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BB (AFM)FI X 5 4t ALK Z R (X-CT) 55T
BOWF 0 2 B B i X UHPC A4 2T 4 45 ol 5 1 A4k
L5 KR A RS2 R R, 48 7~ B 2 4 4 Tl o0 T
RN =4k Sy AT HRRAE, A AL B 2 SR TR H i
SEMAALE], FE 8T 7 FLBR AR UHPC (R )25
g R
11 R R R

A TAERIE BRI M B R 25K R (P11
52.5) EEK(KIAE 0.1~0.2 um). WYHEMR(FL). 3k
(Kift 20~100 pm). A1 FEHP(FEAE 450~900 pm). 37K
FIRERLT S, LT LERAL LN 2%, KEN 8 mm,
HAN 012 mm. FHEIEL A L LK 1,

Yo, R 1 MRA KK, K. BT
R A BN 5 AR BRE LB, HIRT
F#E 3min £IH5; ARG RES B AR OMAIK &
WK, AkEEBERE 6 min, FREEAKTE 0BG H
W, BT RAT 4 2R A, KB 6 min,
HEFHEN MDA LSRRG &5, Bis
PIVENR SN 9100 mm x 50 mm R g, PR35
A JEEE 24 h SERRVIEE . BUBLE KR B T AR
HEFE P E IR FE (20£2) C, AHXHEE =95%] 374
28 d J& JT R B3 5 Tl 56

FeI 7 554 UHPC i 4(100 mm x 100 mm x
100 mm)FIAZ A UHPC {4100 mm x 100 mm x
300 mm A2 100 mm x 100 mm x 400 mm), L
SESLTARPURSRIE . B AF AR 50 B AT 5
FEHMASR A 3 AN, 42 RS T kAT
A RBCFEMEER 2). 92l UHPC 27 R$UE
SRJE Y 150.2 MPa, BAEARHUERE N 138.6 MPa,
Py N 26.7 MPa.

#*1 UHPC HiENEE

Table 1 Mix ratio of UHPC kg/m’
Cement Silica fume Fly ash Quartz powder Quartz sand Water Water reducing agent Steel fibers
7712 154.2 77.1 848.4 152.4 192.1 20.1 157.5

%2 UHPC B9 Z3BEIRR
Table 2 Mechanical strength of UHPC

Mechanical strength Cubic compressive/MPa

Prismatic compressive/MPa Flexural strength/MPa

Al 152.80 140.30 26.30
A2 147.60 136.70 27.00
A3 150.20 138.80 26.80
Average 150.20 138.60 26.70
Error range 150.20 + 2.60 138.60 + 1.80 26.70 +0.35
1.2 R R 7 E RSB RIEBE AR . RIS ROAN AT 4E SR T 2

1.2.1 UHPC (SR B Bt
VEF REm &8s T4 SR B 2, 58 AR B s
JKHLNI-BSHAHAFE AT FLA AL B, KR4 2 R,
FREE PR ILBR 7E MK . IS4 T RCM ¥,
FHAR AN 0.3 mol/L NaOH, BHMIER N 10% (i
B4 NaCl, HJEATDURMERE R E. AR5
WHE T 3MAFRPHBEE, 755930, 50V 70V,
BIGHT A1 7 do RIS 25 5 XA AT IR KIS
WA MR BAE . =48 X-CT A4 FLEUH
WrE B T3 &

12.2 AFM il AL (R AN A1 4 38 1 R B0
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T PRSI A R TSR, A BT T RN EF
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B, A e B A AT R A R B B
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JRE N 5% RV R (BB EN) T 4 . 2R
J&, BEATRA S — A S, E I
BT, RETBNHEAE(105 C) BT L
& o SR P PR SR JIR JROHE A0 2 4 71 G U 7 M 4
JE b, PRIEKBR A e S B R AT . Gk
TappingMode 30, X K/NA 5 umx5 pm,
FHE %N 0.3~1.0 Hzo

