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Flexural damage assessment for UHPC panels under blast loadings

SU Qiong, CHENG Yuehua, WU Hao
(College of Civil Engineering, Tongji University, Shanghai 200092, China)

Abstract: To establish the p-I (pressure-impulse) diagram for flexural damage assessment of ultra-high performance concrete
(UHPC) panels under blast loadings, cross-sectional analysis using the strip method was performed to establish the moment
curvature relationship for simply supported one-way UHPC panels. This process involved considering the tensile/compressive
softening of UHPC through the utilization of material constitutive models with softening properties and describing the strain
rate effect of UHPC and reinforcement with the dynamic increase factor (DIF) that varies according to different strip layers.
Subsequently, the nonlinear resistance function considering the effect of plastic hinge was developed, based on the moment
curvature relationship and a simplified half-span symmetric beam model. Then, an equivalent single degree of freedom
(ESDOF) theoretical model, adopting the nonlinear resistance function, was established and employed to predict the deflection-
time histories of UHPC panels under explosions. The reliability of the above theoretical model was verified by comparing the
predicted results with the deflection time histories of test UHPC panels in six shots of explosion tests. Additionally, the
superiority of the proposed ESDOF model was proved by comparing with the corresponding calculation results obtained from
the recommended methods using bilinear ideal elastic-plastic resistance functions based on the UFC 3-340-02 and FHWA
codes. Furthermore, based on the verified ESDOF model, p-/ diagrams for evaluating the flexural damage level of UHPC
panels were established and parametric analysis was carried out. The results indicate that increasing the concrete strength
grade, yield strength of reinforcement, tensile reinforcement ratio, and panel thickness, while reducing the clear span, are
beneficial for the blast-resistant performance of UHPC panels. Finally, empirical formulae for p-I/ diagrams, taking into
consideration the abovementioned influencing factors, were proposed and verified for assessing the flexural damage of UHPC

panels. These formulae can serve as a valuable reference for evaluating blast-induced damage in UHPC panels.
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Fig. 1 ESDOF model and the simplification of blast loadings
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Table 1 Characteristic parameters of simplified blast loadings

Sy ENGE PRIEIR pJ/MPa t/ms
UHPC-1 TR 7.122 0.28
Sug! UHPC-2 ERAE 12.59 0.20
UHPC-3 I 18.52 0.16
Licg? UHPC-D4 LR 20.89 0.20
Mao 0 A LR NE 1.16 3
B LR NE 2.488 1.9
1.2 UHPC REVIEEL M N GE
SR, RC ] 3 5 m R (940 ) T B 4%
% % PP 2 JT 7% 1O XU Atk 3 AR 3 - 9 P40 7 D R’
e, BT 6 F1 R 4350 R 44 1 1 458 FE AL T35 6, R Loading
S Oy FI1 S S0 SRPE R BRER T | W (BRI | % § : vgith s;ifﬁ_aess Q\@& : Wi(tlhoutdstiffness
AR IRRUR LSRRI K, b0 koo, |3f1 ST S B L S
SR O I B SR AL IR T R, K, 4 5 R ~ | :
By FBRYE I JE | X T 349 4 6 34T R, =8 M, /L, : !
K=384EJ/5L°, Horh M. L. E F1.J 4351 RC 42 ol s o s .
B AR BIR 25 0, i PR R R RS R A . AR e
UFC 3-340-02") 1 FHWA-HIF-13-032 7!, nf B2 R HAR S-S R
é:}. %[J Eﬁ /THE S %Jé %] % EIR {5‘% + % :J:j e ﬁg i fit ﬁﬁ Fig. 2 Bilinear ideal elastoplastic resistance function
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(a) Actual simply supported member (b) Simplified half-span symmetric beam model
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Fig. 3 Actual simply supported member and the corresponding half-span symmetric beam model'®!
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Fig. 4 Schematic diagram of cross-sectional analysis by strip method™”
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(a) Uniaxial compression for UHPC (b) Uniaxial tension for UHPC (c) Steel reinforcement
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Fig. 5 Constitutive models of UHPC and reinforcement!*'
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Fig. 6 Nonlinear resistance function and the relationship between K ,, and deflection
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2.1 SuFM i

