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Table 1 Basic properties of cement

Condensation time/min

Flexural strength/MPa  Compressive strength/MPa

Density/(g-cm ) Specific surface area/(m*-kg ™) Stability

Initial setting

Final setting 3d 28d 3d 28d

3.08 364

Qualified 165

235 6.2 8.9 28.3 54.6
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Table 2 Main technical indicators of fly ash wi%
45 pum square-hole sieve residue Water demand ratio Loss on ignition Moisture content SO; CaO 28 d activity index
6 93 0.1 0.41 0.03 78.1

w is mass fraction.
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Table 3 Main technical indicators of slag powder

Density/(g-cm%) Specific surface area/(mz-kg’l) 28 day activity index/% Fluidity ratio/% Moisture content/% w(SO3)/% w(Cl")/% Loss on ignition/%

2.81 438 101

102 0.1 0.08 0.012 0.18
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Table 4 Concrete mix proportion kg/m’
Gravel
Sample No. Cement Fly ash Slag powder Sand Water Air-entraining agent
10-20 mm 5-10 mm
ZK-2.0% 250 63 159 374 374 913 182 0.075
ZK-4.0% 250 63 159 374 374 913 182 0.300
ZK-6.0% 250 63 159 374 374 913 182 0.425
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Fig. 2 Mass of spalling per unit area of cast-in-place concrete with a gas content of 2.0% after vacuum treatment
~ 800 2 800
E 0, E 0,
5 700 - —0—4.0%JZ o % 700 O 4.0% JZ o
3 —0— 4.0% 0.06 MPa—I min s —0— 4.0% 0.08 MPa~1 min
s 600 —A—4.0% 0.06 MPa—3 min g8 600 —A—4.0% 0.08 MPa—3 min
g sooL O 4.0%0.06 MPa—5 min g so0l —O— 4.0% 0.08 MPa—5 min
5 —0—4.0% 0.06 MPa—10 min o 5 —0— 4.0% 0.08 MPa—10 min o
Q (=¥
5 400 3 400
2 300 2 300
: e ;
= 200} 5 2001
3 100} K — E 100 - 7—*8
< et
2 %8;{ o — © § /g,/-"
< of 8= < o B/
% 1 1 1 1 1 2] 1 1 1 1 1
< 0 5 10 15 20 25 30 § 0 5 10 15 20 25 30
Number of freeze—thaw cycles Number of freeze—thaw cycles
(a) 0.06 MPa (b) 0.08 MPa
B3 &AE 4.0% RS B A 1) A T AR A i B
Fig. 3 Mass of spalling per unit area of cast-in-place concrete with a gas content of 4.0% after vacuum treatment
”A T emz
P 0%
-.vi 2500 6.0%JZ & 0~ 6.0% 0.08 MPa~1 min
3 5 5500 | 2 6:0% 0.08 MPa-3 min
g 2000 L 6.0% 0.06 MPa—I min. < ~—6.0% 0.08 MPa—5 min
= g —0—6.0% 0.08 MPa—10 min
3 =
= [
o) B o 2250
iy 1500 6.0% 0.06 MPa—3 min =
i o) L L
2 S T T
2 1000 - 0 £ C/
G
G| o . 3
=) / 6.0% 0.06 MPa—5 min &5 250 1
g 500 o
s 6.0% 0.06 MPa—10 min 2
7] G
S ot ' . . . . 2 O . . . . .
2] 172
3 0 5 10 15 20 25 30 g 0 5 10 15 20 25 30
= Number of freeze—thaw cycles Number of freeze—thaw cycles
(a) 0.06 MPa (b) 0.08 MPa
4 EE 6.0%TREE T T RIS 1 AL AR R TR o

Fig.4 Mass of spalling per unit area of cast-in-place concrete with a gas content of 6.0% after vacuum treatment