123 WoKikse  EdHTHRRIRET, Kl E
THEAE T4 BEFE IR FEORFFAE 60 °C, LA/ IR
FEXT UHPC N LIRS gl o e ik 3 52 11 2R
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R, JE TR ARG, SR TR LI
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3P IE R R R BRI . B, 4 RFRR
FEN 0~2.5mm I, A 1.25mm £oR, M REERE N
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R FE R SR TR, IURESE RS, B R T,
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5 JJHEHE 10 min, SR)ERIE 24 he HJEHEHL 20 mL
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Fig. 1 Current in UHPC under different voltage
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Fig.2 Surface micro-morphological characteristics and corrosion pit depth of steel fibers under different voltages
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Fig. 3 Influence of electric field on the effective porosity of
UHPC
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BHI TR, BT EIT KT 50V HIE
RO RAETE R, MESR] 105 U) 1R 5% 5
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Fig. 4 Microcrack propagation across different depths in UHPC
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Fig. 5 3D distribution of corroded steel fibers in UHPC under different voltage conditions
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HILRRE, R SUZFLBRR AR MALBREE 3).

MEE 30 VIR, 0~5 mm IR R R M LI R
N 1.95%, 5~15 mm IRJE IR MFLB R I AT,
FBFZ IR P 0 R N AR AT 4 IR 85 e 2 5 RS FL R Z5 A4 1)
AL o 2L N 50 V I, 0~5.5~10mm A1 10~15 mm
TRFE R LB AR IRN 2.43% 1.87%F1 1.50%,
RO M AN AR R i B2 E] T 5~10 mm ¥
J&, 0~5 mm FRFE IR FLBR R 208 oK 52 BN AT 4155
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6 A EFAE T UHPC = 4EFLBRAM i REAE
Fig. 6 3D pore distribution in UHPC under different voltage conditions

%3 UHPC RNMILBRE
Table 3 UHPC apparent porosity

Porosity in Porosity in Porosity in
Voltage/V 0-5 mm 5-10 mm 10-15mm
range/% range/% range/%
30 1.95 1.52 1.49
50 2.43 1.87 1.50
70 2.96 2.35 1.47

25 SBFEE

H R OK, SRS T H SR R (B 7). TR
SE SRS TIREEIES] 0.01% M BARE 78
BRI . HHERN 300 50 V F 70V IS, BIBHEE
23514 8.8 11.3 mm A1 12.0 mm. N T #E—40 4
M EIR M, R SE v e R A i E S T A AL
TR, HEAXWAG)HR.

c(x,t)=c, —(c, —cy)xerf (ﬁ] 3)

K el e B FERE—m ., A7 B AR E;
cs AERMMA R TFIRE: co RYIEFE TR (c0=0);
D A B THBY B A B (m’s); erf ZEITHEZER
B x R HORE (mm); ¢ & BN [ (s).
MEEN 30 VI, ST AT AN
3.68x107% m¥s; HLEA 50 VI, AR H R
KE9.11x10 "2 m?/s; 4HEN 70 V I, R Bk
ZHO KA 28.3x10 2 m?/s, WG T HAd LI AR
MRS 7B X B AR . 451 % W] UHPC 768K

JE R BRI AME . R RECRES, HH2f4E
R E 2 INE, UHPC 2 KA EMITR,
ST A A BCR BOR 2

0.14
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0.12 | 35
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g =30t 830
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S - )
2 527 1
(=1 o 2
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Fig. 7 Free chloride ion content and effective diffusion
coefficient of chloride ions
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R E-RIT R T R AT BUE T, R A
A=A .
J(x)=—-DxVC(x,1) —%D xVC(x,t)x E(x,t) (4)

XA J)NEBE FE - EREMENIEE
(mol/m®); D RS T HHY R E(m¥s); VC &2
TR B (123 18] S 8 (mol/m?); Z J950ES 1 1 L
(Z=1); F NIEHLEH $0(9.648 46x10* C/mol); R
S FR AR A H $1[8.314 3 J/(mol-K1)]; T ARG &
(K): ECo,) NFERTZI . FA7 B 1 #7558 (V/m).
A 5K COMSOL %, #5548l 1 (SR %
MM, FAH E SR E AR
JE BB TH A BORBOEAT U B 2 (S2)
K IR 03 A% I AR AN B, BRI H IR S
TR B-HTBAIER, A% RN 45 hr
W o A A A TR B NGRS T H YR
AR, HETHBHT HRICRHAANR
HI RS 45 5.(0.06x 1012 m?/s)32, FIKRE R E N
240 mol/m?, ZIRFE R TILIFEHLIX 0~100 m
TRHL R 7K A KB SRS IR . fR B R B
ST HAE, MEERMEE, S8R
1, UHPC M/ B HRE LR K E N S, Bk
B AR B8 AR R —F. WG 28 d, 4