SCHR [1] %F =R EZ# UHPC #it (UHPC-1, UHPC-2 Fl1 UHPC-3) J¥J&& T L 5l i#E 25 4 0.5~0.8 m/kg"” )
FRAE LI, A RST | BC A Sb R R A OGS AL 3R 2, o UHPC 1 Sl har Al A #4578 S 400 4l
SEEREEC B, a7 s . B8 4h i TSR KE T UHPC AR 94 B2 R Tl il £k . & T UFC
3-340-02") F1 FHWA FE U7 #7504 XU PR 3HAR 33 - 93 Pt ) 77 F2 () ESDOF A5 78 Tl 78 i s L S 36 4
P FSCHE [1] TP BUEAIUZE R . 3R 3 dE— P4 th TR I He i

&2 UHPC WREIRT ECE R MRS 8

Table 2 Dimensions, reinforcement and material properties parameters of UHPC panels

S L/mm b/mm h/mm pl% /% f/MPa E/GPa ve/%
Sufg 2000 1000 100 0.864 0.864 148 48.6 2
Li%gH 1800 1000 100 0.679 0.339 128.9 51.5 2

Mao%P! 3400 1300 100 3.4 0 170 54.8 2

S f/MPa Ju/MPa & Erac f,/MPa E/GPa E/GPa £,
SuZgl! 8.33 423 0.001 0.011 480 184 1.42 0.15
Li%) 7.66 9.95 0.005 0.02 300 200 2 0.15

Mao%5! 10 10 0.004 0.01 500 200 2 0.15
10
Test?”)
gl Fitting curve
[+
(=W
=
2 6
£
2y
g
=
2 |
0 0.003 0.006 0.009 0.012

Strain

7 UHPC S0 g -1 AR H 26

Fig. 7 Uniaxial tensile stress-strain curve of UHPC

20 10 10 —
Testl!) Simulation!"! Simulation!)
10l Simulation!!! ol — ESDOF, UFC 3-340-02 0 Tested residual deflection!!!
g —— ESDOF, UFC 3-340-02 g ——— ESDOF, FHWA g 10 ~— ESDOF, UFC 3-340-02
g —— ESDOF, FHWA £ -10 ——— ESDOF, this study g —— ESDOF, FHWA
g 0 ———ESDOF, this study E E 20 —— ESDOF, this study
g= = 20 B=
3 -10 3 g 30
= = 30 B
) j53 ) 740 L
A 20 A a
—40 —50 }
=30 - - - - - =50 - - - - - -60 - . . - -
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time/ms Time/ms Time/ms
(a) TUHPC-1 (b) UHPC-2 (c) UHPC-3

P8 UHPC A f) T 472 E i) - S 06 A B REALL 2 SR X HE

Fig. 8 Comparisons of predicted deflection-time histories and experimental/simulated results of UHPC panels
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IR T IRBE L Z PIPERE AR I, (HOR 75 AR AR AL AR VR BRI LA 4 T, TR AR A T+ 1
14408 J32 T 7, R (78 R ) T A X 158 2 1K —37.6% ~ —32.3%, X T TG i SR A SO ARk
Hi 5177 A2 (1) ESDOF 5 RU i, X =Rl Kk T80 T UHPC M A 08 (556 F8 L 1) 3000 349 48 Ry v, AFDGE 3 25
-1.0%~5.2%.

&3 ESDOF REFMIEERE S LI/ BEREUE R

Table3 Comparisons of ESDOF model predicted and experimental/simulated maximum deflections

UFC 3-340-02 FHWA ES'S
e A SBE/mm BER{E/mm
W(E/mm  R2E/% W /mm R 2E/% WA /mm =%
UHPC-1 27.86 27.44 27.73 -0.5 17.39 -37.6 26.42 -52
Suz UHPC-2 - 38.90 41.89 7.6 24.92 -35.9 37.25 -42
UHPC-3 - 48.13 55.98 16.3 32.56 -323 47.67 -1.0
Li%# UHPC-D4 72 - 123.99 722 49.95 -30.6 73.11 15
MaoZ A 110 - 113.24 2.9 88.24 -19.8 111.44 13
B 210 - 193.32 -7.9 145.24 -30.8 213.46 1.6

X FRATHEE, T SCHE XA SCHE 7 i) ESDOF AR A () F 25 SR gk 473016 . Wikl 2 Frw, 54 be
2 DAV AE B B A i 5 Fie R 28 B A2 T T A RAT, R g B Ak B8 R FUN AL A 32 IR 2 O HI RN . X T
iR =3 UHPC #, #4445 45 R B AT, SN2 M8 K, R FH b I8 K, (K, IO 377 Jet R s Iz 1 I )
BV AT 5 A oA o T UHPC M SR A HRE I .

