se I KGN . Lai 500 68 & 1k AR IR BE L 4T T AR KE 24 i A LR
FRNESTIS, R BUIMA ZRE EF e RV AT 4] DU RCH SR e+ U M E R e . (RN EIR S - A 5
FEPE R 2%, TEREIERT AR T, SR 4E LIk B G hy 3, HOBEA B DL — SL8E W OR R 8, AT 3 els
TR E - R S e tE i IR 3 — 4 i1

B E KR I Z A A1 L (ultra-high toughness cementitious composites, UHTCC™, .8 Fx iy ECCP ',
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fl KR KE EAT T BUEALHL, & B UHTCC Ty B B AR AT LA 50080/ s e Af 286 R 9 R0 L 75 35 LA R S 44451
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AKGRI(SP) | &K 11 mm 1) PVACR @ EELF4E) Fil [ kK . HSC 2446 52.5 il ik iR Eh K e . fek
RiAE R 20 mm (47T, RidR 6.2~8.6 mm [ F D DL K53 FOR/K . Hh ECH) UHTCC B Y PVA £ 4
PEREFE PR AN 1 Frm . L L JRORHE 2% 2 Pl A LS HI 2T 4848 5 2% 1Y UHTCC i s iR B + (HSC) .
UHTCC $BAA 4 58 50 % FH o ) =S RNt FEAILE 268 T8 500K 500 T4 2 min, 285 0 A K34 2 min,
PR PVA SR 43 5 IMA RS+, 5 min, I DS RN USE HIVE L AREE Y b, R B PR AR BEAS 7 24 M g ik
A, FIERFRY 28 d JEHK

F 1 PVA FHEMIEBEIER
Table 1 Performance index of PVA fiber

24 A% /um KB /mm PR BE/GPa AR RR A /% Yrhiie E/MPa W% /(g-em™)

PVA 39 11 40 6 1600 1.3

2 UHTCC M HSC RELR AL
Table 2 Mix proportions of UHTCC and HSC

Frit/kg
ok — -
JRCEERSEL ¥ K faF K PVA
UHTCC 1405 281 2 0 390 26
HSC 451 544 0 1270 185 0

1.2 BEAXDZMEELn

g ASTM-C469 FLIEEY, SR HH K] 1(a) BT & 75 UHTCC F1 HSC (A4 m) K G 1m) .4 17 g o7 2% i
28, WAl 1(b) T OB AS /N 0 F 3 43 SR R g 1 28, 128 K 0 A3 40 R N ) A% ), JH v s 4 0 38 14k
PERSE¥I8 H A% 100 mm, 15 200 mm 9 FAE A, IR AZ 300 1x107° 571 e Z94#5 UHTCC M40 R 3%
JE SRR RN L AN 3 TR .

60

~
)

Stress/MPa
(9]
S

15+
— HSC
— UHTCC
0 1 1 1 1 1
-3.0 -15 0 1.5 3.0 4.5 6.0
4 Strain/1073
(a) The uniaxial compressive test system (b) The uniaxial compressive stress-strain curves

P URSRAE | SRR AR AR L

Fig. 1 Measurements of compressive strength, elastic modulus and Poisson's ratio

*3 EXNFESH

Table 3 Basic mechanical parameters

g YUE R /MPa PrhiiE EE/MPa ML/ GPa EL/N=A B/ (kgrm ™)
UHTCC 56.06 4.08 16.75 0.248 1900
HSC 57.32 420 32.00 0.190 2270
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[ Bt %) UHTCC Fi HSC 7 25t Instron B AL 40 54T T 40 &l 2(a) FIEL 3(a) BT 14 HEFE AL A
SEE, Ho HSC 1R BE 43214 % FH W0 o ¥E A T34 . RS2 100 mmx 100 mm>500 mm A9 AT AR TE IR,
UHTCC 7 A 00 2R FH SRk [22] H e i i - S R0, BN & 2(a), LAME A 32 Fr et B O 50 32
$7, #LL0.1 mm/min A ZINZE . & 2(b) AE 3(b) 203145 H T UHTCC M HSC ) B3R 0 7 10 A fh
2k, W LI Y UHTCC M Hi i a4 & HSC 1) 300 £%, PR AL BT Hi5E B ik 3 FiR o

