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1.1 EMRSEELE

KA PO 425 HiEAERREEKIE. F 2K T G
IR MEEARECN 2.8 HIHLEIRE . 5~20 mm [iE5: 4%
Bc e A7 AN SRR IR e ME e DK 7o SR bR 45
TR O BE R A BR A B AR = [ 4ok A RE
WIE L5 95 HARRHA R A A BR 2 7 A 7= 1iE #
RV 7 BEASB R GOK AT IR R A R} o BT R TR S L IRE
JEIEH)FE(60£10) mm, &S EIEHITE 4%+1%. R
EERL A LR 1 R,

*1 BEHERRRLEAL

Table 1 Mix proportion design of shield segment concrete kg/m’
Sample No. Cement Flyash  Manufactured sand  Coarse aggregate ~ Water ~ Super-plasticizer Note
1Z 350 70 614 1246 145 1.5
NS 350 70 614 1246 145 1.5 Nano-silicon ion coating
MCI 350 70 614 1246 145 1.5 Migrating corrosion inhibitor
Nano-precursor with mass fraction of
NP0.6 350 70 614 1246 131 1.5 . .
cementitious material of 0.6%
Nano-precursor with mass fraction of
NP0.9 350 70 614 1246 124 1.5 . .
cementitious material of 0.9%
Nano-precursor with mass fraction of
NP1.2 350 70 614 1246 117 1.5

cementitious material of 1.2%

1.2 JREEIAHHIE
X1 hoNHIREE L, RRAES AR AEDTE A
12, HRAHEOWEEREN 175 mm, FERHE
BHAA N 185 mm. = E N 150 mm [ G4 . BRI
% 65 150 mmx 150 mmx 150 mm )37 J5 A+
HEAT P S S T IR IR A rl R . R &
3 3¢ 100 mmx100 mmx=100 mm 57 5 il T F
YR KRS . ARSIV AT ) (GB/T
22082—2024)*FN (TR R AT RV AR T
FAMAR) (JC/T 2030—2010)2 xRk L F 4 2%
PERIE , AR TAE R B R JG R R
1d iR, JEMAFRPURN TR = IR, IR
(20£2) °C, AHXTIREFEHITE 95%Lh Lo
1.3 753k
1.3.1  JKIEAEH s+ P & B Tl
XEXTHRZE . ARk AR R TR AR

TN A 45 20 K T IR A 4L YR e - 3R AT K A R IR
WA TR . IR SR e
T, PUBOGR T EON BRI . ARYE QREE
+ K B 1 e A A1 BE RIS T VE AR E D) (GB/T
50082—2024) PRI E , AR AR T AR FE I LA AT
Bl i B RIS I A B AN it . IRk, AR TAE
KRB BI AR I 24 h, REEEN
60 C. HIK, RH AR FERF B A 34T o
B BRI SIR IR A G R E . ERRREUR
5 T 2R 2 10 A0, eSS NI B AR
B r K B AR R R R 2 B RPN RS
gk, HEKERFREE. RN 3 d, NaCl
B ED BN 5%, KEKXKNEEN 1. 2.
3 MPa Al 4 MPa. i&ZHAIRI A fE, XPAfFR R R
B HATECSYIE], DIEIH 3 B 930 mm*30 mm
(A R, T AT S 1 B R R O
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132 HHEETFEEMNS  KEEHTRE L
PR E, WA, ShRgK
TEAMRERE . IR ALBHES AN N B 9K AT IR AR ZH
BB RAFRRELAE HEAE TS E. FF 930 mmx
30 mm R4S 5 mm FIFEES 73 2 By
RAE CRE P EE T & =80 E AR ME)
(JGI/L322—2013) P Wiy K h A FE &, BT
F 5 PR RIS T 25 B 1K i BGIE R, A FR A
FEN, L AgNO; EBZIEHEATH € . RIE
e FE RV RER AgNOs i E, Wit )itHE
BRI AHAETFE =,