22 LiZE® g

& Hl ESDOF #2843 #r Li 451! ¥) UHPC-D4 105 —
ARMEAE S0 v B 25 IR, SRS SO 70} Tested residual deflection’”
P20 T OCHK [2] RS 1 UHPC B 547 A .t :E:ggi 55%2'340'02
PERE SR, HE = 0 SR AE B HOR IR R (9) B £ 0 — ESODF this stady, K,~K,
9 XFH TR F RIS i B ESDOF s 5 —— FSODF, ths study, K,~0.20K,
W B IR L, % 3 R T MR MR R
Pel . Z5REM, UFC 3-340-027 #E 47 7 i ™
B T UHPC A0 (R HE B (122K 72.2%), Tii i: [

0 50 100 150 200 250 300 350 400 450 500

Time/ms

FHW AU 7T i 75 J7 1 TUi0 45 SR 09 A X iR 25
—30.6%. KA SCHr S p AR LB 1 AR, 1%

B B2 32 T 45 SR g A AR 220U 1.5%, X F ok
KRB, 5 2.1 WAIE, BT UHPC-D4 F=4: T3¢
TR 7, o 10 28 D) 3 BOA 3 2 e A # 1F

9 UHPC-D4 F TN BB I A 55 S A5 R L
Fig. 9 Comparisons of predicted and experimental deflection-
time histories of UHPC-D4
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K H ESDOF I XF Mao 481 JF J i) UHPC Ak K 5256 v ) W B C Alf UHPC Al G405 A I
B) UEAT T BB A AR A0, IR S S 500 T 36 2. 1 10 FNEE 3 20 44 T SEIR AN 1 A UHPC M b
JEE ISR MR I A (B B2 B . AT AR MY UFC 3-340-0217) FLYE T 45 S 15 1 AR A RO (B2, (B85 h
EHARAS T B A FE R, 5 R AR TR R (0 1 45 R B s B % e I P 344 A ], G ) B 2 O
JIN, Z R A 25 A P A B 30, B A T RASIE 244~ UHPC AR 4T 01, MmiRAS T Hpe i
Wi 3 5 FHWAN F S0 F 00 A5 2 A A A FbR B A UG (1 52 58 AH X 128 22 53 391 21— 19.8% Fi1—30.8%; A SCHEAY AT
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TR A MR B Y7 A BRI, 7 2 2 W R R A A REARAR 5 SR K W) i T EL

200 240
Test?! Test!
160 [ Tested residual deflection’ 180 1 Tested residual deflection!
120 F —— ESDOF, UFC 3-340-02 120 F —— ESDOF, UFC 3-340-02
é %0 —— ESDOF, FHWA é — ESDOF, FHWA
£ —— ESODEF, this study, K=K, £ 0 ——— ESODF, this study, K=K,
2 40 ——— ESODF, this study, K,=0.77K., £ 0 ——— ESODF, this study, K,~0.06K.,
Q [}
5 B 60
a a
=120
=180
~120 e 040 P T S
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
Time/ms Time/ms
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10 UHPC # ) ESDOF 74 Fiil 458 5 I A2 5 S 4 SR LY
Fig. 10 Comparisons of ESDOF model predicted deflection time histories and experimental results of UHPC panels

gi b, T A HERY ESDOF A5 RUANIE T T A8 AF faf 2 /E HIF B9 BE Al UHPC Mg fEHR 12 . AL
ST R T AR LML ) D7 B B9 ESDOF A5 Y B T R0 RAR g, 0 e (1 458 J32 Y T A X 12 22 9 —5.2% ~
1.6%, I HIPEAFBISAIE . 0 T o AR GERE, M40 103 50 /0N IF S50 28 O J32 SR 0 5977 Je 2 BF o 7 4 54
JEE RIVRT BRA5 A MR ) 5 A B E TUIN(EL, R P40 3 5 O 7™ TN, O 2 M=% DS 2 M BE AR AL . (EAG 1F
R A 3 e 5 P 8 R A A JBE 1) O AR A Tt — AP IE