4 -
< 3
a
2
52
7
1
0 0.7 1.4 2.1 2.8 35
Strain/1072
(a) The uniaxial tensile test system of UHTCC (b) The uniaxial tensile stress-strain curve of UHTCC

Kl 2 UHTCC EHEH L
Fig.2 Uniaxial tensile test of UHTCC

4 L
< 3T
[}
2
£ of
7]
1 L
0 3 6 9 12 15
Strain/10°°
(a) The uniaxial tensile test system of HSC (b) The uniaxial tensile stress-strain curve of HSC

€3 HSC EH g
Fig. 3 Uniaxial tensile test of HSC

1.3 LWHREIT

ARYR SIS R T LSS T Rl oR REAE AN [R) 0 25
R SR B IRE 28 R ek vk fg, I 3153 i AH
MR RGP RE S 8. — LB T WAL (f
21 4 He) SRR, BIVKE 2530 (K 24 rpocs 45 321 #0440
W AYFE RS ) S 0. 40, 80, 120 mm Y UHTCC #0t
PRFN HSC A4, AR P FP A4 R JEAS ) 24P B
FIKEZG R, et T A M SE AR (WA 4),
JEAR 8 552 55 0 75 1 2 SR AR (i 45 SR 3045 T ik
MRS . $BARCR FH EAR 400 mm, 5 240 mm

AYIRIAEEAARTE SIS . #E A o0 B ELA 33 mm, 4 BRSSO HEIA
AR R EE B B AR AL . S8R FH 50 g FLALAE Fig. 4 A target for anti-blast experiment
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2y, I EAR N 31 mme A EAS 32 mm {9 PVC WA HR, SR HC St A AT 3 1 e, £ Pl 7 AR A 24
HE AT 5 1 4B, FOREALARTR B AR U 70+ 6

2 EEERSW

2.1 KEER

DU SL IR S AU, ARG ELAR IR IE A0 SE IR A R W . — SRR SR I B T LN Y
=130, 2 S b AR S B E BE, S TR LA T S A RS R IME e i i s b, e SR S
LS B 55— KRR/ R, N
5% B A ok B A REAAR A 7T 0 R Al B K 25 %) ﬁ ————— e
PO BRI o BLARBRIE MR R WL 3% 4~ 5, LT arn )
oo oS SRR I s, o | S / <l
H AR TR S OO, D by A R A A U
N TR R W, AR L T e
RERDGEIE, S g 145 5% (R Hl Photoshop - N N
PR RE, VOB SR T e T
FATEE CRUHHE K R 7). M "

% 4~5 4FH1ic % T UHTCC Al HSC #LIATE - : :
KEZGHR 0. 40, 80, 120 mm I BESF S 4L, Bs UHTCC RAEMEIE SR A
X LESROR MR TR BIR S L. RS Fig.5 Schematic diagram of explosion

damage of the UHTCC target

HET L, HSC L ARTE A F 25 30 B 0 25 AR R K
TR R . R TR R $E R4 UNTCC BUETRHEIIR TSR
M, TERRYE & 5 TR B B AR PN &5 7= A s F ) o Table 4 Explosion experiment results of UHTCC targets
U, S Rh b g A A B B R L B under different depths of explosives
YRR T3, TSP B R AN kL. MRS wm imm Dinm N W s v
C-1 ﬁeﬁigz"ﬁ?u?&ﬁﬁ/_:kﬁﬁgflziﬂgﬁﬂ:’% U-1 0 2222 9320 0 0 4.67  99.99
IR R, KRRy U2 0 0% 2020 27 976 o7
ol AR T, R TR B ORI ERE 2l el mede
ﬁ/;ﬁi—/l\?&d\ﬁ@%fﬁm U-4 120 100.00 46.38

®5 HSCRETHAEERNEMFHERTHRIEIRLEER

Table S Explosion test results of HSC concrete targets under different depths of explosives