5455 2

R S5 BT EEBUKAIC RIS Ul DGR G R I HT R IR TR © 693 -

5.0%~44.1%. 37.8%~82.9%F1 21.9%~94.6% -
BHUGIER, FABKE ARG AR 7 TREPUEI 5
TR e KRR R S IR TR (15
EERE, URRIIAES N RSEAT A B KA, B
GOIREE A R E NI R 2 AR R I HR T,
EREN 2.0%. 4.0%H1 6.0% 1) HL5E IR K+ 7E
URBLE PR 28 UG () B T AR 7% 4 o2 & 43 0 A
386.1. 703.0 g/m” 1 2496.5 g/m*. H:J5 F—J5 1 /&
W FE LGS TR AE L PN B S AE AR T E L R )
KBS, R TIERRERZNEE, [,
SRR R EE AR BTR M I B B B AL
H 7K Z5 UK, VREE 1 P9 3B 1 ST AT R TR R e R
TER, WRSCVR 5 - N UK SR R AR = AR R I N g,
USSP e eB= e €7 €02 AU (1D:0 i b ¥ ({7
TEPLGERE LM S, TR S5 MR TH Z R Al
IR, HE5 M BRI AR T 8 2 MAKIRES,
PR S0 T TRt 25 1 3R 2 B e G2 R4 F sz
IR

X LA [l R B B R e - 7E B s K AR 1
FMEPUATERR TR AT 50, BLBETR G (R T PTi%
PEIF AR — LR 5 345 B R 345 A T 60 488 o o S B
Fto REESEAIPLEER - 457 R B
IR T, et R PR EIA B R, (Hid
e I S P K ) L s I R 2 S O e R R R
JFEHBL R R mE. HR S Y DA
FE B ARFR I T A, FLBR A 7K o HEH 2k B
PR, 2k B2s Ab B 2 S B0 E L N S AR 5 4 2 45
T ARG VR B - 00 M OB T R PO, 8 SRR B,
EREN 2.0% 4.0%F 6.0%1 B 5 it K BB TR B
B A B K FE 23939 0.06 MPa—10 min.
0.06 MPa—10 min 1 0.08 MPa—5 min.
22 AEESEETRCEETMETKE

Bl 5 AR R EPLGE TR L TEAS A B 2 i K
RIGHE T ESBKE, HE s T, EAES
B (B N2 P 3 0, BLpeiR g - R ETE B S MK
RERE R K E AR . B A A A EE (A A
1 min #H14 10 min, IFEIRE LR Z I EERK
RIEFHT 1.0~1.5 £, HAHFETLL 0.06 MPa [ H=
FEREAT BKALEE, DL 0.08 MPa [ 525 & #E4T Bt /K Ak
5 LR EE LR R K FE 23T 5%~8%.
LR R R PGS TR S E A K AR R, LI
KA AT ) FLBR K IR A8 B HH K FE A RS T
TSI . Zi RRIEE 2 FLA R A sh )2
JRER, @I R R SeBL R 2 4 B R T AR O

0.30 F [ 2.0% 0.06 MPa
_12.0% 0.08 MPa
© 0251
S I
§ 020}
5
2 015}
3
2 0.10 |
j*)
@)
0.05 |-
0.00
1 3 5 10
Vacuum time/min
(a) 2.0%
0.40
035 [14.0% 0.06 MPa
' [ 14.0% 0.08 MPa
® 030} ++
(=]
g 0251
£ o020}
©
St
S 015}
3
g 010}
0.05 |
0.00
1 3 5 10
Vacuum time/min
(b) 4.0%
0.40
035 [ 6.0% 0.06 MPa
_16.0% 0.08 MPa —
X 030 1
g
5 025+ SRR
£ o020}
«
St
S 015}
5
g 010
0.05 |-
0.00
1 3 5 10
Vacuum time/min
(c) 6.0%

BS R A CRILGERE LT kR
Fig. 5 Vacuum dewatering ratio of cast-in-place concrete with
different air contents