3 UHPC tRE # iR {5

AN EET LA EER) ESDOF BEAL, 1 ety &P Al UHPC M 25 il #0105 S5 0 %) p-1 th<k o 3@ %) p-1
M R SECE w0, i — DA R p-1 ML A, fJ5, #id 5 ESDOF SR 734 45 Xt [k
IS UEHE I 2250 A =0 T b
31 pIHAZRERGE

p-1 MR R AN [ H VE 7 2 F T A A i 8 3 0 42, vT F T 0P AS R R 0 2 003 5 . % 1 25 i
IR, Ra A 00 450 3 25 SRR 4l I AE S e b (9 7 £ 0 F B, 7 £ eh R 2 5 v B DA B B o, RIS L W, BD
tan6=26,,/L. A4 UFC 3-340-02 #LIE 3] 53 32 A 15 09 55 9. 0°<<o<<2°, B2 i fh; 2°0<<0<<5°, Wi
Bif; so<o<12°, JUEHIM . FIEE] 0> S5O0, 2T R AT, SO SUUOGTE 6=2°F1 0=5°K] 45
A Y p-1 thk.
32 p-IHAZGS O

J I p-1 I SO 3 i, BB 1 BN, HOCHES A : RST R 2000 mm (44HE L)x1 000 mmx
100 mm; UHPC {1 BASlHE 1R 35 B A0 S 23591 h 150 MPa F1 50 GPa; UHPC £ 4k A BB BUR S2FR T
R R BH B 1, B 2%; UHPC iR -5y A8 il 645 4E 250 =8 MPa, £,=0.001, f;=4 MPa, &;,=0.011;
2PN AZ AN A5 1 C A 2R 35 R 0.864%, Ji R i B | SR AR B | A fR ST et AT T 2R AR 43 51 S 500 MPa
200 GPa, 2 GPa i1 0.15, RS 2 15 &I Uk i 3 TAE LR 4T 01 7 #2 19 ESDOF #5278 TF Ji& 51y J e )37 43 7,
R3) T HEAEMRAE 6=2°H1 6=5°XF N 1Y p-1 M2k, Qnl&l 11 Fron . 4% p-1 th4k B JE 7 F i 7 4k 2k,
X I B 3 RN i 43 R po A

FEET p-1 S50, 52 Z A 45 UHPC 58 B2 45 9% 4 i IR i B . A 0307 1 7307 2% L AR i
. 18 12~16 4345 T R AT BE 4 58 45 90 (100~250 MPa) | 4K A% i IR 55 2 (300~ 600 MPa) . 24 ff
e /7 %2 (0.393% ~ 1.728%, 52 Hs Fl 32 7 B9 3 TiE 7777 22 43 5 il p, M p) o ARJE (100~250 mm ) Fl ¥ 5
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¢ W95 475 7 B AR TR Bk, UHPC A AT AR 2 () 4 e
far 238G K &1 12 R 25 10 TR BE EPU R B R
30 MPa [yl RC # i) p-7 £k, 7T A5 &8
RC #Af b, UHPC A BT H PERERT UL 5 DA 13
A LA H: UHPC MY p-1 i 2k Bl 5 A9 750 it 1R o