PRV h/mm H/mm D/mm SI% Vi% RE S AR BRI S
C-1 0 20.78 129 10.22 98.71 IR R — AR N ST, TEH R A 2488
Cc2 40 61.64 28.23 MR IR, T BRI 5 4k £ 28E, O WAV IS
c3 80 100.00 4.84 HEAASE ST LA/ MR RRER— 5% B AR A
C-4 120 100.00 2.98 HOASE W U R — S TR R A

XFH R 4 Rk 5, NREEIRIE Sk F , HSC FUAAR M B IR FE B L UHTCC #0435 , X & T
UHTCC 3% FbA R AU R 3 52, 11 H & B RS PVA LR 4E b RIAS 35 5 4, (A5 Fp AT RLE A R 5 )
Mo —J7 i, X2 UHTCC #EATE R KE 7 20 /E FH T ORS00 iU S ) = 44, Bl 7 AR 4% J5 PVA &F
2 1 BH 244 A 2 33X Se R A i i — 200 TR o) — 7 T, X R s R A 2 R R AT AR 4 1Y B IR
WO, X — BRI AE U-2 1 U-3 HUAR R BEIRIESS 1, U-2 SR A KE 2530 8 457k, — 362 R AE I 7E 40
PRI TR, o — 6 0 ) 4% 33 B 23 S0, T U-3 KEZGHE B A TR, KR4 58 A I #E #044 |, {H UHTCC 5%
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ROFERERCR AR U-3 Ay AR m 451 15 5 St/ T U-2,
22 BMRESH
R A T <1 70 K 245 5 4 Ml K B 2 S v i s P RS2 D R A P T R MR A , L T Rk
JUA-3 00, W5 =35 3 350 °C, JRIE 2 27 k/s™, KEZGRRKE IS, A SZ 358 2L AY ol P4, T — 1T
SR o TR S0 R NAS SR T BT R K22 K2 Pt 2 295 2 2 (o B MR R i 1Y
(7 H, R THOARRE B AR PE . 122 e BT AR - SR A T < B LA ) el R S
D=KW'" (1)
H=K,W'"-0.5¢ ()
Kb WONAHEL L, e ACZ R BE, D N SF U EAR, H 9 SH ORI, K, K, A R RE S
R U-1 A C-1 B S50 BE TH R PRI BRI S K, T K, (RAT 2R FL ALK 254000 A TNT 244,
B 1.3 150, R 45 5] K (UHTCC)=0.283, K,(HSC)=0.382, K,(UHTCC)=0.146, K,(HSC)=0.136.
AT TR R HURRPERE S B K, A K, 1958 SORT, PURVERE S BOB/IN, PR B KE P RE R i
UHTCC ) K, ZE0H B A% T HSC TR &k £, Xt Ui SN K, iR/ FE UHTCC WPttt se 22 i B AL T
HSC. fHEXT THURMERES L K, HSC Z/NT UHTCC. Xk W] UHTCC £ 50 458 1f FF 300 B Jy 1 25
9T HSC. FHOXMERISTR E B HURERES B K, AL IRTFHUTRANOC o (F 4 fil kg K 2 £ — o gy g 22
AT 0 oy P B, SO AR RH B, SR A 1 30 i TP 0 R P sl B, 3 — 25 b 15 UHTCC sk
AR T HSC AHX A o
23 SEFMBIARES
HUBRKE S0 v, DRIRE 230 8 7 A b 24 1o AR KE 5 RS O D0 L LRI A1, 0 A 9 30 i
S U A T 1 70 S8 R B — AR A SR o A, PRI BRI AN ] X 25 R T, 40
PRIBIRE S AR . KEZGHRER K 0. 40, 80, 120 mm (1) UHTCC, HSC $EAA IR R &S 0 6~7 TR .