RILE 8.
250
QOBOGOC —=—S1-30 V—o—$2-30 V
o —a—S1-50 V——82-50 V
= 200} e SIT0V—o—8270V
=} 3D
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150+ _ 25
: :
§ £ 18
S 100t g 12 . B
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Fig. 8 Effect of steel fiber corrosion on chloride ion transport
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ERAETFEHEMER X, EEREA R &
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2179 7mm, T S1 FBIEREN 12 mm; N 50V
I, S2 HIEBEIRIELIN 9mm, 1M S1 HIBIEIRE AN
18 mm; BN 70V i, S2 BB HEIARE 4N 13 mm,
M S1 HIBIEIRE A 31 mm. R HH BT SR G R
(&S T F BB A R B OK R ILIZ T PR 1
H, HAE FIBIEIRE T K TRy #-hit
TR BIPNBIEIRIE . %2 7 R BN A 4 1) 45 i s
KT AEFIMEHER, HER T RN 4 4t
P iR AL

BN 2 15 2 5] R L BRI O, o
UHPC & FAMY AL FIAMOHEAS
IR IFLIR 2 E B BT LR S B B T H
R B R B REm o R TSR0 45 AR BN AT 445 1k
FISC IR BELE 0~10 mmo (R ZIR X IR ) 2
MALBRR B HAT T GR 4). HISEIRLERAT A, K
RN LT EFLI ) UHPC W FLRR R B KA N
1.52%. & X 0~5 mm Al 5~10 mm fIFEWFLERE N
X Xo, HEFAEIY BARECN Y, RAZLMERE
X 4 RTINS . X TATIENA 4 MEA
&, MEdRARE, JIANIEN{L(Lasso Hl Ridge)
Al LA 2R PR A AT IR A o Y(Lasso)=-39.43+
6.58X1+19.48X>, R*=0.97; Y(Ridge)=—36.28+7.55X+
16.38X2, R>=0.97. R NiRE ZEL, # 1, &Y
AR AT . Znbxf AT &, 51N Ridge XK
S B RO S AR, L SERR I AR R N T
ARSEIG BRI R R, IR A E Y=36.28+
7.55X1+16.38Xz. bR 0 A ] AT B vk B L3 52
™ UHPC [ &ES 1A 8 8URE, AH 485l (a4
KRB R AR NI, %A A — & (= PR
JE SRR B IR R — P e, IR KA
()28 T FLIBRE &5 440 PR 5

#*4 UHPC RYILHESRBT AR MARELME I
Table 4 Linear relationship between UHPC apparent
porosity and effective chloride diffusion coefficient

Porosity in Porosity in Effective diffusion
Voltage/V 0-5 mm 5-10 mm coeftficient of chloride
range/% range/% ionsx1071%/(m?-s™")
0 1.52 1.52 0.06
30 1.95 1.52 3.68
50 243 1.87 9.11
70 2.96 2.35 28.3
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KA 0.58%- 1.31%A1 1.88%. FLER M K T 5
Ji DR 2 AW 2 4 5 T2 K 5 30 UHPC P38 HH B i 3
Y.

3) B T AR ] R LB ARk,
B2 BRI 1) R AL ZAE 1.47%~1.56%
Z[8], HRERK, RAFLERAL AR 5. fa,
M EN S HEERN 70V B, 0~51 5~10mm F1 10~15
mm R MFLERRAK N 2.96% 2.35%F1 1.47%.