c:01B545XC%M%XL3x100% 0

mxV, [V,
K cpgno, NIHBRIRIEIR B (mol/L); m B b
HE(g): Vi NEAFEMTBAAEI(mL); Yy AL
W SR ER E(mL); Vs N IHFE MRS BR ER VA TR
AR (mL).
1.3.3 Sk B X T EALITE S HOR (X-CT)
k] TEKEAE F R TR B 4 rp &0 AL i 56
G E, X R TRE L TIE Y 930 mmx30 mm
PR AT S FE X-CT iR, s
AKX R &E L LB S5 B2 . Carl Zeiss
Xradia 620 Versa X-CT A, BN 140 kV, IE
FEE A 1s, AN 16 pm.
1.3.4 APKRRIALR  SREAGPKRRITERAE S
7R X VRS 4k - AOE 30 4 A A T e R (X s . KR
TEH TR L h & B iR g H s, xR
H. SNRAK ZAAMEERZ . ISR AR N B
YK HT IR AR L VR B U0 H 1 930 mmx30 mm [ [5]
MR R ZUIH R EN 10 mm BIFE A, 63
HEATHOGFT BE . SR Keysight G200 44K &I JR
ACHEAT IS, kN Berkovich probe, {7 #84% &
A 0.01 nm. 7EBESFT3EAT T 4 LLE LB L 3R T
FERE B g2, 358 a3 AT 5 DLER DRI R A (1)
ARIE . TG /A R 20 uN,
FAHIN B9 A4 208 50 mNo RIJR K 25200 pm,
KRB AN 4 pm/s. BEAFEMIER 3 26 KR,
RIJRIE RN 60 pmo SOW I T 57 ik i =(2) Fr
N, Wei 2PIHF9E £ 0], % T Keysight G200
Berkovich ##%t, 2 G)FH KR
_ FT
K V2p(d)A(d) @

p(d)A(d) =2.280 84° 3)

b K RWMUEINE: Fro@Bmmds: J ZRIRIE
FEs p(d) R MARRIILK s A(d) RPN AR R R
T 1 200 7 1 P T P R T A
135 POEAE FTERE  AMRAEIENR
TR RG] I PR VR - P A TR Ik A AR T
RO, ARYE CUREE AT B AN A1 B8 156 7 %
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K EARERE . 3T RS A BHAR 7R N 45 9K T IR A
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13.6 HBEERK BRI GREEEK A
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fE, FE AR B i B A AR AR T 2 5 R
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JR S HUN 3.0%(1) NaCl A1 0.3 mol/L ] NaOH
TR 53 A N AR 9 00 PR B A v, tof S L R it e
hne0 VI EREEE, A% 30 min 15 EIRE,
WA AA 6 ho

1.3.7  BAHRAKIALE XEXFRRA . AR ERANK 5
WHEIRIZ  IE A B BEATS 7R A0 P9 45 90 K Tl 0% 4 2L Vi
LT B ARES . Sk R EE ST R
65 CNT/EZ EE, [5G RHHAMIERSER K
T AT 3 B AL EE . RIS, B[ s T KA S
20, fFERRENR A KL 5 mm. MUK 4G
T, FERE 15 min 5HREE IR TRRE, AR
Ji AT 5 A B T F R TR K, AR R RN T
FARAS, RIAFIAAN 8 ho BAAFAH 3 MR K
BOPIMENE R R H W B KRR .
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T TR RIRG . IR 20 e R R L
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. 644 o CRERR Eh2230)

J Chin Ceram Soc, 2026, 54(2): 641-652

2026 4F

24 h. XM MicroActive AutoPore V 9600 Mercury
Porosimeter 4 H 3/j i 7k {3 0] i i L L &5 44 3k 47
N7

2 EREH®

2.1 KEEATERLIEE FEMILEIRMEN

LILHIE

B 1 NS EAE TR g H s T
B, BEFKE RN, REEF AR
AETERIBHE A, MHRARE T, SEKE
J1H 1 MPa ¥4 n %] 4 MPa itf, RZRELHHEAE
TEED M 8.3%. 20.8%F1 29.2%. fi K 0
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TERNEIE, BIERKIEREF, AP #igsZ i
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Fig. 1 Distribution of free chloride ion concentration in concrete under different water pressure

