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I A R HE: @R KYE (P-042.5 2, %F 3.15g-cm™). £ 4 KA 0.5~1mm FiiEyE
B SRTATHD (AR RS 2.1) 5 HIE BN 4.75~10mm 3E LR A R MEES<8%) 3 4t R
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FeF R E IR BEIE TFER SFS BE &t (R 1), RAEWERRE %k . il (GB  50086-
2015) «  (WEHHEEE LN ALY JGHT  372-2016) AINCEEIIA VR 5k 4 50 5 1 AR FAE)
(CECS  03:2007) ATl . #HEBERE 100mm, B9 5K E N 0.6-0.8MPa, 15t} &
90°, MiHfEEES 1.0-1.5m, FRIAARIAZ>50mm AbiE A7 65 CHORE ) FLR R R A G 8 . WU e s
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Table 1 Mix proportions\of steel fiber reinforced concrete

Cement Natural river Graded Water-reducing admixture Accelgratlng Water Steel fiber
sand aggregate admixture
472 912 777 4.72 33.04 166 35
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100

T,=97

90

Curing temperature curve

80N

Curing temperature curye/°C

1 L 1
0 20 40 60 80 100
Curing age’h

1 FR{PIR AR R R
Fig. 1 Schematic diagram of curing temperature variation
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. BEWIEFRTREE T,=97°C (AR =95%) , 7F 0~3d i3, 4 4h SiEFEIR, PEIE AT=
(T)-28)/(6X3)°C, & HARRE N 28°C. KM GT-TH-800F &l gufEfEif 724748 IR = TEH]
-40~150°C, HEE+0.1°C, ¥WAE£2C) BATHY, EENFHLWE 1 R,
1.2 RWHF R

2 e ) R R B A 2 RITRE 2~3 YRR, JEE 1~3d MR- EIHR1F, T SHPB phi
RIGS CT 94, *beppah #ar B A E A CT BME, o Fri ke .

PR T 2 fis, HgsS A/B-a-b, A £oRmiR BRI &4, B Konbrkseir &4,
a ToRFIRH, b RoRpdi LR/, B ASR AP35 N A8 % (Average Strain Rate), 2l P4 2H 15044
ASR i, A THRE 3 NPT REE, B PIME. W53t 27 MRS

2B TRIRT

Table 2 Experimental condition design

Curing method SII: ;ﬁgﬁn Impact speed(m/s) ASR (s Cufing’condition
A-1-0.1 3.030 15.941 T0=97°C 95%RH

A-2-0.1 3.154 16.243 T¢=97°C 95%RH

A-3-0.1 3.194 16.695 To=97C 95%RH

A A-1-0.2 4.414 28.M3 To=97C 95%RH
A-2-0.2 4.290 26.931 To=97C 95%RH

A-3-0.2 4.430 29.016 To=97C 95%RH

B-1-0.2 4.414 16.924 +20°C 95%RH

B B-2-0.2 4.290 17.245 +20°C 95%RH
B-3-0.2 4/430 15.819 +20°C 95%RH

2 SHPB iR 5 ##E o 47

2.1 SHPB iR I & &

MR R FH QB 2 Fos S SR ARG R G, AT A m R AN, SRR E=210
GPa, JHFALL v=0.30; AFEE R d=100mm; ASAT. BEHHFT ST KE D58
L=5000mm. L=4500mm F Lj=1000mm; F#KE H=800mm; < JEIKB)Z %% /1TEH 0~4.00MPa,
AT HIIE v=0~30m/s; KA SEIE NSRS BCRERIE, & ERFEZE £~20MHz, 53HF%
16bit.
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Cracks and chunk spalling
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Fig. 4 Damage morphology of cracks and localized fractures 0
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Fig. 5 Strain rate-time curve Fig. 6 Dynamic Stress-Strain Curve
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3 SHERGSEMERE
Table 3 Dynamic elastic modulus of each group of specimens

Specimen number A-1-0.1 A-1-0.2 A-2-0.1 A-2-0.2 A-3-0.1 A-3-0.2
E,/GPa 1.917 3.645 4.317 4.862 6.551 9.508
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SIS W R T T 90 1 4% T 45 G i ARG SRR A B, X RERR AR 4 - AT SE RS 4H 1 b
2.5 BIAEHES

AL LS R AR IR IR SFS #1547 R s, i SHPB R Gl il AR iR 7 5 4 S A
HEFRP AR % 3 3L 18 AN, BAR R Jo B - AR 2R S5 E A S5 R 8. 9 . sl AR IR IR
PP R RGN 16,251 15951 F1 16.2s", BEHURENCA 2.1%;  MibrAEFRI 40T RAE R 16.9s
1 17.25 1 FiT 15,857, ESHELRECN 4.22%.
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Fig. 8 Stress-Strain Curves Fig. 9 Average dynamic peak stress