4) H (AL B 22 AN AT 2 B 2 IR A S
THMERIRE, e T RAILRESAE A
T ERE L2

AR TAERAN T ZBHCRRN T FLER R K/
s, HPLE L TR S A S A 8 iR
LT HE,  AEN LT 485 ot FL B 6 1) 5 il 2 B o
B 8] T RF SR AL, DR S SR T TR IR S M s
S LR R R, AWM LR SR ST
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Extended Abstract

Introduction Stray current leakage poses a significant threat to the service life of underground electrified engineering structures.
Although ultra-high-performance concrete (UHPC) exhibits superior durability, compared to ordinary concrete, the corrosion
mechanism of internal steel fibers induced by stray current remains unclear, thus restricting its broader application in underground
environments. Under the influence of stray current, chloride ion transport in UHPC is governed by the combined effects of free
diffusion, electromigration, and changes in pore structure caused by steel fiber corrosion. The mechanisms of free diffusion and
electromigration are extensively studied, but the influence of steel fiber corrosion on chloride ion transport is not thoroughly
investigated. In particular, the impact of corrosion-induced microstructural changes on chloride migration is not quantitatively
assessed, and the micro-morphological characteristics of steel fiber corrosion under stray current are not fully revealed.

Methods The materials used included Portland cement (P-1I 52.5), silica fume (particle size: 0.1-0.2 um), fly ash (Type F), quartz
powder (particle size: 20—-100 um), quartz sand (particle size: 450-900 pum), a superplasticizer, and steel fibers. The steel fibers were
added at a volume fraction of 2%, with a length of 8 mm and a diameter of 0.12 mm. The microstructural characteristics of steel fiber
corrosion and the chloride ion transport mechanism in UHPC under the influence of stray current were determined by rapid chloride
migration test (RCM), water absorption test, atomic force microscopy (AFM), and X-ray computed tomography (X-CT), respectively.
The electrochemical corrosion of UHPC was simulated via the RCM test, and the changes in effective porosity after corrosion were
determined via the water absorption test. The micro-morphological features of corroded steel fibers were characterized by AFM, and
the corrosion-induced microcrack propagation and changes in porosity within the UHPC matrix were analyzed by X-CT.

Results and discussion The corrosion pits on the surface of the steel fibers are primarily distributed in the range of —250 to 200 nm
at an external voltage of 30 V. As the voltage increases to 50 V, the pit depth expands to —430 to 700 nm, and it further extends to
—580 to 770 nm at 70 V. Correspondingly, the effective porosity of UHPC increases from 0.50% to 0.58% at 30 V, from 0.60% to
1.31% at 50 V, and from 0.58% to 1.88% at 70 V.

The expansion of corroded steel fibers induces the formation and propagation of microcracks within the UHPC matrix, leading to an
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increase in apparent porosity. At different applied voltages of 30 V, 50 V, and 70 V, the apparent porosity increases to 1.49-1.95%,
1.50-2.43%, and 1.47-2.96%, respectively. The effective chloride diffusion coefficient measured is 3.68x 107> m%s at 30 V, increases
t0 9.11x107'2 m%/s at 50 V, and further increases to 28.3x107"> m?/s at 70 V. These results demonstrate that stray current significantly
accelerates the chloride ion transport in UHPC. Neglecting the effect of porosity variation can result in a significant overestimation of
the service performance of UHPC structures within their intended design life.

Conclusions Stray current induced changes in the micro-morphology of steel fibers, with maximum pit depths concentrated in the
range of =580 nm to 770 nm. The corrosion became more severe closer to the exposed surface, potentially causing a fracture of the
steel fibers and a complete loss of their load-bearing capacity. The results of water absorption tests indicated that stray current
increased the effective porosity of UHPC. This increase could be primarily attributed to the expansion of corroded steel fibers, leading
to microcrack propagation within the UHPC matrix. The apparent porosity caused by steel fiber corrosion was quantified. In
specimens unaffected by stray current, the apparent porosity ranged from 1.47% to 1.56%. A higher applied voltage led to more
significant changes in apparent porosity.

Key words ultra—high—performance concrete; steel fiber corrosion; 3D pore structure; chloride ion transport; cover layer thickness