DA HEAH VR EE oA, R X-CT JiEmi T
AR AR A a5 Ve E LR S M A A 1 B . B o
XT 930 mm>30 mm AR AT X-CT 34,
13201016 5k V) Mg, FH U BUGIAT =48 E 4,
B S5 SR A 3 03 % FLBR 245 # AT AR 5 - Xia 25
WK, TEKEMERT, TRE T HFLBTZ A
) B FE R LB W N . 7 X-CT Jrikh, wdidsy
T iR A o BB 7 1) )P T L B 238 SR R AE 7K e o e
FFLgE MR, e 2 fios. ARKE FEE
2 mm O [ N TR B AL AR T 10%. AN
TR P LR v 8 B 7 1) SR S A AR AE,

BTN 1.8%~6.7%. 24l hni/KIE 1 )E, ik
FEFRTHET 10 mm Y6 P 0P T LB 26 Bl 7K e T v 2 300
WS . FERITE KRR 2] 4 MPa B, 1% X IRFLER
FREFNMT 7.2%~12.8%JaHE N . WK -FE,
B 7K R RIS o, v v B 7 TR P T LB R (1)
SRR, Wik 3 fR . XTRRZSF T FLBR R A
#5924, KEN 1~4 MPaltf, 77 24 BN 33.3%,
87.5%- 58.3%A1 175.0%. X & i1 T 5 /K PR 88 o Jel
T IREE L R E AR TR B R R, B K AT AR
ALY R Re R U, (AL RRIL S AR IR AR AL,
SEFLB S A @M . R K RIS IR A N
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Fig. 2 Influence of water pressure on concrete plane porosity
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Fig. 3 Variance of concrete plane porosity under different
water pressures

K LI W 25 155 28 5 e o A T AN F K AT R
TREEEFLBR A EEYE, 2 ANEIB LI 2 A SR R
SHBEZLMNE S WHONIT I . 313 iR s B
LR RIMBEE N BN E, EHRANIE
MRk R, FLEBSIE MR MEE B SR
FK, BIEEERECY, B 4 AR SR T iR
LB I BT AR, B KRB, T
PR T RN 2 5 R B 1.3% 4.3% 9.2%7!

14.4%, RILH 5 S0 5 5 IEAH 5 K AR 28 1438
o AR HIFLBRIE i AR AL E EH T BLT
(USRI =0 S Dieli: U //EL E DN VR (i i €
QIR R, SEURA R AL SHE R ST, fE
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71 Ca(OH), S AIVEH 7y R AVE H, 59140 7 FLEREE I
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Fig. 4 Tortuosity of concrete pore connecting section under
different water pressures
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ERMCER S TR B RE AR . 7EFLIR R 2% 152 Y
Wl SERCEASE A ER (B Sayn] e mRIESL
Bt MR o A DN IR VR i B S Rk R 2 4
T 0~600 pm JEFE N . B EKE s, FLBR
iR B EER: 600~900 pm i B HL ] A
KN 17%HE 20%- 28%- 32%, AL
4 MPa /K& FikH| 39%. (HIFRENZ, EmECT
BRKESHEICERENFEE KBS, £ 600~
900 pum X A1, ~F-E54 B2 MR HEZH 1) 1853 pum i 3%
ZEfHZE 2163 2982, 3420 um, HALE 4 MPa ik
F 3512 pm, MIEIL 89.5%.
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(a) Effect of water pressure on equivalent radius of
interconnected pore segments in concrete
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(b) Effect of water pressure on average length of
interconnected pore segments in concrete
K15 7K H R R it LG 38 1 P )
Effect of water pressure on pore connectivity in
concrete
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Br 32N 0), f1(Xp) <0 (PR SEUNT
0); FIBHFTAF /(X ,)=0 (P sisbiI—2H0N 0),
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JE Py Py SARAEIIED A A4 B R C 55 M ITZ X35
HER B4 25 DIf"(Xp)=0, 4545 D b= S 5% T
0], FdEE R TFHRIRIRENESZ L, Sk
M T E. F2 55, 3EE. FXT 5 D P Ox#R
ME F, URKTHEHLL FIXFRE L. LU,
WTELZ Ly 5 G A H WARFRALEE, ] LS 2]
B LUK S GRH . Bea 2 2155455 28
SNRERE. F. Dy E's FAIG, H. D. G H.
D, i D o] 2 4 E % Rt £ Y)
4 HMNKELE LA L TRIMES, SD5RT
AR J RS BB B 3 R dy~ dbs dy FH dy 53R 1TZ
SN RD AN R (R B, ITZ B SEBR)ERE R
ditdy. M BCHIBE AR 1TZ 15 FE I 1E
100 um LAY, AHFFETR A 15K BA SALRE 7 7%
R, ReWERSIHRAE ITZ XK.