(b) #=40 mm (c) =80 mm (d) #=120 mm

Pl 6 UHTCC MRTEAFIKELGHLIR T SR B
Fig. 6 Damage of UHTCC targets under different explosive depths

UIELGELR T 0 I, PR ALARARBEAT A A AR™ B A BEIR, R B A W1 B A RE, FURIB R T — A
BRI, (B RN 2 A RLR — g IR, AN KR 25 B R A i], HSC BB A i B L 2548 AR ™
B, JF HOA R A 2R T AN TR R R A O 28, RO R AR RO TR RN I E L BE R RGP B 2 T
UHTCC. X7 i T HSC R &E - #UA i B BT AT 27 2, HAR By vk FU O, P L IR BE A4 B A
Py o, S BCR BE b B AT SR AT B AR AR R R E . A UHTCC FRARAR DA W 7 i 7 A
REAA R R R MR 4, AR WLARE R /D, I H O UHTCC BEAK 1 5 458 10 LA K A0 1h0 5 A H S0AT 4] AT DL it 224 2
HHELHTR A 120 mm B, PIRRETRIARS2 B T B BIR, T H A S AR S A BT . U-4 SR
TR T A% ) MR ] B 51 57 288%, PVA 2R AERCRIINT, R RS AR 25 B MO LT HEgiobe £ . SR UT REERIR UK
f UHTCC Beffk . C-4 {REE + LR L AT A IR U/ M TR BE L B AR FIE R, 3R BT — B/ sk
IR P T M 2k I 7 AT SR S R b o M 2 R, e o g0 A A A R R AN
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AE DR A 3 1) 25 o, BELAS T AR SR I 1) A e, 3 TR B e P BE ) T g 0 28 U E R 2 T o, 43
T T A8 b S A o 0 2 S o 3K S YR Bl s R U 3 R B - A R B AR A O A A
FHU26L, 2o X AR = AR AR 58 B8 HE I ) BTUTRE Iy KRN A3, AT AR B AR | R RN . A, 7
By 3P 25 K v T T B T B I FFE REAICR

(a) =0 mm (b) /=40 mm (c) h=80 mm (d) =120 mm

7 HSC MEAAEARRIFELG IR N MBI
Fig. 7 Damage of HSC targets under different explosive depths

3 E{EEM

310 EMNERTIEE

SO0 A5 1 R, A PSR BN R A TE TR B AR, O T i — 20 T f AR DY IR O, LA
TR ANSYS/LS-DYNA #i4ll UHTCC $EAK AR KE b A2 o i BT A 1 SEBR 1% 0 2 37 W 1] 8(a) PR A
FROCELAL, £ | KEZG 28 SR ALE 28 ¥t . UHTCC #EACR RS I H 500, L28 S M 3 4E
FEA- UHTCC #0AA, I8 25 S A0 3R 101t i 8 i 399 301 B 45 4, R It BRI & SR ok 5 e 2 L s
SR Z R AR . SRR B R B m 20, IR A m-kg-s FL07 6 o [R] A 38 Ao 0 A% BBURR M 43 B
R, HRAR AT RST/NT 4 mm B, TR Z5 AR AR AR UE B TSR R RO BE 00 25 &, R e AR e
JERSEE R 2 mm, KE2G ., M LR BASERSE 2 R 4 mme )5 % 58 B 4 R R A4 S Bk 1 AR OR,
VEFH I 3 2 —BER A T THAR, O XS BRI 1 9 s 295, EAR AN 5] 8(b) s o