WA B A KRN, BLREIR gt 2R R KR
LU I 7 BRI, BLpe TR+ 382 1t s B F s FE $E 7t
T A3 45 TERE BB BLpe IR Bt 1 B T 9 2 (0 2
PUsrE. WFERY, HAURIEH EEAEH T35
TREE 2 50 mm M E N FHk, KIERPE
FRKBGRE R A S, BB~ N
70 mmx110 mmx150 mm B VR Bt 1 10 i 5
4S5 kg, A S MG THE A AN E E S
FE N IR+ 3R 2K L R AR I, gk S B
TN FHERTTA, BEAEDLGRIREE - 10 B S KR 27t
L IR B+ 3R 2 B K e LB R A% AT R AT
T2 MO 7K A o o A IR T B 1 0.392 IR e L



. 694 CRERR Eh2230)

J Chin Ceram Soc, 2026, 54(2): 689—699

2026 4F

H AR IR EE LR B KRR TR B
it 7K B 5 VR et 1K) 7 S b 5 3 v 4 PO R ek - AL
T 3.8%~11.2%, F =i /KILGeiRE: K i
AT PR 0.348 BB IREE LR ZME I H T 5%
3 YR et E A L VTR ) (JGT 55—2011)F7
HREE LR A T RO ES R, R RN E S
Jii /K I B VR E L RZ R ISR 5 k. R S W]
a1, BRI BRI BRI R E 5
JE (fou00 MPa) H 3E1EZH BLPETREE 1) 61.5 MPa 5
A[$EFF A 69.8 MPa, FHET-JEvE BBt 1%
JEORESET T 4.4%~13.5%.
%5 HETBKERRTREKEKLLRIEE

Table S Water-binder Ratio and Strength of Surface layer
of vacuum dehydrated cast-in-place concrete

Water-binder

. . Strength of
Air Vacuum Vacuum ratio of the
content/%  degree/MPa  time/min  surface the surface
concrete/MPa
concrete

2.0 0.06 1 0.377 64.2

3 0.372 65.1

5 0.368 65.8

10 0.360 67.3

0.08 1 0.375 64.4

3 0.369 65.5

5 0.367 66.0

10 0.358 67.8

4.0 0.06 1 0.375 64.4

3 0.365 66.4

5 0.360 67.3

10 0.353 68.8

0.08 1 0.374 64.6

3 0.364 66.5

5 0.359 67.5

10 0.352 69.0

6.0 0.06 1 0.386 62.4

3 0.381 63.4

5 0.371 65.3

10 0.351 69.2

0.08 1 0.380 63.6

3 0.373 64.8

5 0.363 66.7

10 0.348 69.8
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7o is the equivalent bubble pressure radius; p,; is the internal bubble pressure;

Pvac 18 the vacuum negative pressure on the bubble surface; 7 is the bubble

radius.
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Extended Abstract

Introduction By the end of 2024, China’s railway operating mileage has reached 162 000 kilometers, including over 48 000
kilometers of high-speed railway lines. High-speed railways, characterized by diverse structural types and ribbon-shaped distribution,
are directly exposed to atmospheric environments. As the structure directly bears high-speed train loads, the durability of ballastless
track determines the service life and safe operation of high-speed railways. With the gradual expansion of high-speed railway
construction to high-altitude and frigid regions, the durability of concrete structures faces some challenges. The unique planar
structure of ballastless track leads to significantly different degradation patterns under harsh environments, compared to vertical
structures like conventional bridge piers. Under a prolonged exposure to surface rainwater accumulation, snow coverage, and
freeze-thaw cycles, ballastless track concrete surfaces gradually exhibit typical freeze-thaw damage characteristics such as surface
pulverization and layered spalling. Note that the cast-in-place bi-block ballastless track slabs demonstrate higher risks of surface
freeze-thaw damage, compared to precast CRTS III track slab. Therefore, greater attentions should be paid to environmental impacts
on the durability of cast-in-place concrete structures in ballastless tracks. The vacuum dewatering technology as a surface physical
modification method offers distinct advantages for cast-in-place ballastless track concrete, including operational simplicity and
significant frost resistance improvement. However, the effectiveness of this technology in enhancing surface frost resistance for
low-air-content cast-in-place concrete under low-pressure environments remains unclear. This study was to focus on cast-in-place
ballastless track concrete under low-pressure environments. The surface frost resistance of concrete with different air contents from
2.0% to 6.0% under different vacuum levels of 0.06 MPa and 0.08 MPa for different treatment durations of 1, 3, 5 min, and 10 min
was analyzed. In addition, an evaluation model considering concrete air content, vacuum level, and duration was also proposed via the
theoretical analysis of bubble influence mechanisms on vacuum dewatering effects. This research could provide a theoretical support
for enhancing surface frost resistance of cast-in-place ballastless track concrete structures in high-altitude and frigid environments.