2.0
ITZ thickness=d,+d,
2 L,
d, S—pm =
L5 E F I J G H
g D
& 1.0r
¥u Lz 1 ./j," LI F E
0.5F
0‘0 1 1 1 1
0 50 100 150 200

Seratch distance/um

K. is micro-toughness of concrete.

K6 e TYR QIR R (R e L 1TZ JE R w5 vk
Fig. 6 Determination method of ITZ thickness of concrete
based on nano-scratch depth'?”!

KGR RIIRTTIE VAL T 8K R IR 1 %
AWM s RE, RwE 7 P, @
A 8 R PO 43 18] PR (TQR) & A4 R AE 4541 43 1k
S A RS BORR B, SR F SR P 048 J e 25 A
FIPERRIEAE . B 7 AT, #R K kB R A
ORI M S, LA T 1.92~
2.19 MPa-m”®, H.BIBUFEE HIIL(IQR=0.10~0.18).
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M2 T, RS 1TZ ORI K S T
S B ELLEA. EXRA T, BRYIETIE
N 1.52 MPa-m®®, %4/KJEHH 1 MPa i1 % 4 MPa
W, O 2 B IR 7.8% . 9.4% . 14.1% K
17.2%. 1ERIRE LS REIIHAT, 1TZ MHk
WoNEE, XYL ITZ $IEN 1.21 MPa-m®™, i
[F) & 2186 B T RITERRIRIL 7.2% 10.2%. 21.2% /%
26.7%. XM ERMESHRI 1TZ MERWAHA
VIR, HPIVEE MG E S 3N % E
C-S-H BER[(1.69£0.1) MPa-m™®]. % C-S-H
HEZ[(0.98+0.4) MPa-m™]. S AL A [(1.06+
0.2) MPa-m®’] k& & /K 1t ik B8 = 45 i ki [(0.84+
0.6) MPa-m” 1P, VR ¥t H MO 451 2 v s K
WESI R Z REGGIHEIERZER. w5k, &
KR 7l 5 3% O IR LB KR, S8
MBIILBR RN, K% F C-S-H BRZRIKIR
KFEOLEEIR S 2 A SV E kT, 51 R BER 45
PR AEFLEE M 4 . FLUR, R nis CH & A i
—EgE SRR, R X AR RS s . 1TZ
PRI ] A5 7K B B bR B2, 7E v FR AR R & R AR e 54
WIS S AR AR R, L RE R AR AR ) BE K
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AL o

sal 0 MPa

1 MPa :
2 MPa E A

- 3 MPa

g
o

K. /(MPa-m?)
>
g}

—_
o
[ c |

—{a[]

o

)
.

.

0.4

Matrix ITZ AGG
Region

K7 oK TR oM B (5

Fig. 7 Effect of water pressure on micro toughness of concrete

B 8 NAFKE FIREE L 1TZ JEE
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Extended Abstract

Introduction Shield tunneling is widely adopted in major underwater engineering projects, exemplified in Qingdao Jiaozhou Bay
Subsea Tunnel, China. As the primary load-bearing component, the mechanical and durability performance of shield segments directly
determines the lifecycle safety of subsea tunnels. For the development of “ultra-long distance, ultra-deep burial, and ultra-large
cross-section” for subsea tunnels, segment structures face coupled challenges from high hydraulic pressure and aggressive ion erosion,
posing severe threats to the long-term service reliability of shield tunnels. The existing research indicates that high hydraulic pressure
environments accelerate the corrosion degradation of shield tunnel segments, compromising their load-bearing capacity and durability.
Specifically, an elevated hydraulic pressure accelerates chloride ion migration in concrete, alters pore structure characteristics, and
reduces microstructural elastic modulus. For underwater projects such as the Qiongzhou Strait Cross-Sea Tunnel, where operational
hydrostatic loads can reach up to 2 MPa, the durability deterioration mechanisms, microstructural damage evolution patterns, and
chloride ion transport behaviors of shield segment concrete under ultra-high pressure conditions remain unclear.