(a) The finite element model (b) Quarter model

K8 PURsSsA FRoTHI

Fig. 8 The finite element model of anti-blast experiment

32 MRHEEIRSH
32,1 APRHAR AR 4R R N
TERLARKE | il PRI J7 10, LS-DYNA S0t 1 =5 A bR B al fEH] P B e 4, 1 H AT A /Y
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MM ALK 22 HUiE 5@ R EE + . UHTCC BAT B A [R] 358 TR & - o hr bR, A e 4 B & i he
i o7 A5 B AR AR AIE [ R I A% FE 000 5 38 30 TR R ), 3 (A5 1% 46 1) 38 30 TR 58 b M A 2R TG v v 1 3
W UHTCC Jy 24 PERE . Xu G807 3 T 304 £F 2k 338 08 1= 90 14 7K U8 S b0 Ak 1) A g 2 S0 56 50, eleadk 1
K&C AU 5 2 50, sl 138 5 DR 1 A5 D DL RCIRZS O B2 2400, i eleadk 9 K& C #8578 ] L) o df el s ke
UHTCC [ 825 J12FRAE, IR Sk K&C BRI T UHTCC M AE s R KR 20 7E FH T 1 i R
A, B R S 4 Wy A Rl o TR e R BOCE AY K & C BRI TR R it A K 25 BT A UHTCC $EA F
ITHUERL . UHTCC MPThisi B PR  JAM L . SRME B & | %5 B S 80R FH LA ) 2 M B SC 30 4K
Pt WA PRI SR AR SN S EORPIR S O B S 850k B Xu 5807 48 9 7 i, LR N6 6 Fow,
6 TARFN S HCR R IR K&C BRY [ 2 A iU . 181 9 2 R Sk (1 K&C #5813 i B> B e hir
RN AR 4 A5 4045 31 19 UHTCC hir A RN 4 10 7 07 A8 4 il 28 (v Rz g K 0 1938 43 Sk A 7 g iz A% il
2, N J1/NT 0 A S R4 1 ) i AR 2k ), vl LAE Y, Bk i) K&C BRI T B sl AE S 501 K&C
BT LS G M R UHTCC (8 S A 30 0 e 4 e ik o 2 ASORBE 7 Ak Ay A 286 1k B AR IR (*MAT
NULL) Ff-45 B gkt 2 1 R 2597 F2 (FEOS_LINEAR _POLYNOMIAL), HAK S50 % WSk [28]. ME2548
YE i #2 R LS-DYNA ' [ 4 /E25 88 (*MAT HIGH EXPLOSIVE BURN) J & 5% FIR 25 75 F2
(*EOS_JWL) Gt T A A4, BRS80S WSk [25]. H KRR H (*MAT_Soil AND_FOAM) + 57l &
AR, BAR SRS WSOk [29].

6 56 MPa BE#MHACEEE SMAH K&C RESH

Table 6 K&C model parameters of S6 MPa ultra-high toughness cementitious composites

&y & &y &g Eys E &7 Eg Eyg Ei10

0 -0.0015 -0.0043 -0.0101 -0.0305 -0.0513 -0.0726 -0.0943 —0.174 -0.208

P P Ps P Ds Ps P Ds Po Pio

0.0 1417107 3.089x107  4.960x10"  9.423x107  1.421x10° 2.016x10°  3.085x10°  1.801x10° 2.755%10°

k, k, ky k, ks ke k, ke k, ko
9.444x10°  9.444x10°  9.576x10°  1.006x10™ 1.197x10" 1.388x10" 1.579x10" 1.724x10" 3.878x10'" 4.72x10"

BN ESINE A
Po f v Ay, A, Ay, A, 4, A, Ay
2 000 4.08x10° 0.24 14.44x10°  0.7349  5.470x10°  19.9x10° 0.5363  1.443x10”° 0.5363

Ay b, b, by Q A, A, A, A, A
1.443%107 2.4 -11.3 0.03 0.5 0 8x107° 2.4x107° 4x107° 5.6x107°

A A, A A A A, A A m 7
7.2x107° 8.8x107° 3.2x107 5.2x10™ 5.7x107 1.0 100 1x10" 0.0 0.85

7 M 7s us s 75 s o U M2 M3

0.97 0.99 1.0 0.99 0.97 0.5 0.1 0.0 0.0 0.0 0.0
IS =

& 100000 —4786 -1737 -631 -380 -229 -138 -83 -50

r 9.97 9.65 9.28 8.61 8.11 7.49 6.77 5.96 5.12

& -30 -18 -11 4.0 -0.9 —1x10"° 1x10°° 30 50

7 431 3.57 2.94 2.04 1.37 1.0 1.0 1.16 1.26

& 83 138 229 380 631 1047 1738 4786 100000

7 1.41 1.61 1.86 2.13 237 2.56 2.70 2.85 2.94

075101-8



%414 SO G NERIEZY T R IR TR R S AR ORI RE %74

M §§§§§§§
0 j
i
i
-15F i
< 1
[ i
2 i ]
= i i
g 0 ’
7] L
\
Y i
—45 5 /¥ The parameters of UHTCC
AN Auto-generated parameters
N —— Test data
760 1

2 1 0 1 2 3 4
Strain/10?
K9 Btk K&C AREISEOR A s s K&C BTSN i UHTCC R 46 0 1 0 A% 4%
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