W 9 frow, I8 SR S S RN IR B 5 G008, 1d @ IAR1E Dol
0.161, KUV ER IR M BUE R L) 16%MAEIE K &R LK E 2d 1 3d B, Dri#
W% 0.38 F1 0.565. il AR MR 74 20 (1) B 75 5l 4 RO R B S I ARt 7R 4, ELYEAH R AR 2 4%
T, P RS SR ) 2 EA O . FREEE RIS AN KR KA AR, B E i - g A
HEIERB RO &, SEME CBERREE 51,

NEEE R TR AR R SFS ARG TR S, AR T 38T 7 Wi o 3 0 5 T 5 44 25 AL 11

> a =) = 2 D bt SP=] be-b >
Eé%ﬁﬁ%ﬁﬂﬁoﬁ%ﬁm%hﬁ%gmﬂﬁ%%ﬁﬁ%%EMM:%§Mﬂﬁéﬁﬁoﬂﬁ%

e R BEBGE, ZpERR e bR 1S B NE AL, e EMFER R T, HEEREN T &
Jext 6 4H i AR IR ZAP D AIAD F AT AR ZE bR EA AL B, THBR BRI ARG TS FR AR
BEEHE, 3] epr=0812,~\ean~0.753; HEMMithH &5 BRAMEIHIA—1b, T&HED M ER 0.4, AD,
IR N 0.6/ B At Fabr i A 2N
D;-Dpy
DC%m= a*Dp+p- D—fo#(10)
Hot, Dpo=1.823, ARMMAARMRIIA AR HESEREY] (WK 4, EEHHERTR R
AN SR R BE IR O, 5 22 U0 B R IR S O SR SO AL R A R () — Bk
RN ER A iR AR R TR0 SFS J12EMERE IR AL, ARSI S i Ak A AN
el L ERS S 1, RS AR AT X M. ZHU M SEBOGHRAF4E | 2%
SEVREE L (SFRSCC) fE 25~800°CHVALEE J5 I sh# & J1# R AT T ARG 7L, SRR S5
558 P55 RN B A5 0 56 1) BB T 5 T vy 2 e B R RN B, 200°CH I8 BN (E F S PUR SR, BI85
JE5RSE 96.3MPa, I KRB RN ; HET 200°C 5 58 IR Wk, 600°C/H K T imsmE . X
BRI, B 200°C )5 iR G0N B W IR,  400°C )5 R E 44 W38 T M. AT G R 3R WS 4
K, #5258 Dr M 1d 11 0.161 $9% 3d ) 0.565, St A3 it BRI, X 5 SCEk Rk iR



=B EYEZIR
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

FEA B SR B TFEUHINRE, LR 2B T ST 746 A1 28d B30, (IR AKE LS
A (1~3d FEY . ARRTRY) AAEZESE, FEOEMEME T ARORTEITREFRIEIY . [F 774 il
HERS S8R iR, DL e B - IR & AR .

®4 BEFHTEER

Table 4 Calculation results of each index

W 1d 2d 3d
Dy 0.161 0.380 0.565
pege 0.067 0.159 0.237

3 HTFZ{E CT AERIG D R4 ERY SFS shiSiifa A iEa

3.1 CT E&12E

SFS i In# AT J5, R Nano Voxel 4000 &3 3% CT RGLHHAT B iik A S H05 e N
200kV EHLE . 180uA HIALGRAE S 0.58s FFLMiME YR 8] o JH T X 5 20 3 okl el 7 S 0 N7 1) K 5 Pl S A5
Bp, ERH R R A, BPRIEARIONIES KT 5, FLBREREEA B AR X 5, FEFKE
BE I FLER S8 R sl A, TG b T 5 S A R AE -
3.2 SFS 4y FL4HAE

BT AT HEHL SFS WA E . THE EBUR T 4EBUR 22 7 Sk EgEiEBIBIAE,
RV EEUE I 2 o G4, R GRS AR RS,  geitd s RS NI S e, Rl 2k
EATHE 45 . @ id Matlab K U FAy —AEAEUGS\ AR Otsu 500 H 3 BIE 43 %1 B4i8 T B
KA 7 22K B 3 UG B AL B A A S AT 2e SR B RIME, 4 BB g 2[0,117a F, 48
Je A otsuthresh B&Hf 7> FISE, FIH B/ —FeIEANG 19 31 22 7 S 450 10 Frw s

F 4 Gt TS H R SR TR 4ERL . SR e T SRS N 2% 1 T LART 5 2 AR S ) A A AN
T4 B e A543 A A8 FRUBE B 4R A 5 AL I AR, 4R TR G 8 R 1 =S 5TV ERAE R
NI SUREEEN “HRERE”  CHMITEEY RD SRR o RIS TEYERE R EAIR R, R
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K10 e G e Rt A 18

Fig. 10 Binarized images and box-counting dimension fitting results

*® 5 CT Ao 4ER (X5

Table 5 Fractal dimension from CT scanning

Specimen 4 4} A-1-0.2 A-2-0.1 A-2-0.2 A-3-0.1 A-3-0.2
number
D, 1.832 1.871 1.845 1.893 1.858 1.923