Fi2
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Fig. 11 p-I diagrams for control panel
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T i, EL G i B 5 A48 403 5 S ) 35 i 18 oK . 11 14 3R B Bl 2 9N 0 A7 R (9 15 i, UHPC Al i P s
PEREPE RSB I, H AR AR5 407 45 G A sy B, L2 e B8 Ry 8 3 4 o, (p,) FE 0.393% 34 i 22 0.864% K, 6=2°%F
N p-1 BHER Y p, AT T, 53 )38 K 58% Fil 24%, 0=5°XF [ A p-1 RREZEHY p, B 1, 43 5138 K 79% Fil 32%; 1t
Ab, 1938 T AUED & 32 PG ELEC AT R A 0.864% B9 UHPC Y p-1 #H 2R, X He 23R, 5 R uERNAH L, ASTE &
3 B4 1Y UHPC A i o as e 0 OR 52 K, B8] 32 F B9 7 6F UHPC AR 25 it i 4 p-1 i 452 mmss)N .
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Fig. 12 p-I diagrams for UHPC panels with different concrete strength grades
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Fig. 13 p-I diagrams for UHPC panels with different yield strengths of reinforcement
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Fig. 14 p-I diagrams for UHPC panels with different longitudinal reinforcement ratios
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Fig. 15 p-I diagrams for UHPC panels with different thicknesses
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Fig. 16 p-I diagrams for UHPC panels with different clear spans
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33 pIHZREZE AN
#57 UHPC M s il i 405 p-1 2k i 296 28 200,
(p—po)I —1y) = (po/2+1,/2Y (24)
Ao g oS p-I IR MR S5 R /D ik i 4E X (24) #LG & 12~ 16 1 i ESDOF #5151 534
AT p-1 M2k, B0 1T AN EEC & UHPC R it p-1 th 4 i) =0 S5 p,. 1, 7 B BYMUE, HAUE
PLBE R YE IR 0.92~0.99, UiHHR 20 (24) REMSHERH LA UHPC A ph i 45 p-1 B2k, i — e
PR 2 14 s e R B ST, D0 RT LA 3025 AN R S B A ) p-1 IR i S 50362000 .
Po = N1 5,101 Poo
Iy = A, 4, 4,4, 1o (25)
B =ajapa,anarBy
KA, A M a 3 AFEREERE RN p. I, 1B HFEW N F, THR £, fn p b FL 5350558 F UHPC 4t
5 BE A A R IR | S P AN A IO A 3. MRS RN BE 0 TR, U0, R SR py BRI R T puo-
Ly A1 B, R FEWERN A = A p-T I H1 S50
iE—25, R N AR 25) A p-T Ih 0456 SHEURE, the T 4552 m 1 Rk, 1K
X LA DL R IVE T 0.96~0.99, 3 4 45 T & 2 71 35, Horp 4, F1 4, 43 5B
RN AR A R A I, 45830 (24). (25) FI5E 4, BIAT A2 UHPC #2s i i p-1 thek .

&4 UHPC WREEIRG p- HZLR AREXSH

Table 4 Parameters of the empirical formulae of flexural damage p-/ diagrams for UHPC panels

Fik
A 28
6=2° 6=5°
Pro 106 127
HEAR Iy 1214 2228
By 1.634 1.642
nf. 0.717 + 0.325 (£/150) — 0.042 (£,/150)* 0.251 + 1.065 (£/150) — 0.319 (£/150)*
100<//MPa<250 Ay, 0.839 + 0.187 (£/150) — 0.025 (£,/150) 0.614 + 0.550 (£/150) — 0.167 (£,/150)*
af, 0.951 +0.065 (£/150) — 0.013 (£,/150) 0.993 + 0.002 (£/150) + 0.005 (£,/150)?
U 0.293 + 1.061 (£,/500) — 0.354 (£,/500)* 0.191 + 1.106 (£,/500) — 0.295 (£,/500)*
300<//MPa<<600 Ay, 0.635 +0.571 (£,/500) — 0.206 (f,/500)* 0.534 +0.700 (£,/500) — 0.233 (£,/500)*
ay 1.034 - 0.081 (£,/500) + 0.047 (£,/500)* 0.999 - 0.017 (£,/500) + 0.017 (£,/500)*
Mot 0.292 +0.791 (0,4/0.8644,) — 0.087 (0,4/0.8644,>  0.159 + 0.947 (,4/0.8644,) — 0.123 (p,4/0.8644,)*
0.3934,/4,<p/%
172844, A, 0.619 + 0.448 (0,4./0.8644,) — 0.071 (0,4/0.8644,>  0.524 +0.572 (0,4/0.8644,) — 0.107 (p,4/0.8644,)*
@p 0.998 — 0.001 (0,4./0.8644,) + 0.005 (0,4./0.8644,)>  0.973 +0.032 (p,4,/0.8644,) — 0.005 (0,4./0.8644,)*
M —0.294 + 0.928 (1/100) + 0.377 (h/100)? —0.603 + 1.536 (h/100) + 0.071 (h/100)
100<A/mm<250 A, —0.452 + 1.353 (1/100) + 0.101 (4/100) —0.438 + 1.376 (h/100) + 0.062 (h/100)
@, 0.834 +0.211 (4/100) — 0.045 (4/100)* 0.928 + 0.090 (4/100) — 0.018 (4/100)*
m 0.187 — 28.977 0.029-2%° 0.218 — 23.259 0.03420%
1000<L/mm<4000 A 0.492 — 2.586 0.200-2 0.533 —2.265 0.210-2
@, 1.201 = 0.213 (L/2000) + 0.022 (L/2 000)? 1.185 — 0.203 (L/2000) + 0.021 (Z/2000)’