Methods According to the requirements of TB/T 3275-2011 standard, all raw materials were first loaded into a mixer within 60 s. The
mixer was then operated continuously for 180 s before stopping, and the mixture was poured into molding forms. A self-developed
vacuum negative pressure dewatering device was used to perform vacuum dewatering on the surface of self-compacting concrete. The
device was run at different vacuum levels of 0.06 MPa and 0.08 MPa for different treatment durations of 1, 3, 5 min, and 10 min,
respectively, to prepare cast-in-place concrete specimens treated under different vacuum levels and durations. Untreated specimens were
retained as control samples. Immediately after vacuum dewatering, the cast-in-place concrete specimens were covered with sealing film
and transferred to a constant-temperature environment of (20+2) ‘C for 24 h of initial curing. After demolding, the specimens were
moved into a standard curing chamber with =95% relative humidity and maintained until reaching the designated curing age. The
vacuum-dewatered specimens were subjected to surface frost resistance tests and vacuum dewatering ratio tests to validate the
enhancement effect of vacuum dewatering technology on the frost resistance of cast-in-place concrete surfaces.

Results and discussion Vacuum dewatering technology can effectively enhance the surface frost resistance of cast-in-place
ballastless track concrete. For 2.0% to 6.0% air-content vacuum-dewatered concrete under low-pressure environments, the mass loss
per unit area after 28 single-sided freeze-thaw cycles is reduced by 5.0%-94.6%, compared to reference group specimens. However,
the “over-vacuum” phenomenon caused by excessive vacuum levels or prolonged duration demonstrates the existence of an optimal
vacuum dewatering regime for cast-in-place concrete.

During vacuum dewatering, the pore water pressure generated in fresh concrete drives free water migration and drainage under
effective stress. The dewatering ratio continuously increases with higher vacuum levels, extended duration, and increased concrete air
content. The key mechanisms for frost resistance improvement lie in a reduced water-to-binder ratio (i.e., 3.8%-11.2% reduction) and
an enhanced surface strength (i.e., 4.4%—13.5% increase compared to reference group) in the concrete surface layer. Note that the
strength improvement becomes more pronounced with a higher air content. These modifications collectively contribute to the
enhanced frost resistance of the concrete surface through a vacuum dewatering treatment.

Conclusions Vacuum dewatering technology could enhance surface strengthening of cast-in-place concrete through compaction and
consolidation. During this process, the bubbles ruptured under the pressure when the vacuum-induced a negative pressure in fresh
concrete exceeded a critical threshold that air bubbles could withstand. This rupture increased the number of connected pores-acting
as “water drainage channels” in the fresh concrete surface layer-thereby accelerating the expulsion ratio of internal moisture along
with air. This work could establish a comprehensive evaluation model for surface frost resistance of vacuum-dewatered concrete that
simultaneously considered vacuum level, duration, and air content in fresh concrete. The model enabled a quantitative prediction of
vacuum dewatering effectiveness and surface frost resistance improvement for ballastless track cast-in-place concrete under varying
low-pressure conditions. This could provide a theoretical support for applying vacuum dewatering technology to ballastless track
cast-in-place concrete structures in low-pressure environments.

Keywords vacuum dewatering; ballastless track; cast-in-situ concrete; single-sided freeze—thaw; pneumatic fracturing