3.3 ET oMY SFS SRt AR sy
3.3.1 ZWT A A4 A oG i it
ZWT AR L RICFESE NSRS K RVER R, JE T m oy RYPEERA s bLE], 42
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RFRAEM B ZA SN SRS A S NI IR Ak, B e R 28, 5] AN 78 &
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. 2
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(o)) Ey
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Fig. 11. Schematic of the proposed constitutive model
i, o RARRPEIIERI ), 0, = Es\ 0= Eygy DAEHIER.
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Table 6 Fitted parameters of the model

Specimen number a b c d e £ ?3 E, R’
A-1-0.1 -1.53E16 11814  -1029918 1.25E8Y +5.51E9 1090 -44E8 1181  0.921
A-1-02 -1.32E19 37935  -3611313 4.62E8 “-207E10 3796 -4.54E7 3794  0.982
A-2-0.1 -9.69E18 -17866.3 -2066651 194E8 A -6,33E9 44027 2.39E8 -17866 0.955
A-2-0.2 229E19 41737 -3990868 4.55E8./ F1.82E10 5380 4.95E8 4174  0.959
A-3-0.1 -321E19 3579 -3171284/ 3.58E8 -1.41E10 3429 -8.99E7 3579. 0.941
A-3-0.2 -12E21 93963  -9412535_ N/22E9  -55E10 8986  1.80E8 9396 0918

E: AMBEMSHT, o RESE0 . b. o dv /CEEMEHMEIRED N ESH, HESEARAES
GfE 2 i 2 BB e 1, 2B AR AL R B3R AR HER IR 1S 3-[N 32 il 2 A AR S PEARAIE - e J B AL B
RE AR BAPSLPIEE L Eo M1 Es MR S (AL Pa) , HIEMERFSYETUN: o FATHES A (BAAZ: s)
BRI AL R EIRT 0.9, RINZAE SR A Mk ulie th £k .
*7 BHEBSRERT

Table 7 Statistical analysis of model fitting errors

o5 = Ry, I KAIXRZE(%) PRI RZE (%) RMSE (MPa)
A0, 0921 5.23 2.87 1.24
A140.2, 0982 6.71 3.42 1.58
A-210.1  0.955 4.89 2.61 1.09
A-2-02  0.959 7.34 3.98 1.76
A-3-0.1  0.941 5.67 3.11 1.31
A-3-02 0918 8.76 4.56 2.03

e RKHIXRZE . FHAXTHRZ N RMSE Y15 T prG s s tH 545 H . P M2 RREIRT 0.9, SRR
Z/NT 10%, IR IRZEN T 5%, RMSE MU FURE N /T LLGIFE 10% AP, SRR BA B i T AS 2

A B LA E .
4 & 1

(D #87R § m i AR IR 564 T B 1) SFS AR fA7E 2 1) BN, & &7 &
1d. 2d & 3d @ HIR AR 42 S AE 73 009 0.161 0.38 F110.565, W H A RL 2125 i 453 2 22 B 8 3
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Experimental Study on Dynamic Response and Damage Characteristics of Early-
Age Steel Fiber Reinforced Shotcrete with High-Temperature Variable Curing
ZENG Xiangge'2, XIE Quanmin'2, XU Yongkang!?, ZHOU Hui'?,

ZHENG Zhibin'2, PAN Chong!-

(1. State Key Laboratory of Precision Blasting, Jianghan University, Wuhan 430056, Hubei, China;

2. Hubei Provincial Key Laboratory of Blasting Engineering, Jianghan University, Wuhan 430056, Hubei, China)

Abstract: In the drill-and-blast construction of tunnels under high geotemperature conditions, the mechanism
governing damage evolution in early-age steel fiber reinforced shotcrete subjected to combined thermal and
mechanical loads has not been fully understood. A damage constitutive model was developed utilizing the split
Hopkinson pressure bar technique and the fractal dimension analysis of CT images., Phe dyniamic response and
damage features of SFS specimens (aged 1 d to 3 d) subjected to impact loading, following with a curing regime
involving high and fluctuating temperatures, is studied with this model., Fhe results indicate that curing
environment with high-temperature varying-temperature markedly degrades\ the dynamic mechanical
properties of SFS. The reductions in dynamic strength were measuredyat 16.1%, 38.1%, and 56.5% for
specimens aged 1, 2, and 3 d, respectively, demonstrating a cumulative temperature-induced damage effect
with increasing age. The 3-day-old SFS demonstrated the highest energy absorption efficiency, with its
proportion of dissipated energy increasing by 98.9% and 16.7% |relative to the 1 and 2 d-old specimens,
respectively. The developed damage constitutive modeltyielded a4 goodness-of-fit exceeding 0.9, proving
capable of representing the progression of the stress-strain curi:¢ for SFS under impact loading across its elastic,
yielding, and failure phases. Furthermore, the research revedls'the dynamic damage evolution law of early-age
SFS under thermo-mechanical coupling, which prevides & theoretical basis for the design of support structures
in high ground-temperature tunnels.

Keywords: high geothermal temperature tunnel; high-temperature variable temperature curing; early-age; steel

fiber reinforced shot-crete; damage characteristics