This study was to conduct an in-depth investigation into the ion transport mechanisms and microstructure deterioration processes
of shield tunnel segment concrete subjected to ultra-high hydraulic pressure conditions. In addition, the effects of nano-silica coatings,
migratory corrosion inhibitors, and nano-precursor materials on the concrete durability were also investigated, thus providing a
theoretical and technical support for ensuring the long-term service safety of shield tunnel segments in subsea environments.

Methods In this study, a typical concrete mix design for shield tunnel segments was used, with enhancements implemented through
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surface application of nano-silica coatings, migratory corrosion inhibitors, and internal incorporation of nano-precursor materials to
improve concrete durability. The experimental methodology encompassed rapid chloride migration (RCM) tests, electrical flux
measurements, capillary absorption tests, MIP analysis, and chloride ion transport tests under elevated hydrostatic pressures (i.e., 1-4
MPa). The post-testing evaluations included quantitative free chloride content analysis, high-resolution X-ray computed tomography
(X-CT) scanning, and nanoindentation testing to characterize the microstructural degradation.

Results and discussion The free chloride concentration in concrete gradually increases under an elevated hydrostatic pressure. In
the control group, the surface chloride concentration is increased by 8.3%, 20.8%, and 29.2% as the pressure is increased from 1 MPa
to 4 MPa. However, chloride ingress is significantly mitigated in the specimens treated with corrosion-inhibiting measures. Unloaded
concrete exhibits a uniform porosity distribution (1.8%—6.7%) across heights, while hydrostatic pressure induced porosity increases
within 10 mm of the surface. A pressure elevation causes a nonlinear decrease in pore connectivity tortuosity by 1.3%, 4.3%, 9.2%,
and 14.4%, compared to unloaded conditions, correlating to pressure gradients. Simultaneously, connected pore lengths and
equivalent radii increase under a pressure. High hydrostatic pressure degrades the microstructural toughness of mortar and the ITZ,
thickens the ITZ, and establishes a coupled deterioration mechanism involving “hydraulic penetration-chemical erosion-mechanical
damage.” The application of nano-silica coatings, migratory corrosion inhibitors, and nano-precursor materials significantly reduce
the chloride diffusion coefficient, electrical flux, and capillary water absorption of concrete. This enhancement is attributed to the
pozzolanic reaction between nano-silica particles and hydration products, generating C-S-H gels that densify the matrix by filling
pores. Migratory corrosion inhibitors migrates to the steel-concrete interface via capillary action and vapor-phase diffusion, forming a
protective adsorption layer. Meanwhile, nano-precursors generate calcium carboxylate compounds during hydration, occupying
submicron pores through hydrophobic and densification effects that substantially improve chloride resistance.

Conclusions  Hydrostatic pressure significantly accelerated chloride ion transport in concrete, and the surface chloride
concentrations were increased by 8.3%, 20.8%, and 29.2% as the pressure was elevated from 1 MPa to 4 MPa in the control group.
Although chloride concentrations decreased with erosion-inhibiting treatments, their mitigation efficiency diminished under rising
hydrostatic pressure. For the post-pressure application, porosity increased within 10 mm of specimen surfaces, correlating to pressure
magnitude. Enhanced pore connectivity and reduced tortuosity were obtained, accompanied with increases in the equivalent radii and
average lengths of connected pore segments. Elevated hydrostatic pressure degraded the microstructural toughness of mortar matrices
and ITZs, while ITZ thickness progressively increased with pressure loading. External application of nano-silica coatings, migratory
corrosion inhibitors, and internal incorporation of nano-precursor materials all effectively enhanced the chloride resistance and
reduced capillary water absorption of shield tunnel segment concrete, with nano-precursor materials demonstrating the most
pronounced effect. These corrosion-inhibiting measures reduced concrete porosity by 30.3% to 64.4%, while decreasing the
proportions of severely harmful pores.

Keywords subsea tunnel; shield segment concrete; high water pressure; chloride ion transport; pore structure