it — LBk bR 2 5 0 SR T RENE, BEHLIE R = B[R] i i) UHPC Biibdl, Z 8L 5 FiR o
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& 17 435 45t T 225625 XA ESDOF 55 R F (1) UHPC Az SRR #7143 531l K 200 5O p-1 th £k T LA
i, ASCHR Y p-1 2R 2290 20 05 BT 45 R W) S ARG, ELO AR PR B ms did TP F

x5 WIERISHEE

Table S Parameter values for the validation panels

Wi f/MPa f,/MPa 0/% h/mm L/mm
1 100 300 0.393 100 4000
2 200 300 0.864 200 3000
3 120 550 1.047 150 2500
30000 | — Empirical formulae, #=2°) 30 000 — Empirical formulae, =2 30000 l — Empirical formulae, #=2°
10 000 T— Empirical formulae, 6=5°, — Empirical formulae, 6=5°) — Empirical formulae, 6=5°)
—+- ESDOF analysis, 6=2° 10 000 | | ~ ESDOF analysis, 6=2° 10 000 | l = -+~ ESDOF analysis, 6=2°
g =~ ESDOF analysis, 6=5° | & & - ESDOF analysis, 6=5° | & | -s- ESDOF analysis, 6=5°
< 1000} < | 3 I
§ + § 1000 é 1 000
& 100} g &
~ =% A~
10 ¢
5 100 100
300 1000 10 000 2000 10 000 50 000 1500 10 000 50 000
Impulse/(Pa-s) Impulse/(Pa-s) Impulse/(Pa-s)
(a) Panel 1 (b) Panel 2 (c) Panel 3

K17 3T ESDOF BRI ST A ) p-1 255 22560 8 sCHti 2 SR Xt Le

Fig. 17 Comapriosns between p-I diagrams from ESDOF model ananlysis and empirical formulae
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UHPC fi] 32 #L 1) i 9 AR £t g 757 #2 Al ESDOF BS AR, Bl , 38 8 5 75 M YR KE S50 v UHPC #i iy
FEERTRR, LK UFC 3-340-02 Fil FHWA FUWHERE J7 1 TR 45 B0 L, Bk 1 r 8 57 B 7Y i ]
P T AERY ESDOF #E AL, #4871 UHPC M s #h #5145 5 9 1) p-1 ’h R FFTF I T S 802 4347
FELBWT .

(1) 3T UFC 3-340-02 Fll FHWA LI Y AR 4 B AR 380 98 P it g 5 B2 8 57 (%) ESDOF 5 R 3 T 1
TR K for 2R A R UHPC M i I (B B8 B, AR SCHEST (1) 36 T A (AR R 4T 1 7 21 ESDOF #Al, % & T
UHPC {32 iPERE . MR S R PE e 52 i, AT DA s 35030 UHPC #4145 WA 4T 1 LA S KA TE T
FIHT 1 308, R UHPC A i) 06 {8 48 B Pl U ASCRAR G, A X 15 25 0 -5.2%~ 1.6%;

(2) p-I MZSHG ) 43 B 3= W1 B¢ 55 UHPC i 3 55 ORI AN A Jetd J i B8, 388 o 2 o7 40 543 T, 17 2% R AR 2,
DA K/ NG it 35 AT T UHPC AR B HTbs b g

(3) & th IR 7 %5 08 UHPC 583 | 4K i IRt B2 | 52 o 809 7377 T 107 23 | A JEE AR 55 5 i ) 251t 462 4
p-I &KL H A, AT 2 UHPC MU Al 4 it — e =% .
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