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Table 1 Chemical composition of cement

w/%

CaO SiO, Al,O4 Fe,03 MgO SO; Na,O K,0 Loss on ignition
57.68 21.62 6.11 3.23 3.32 2.39 0.22 0.56 2.97
w is mass fraction.
=2 KREEEMEE

Table 2 Main properties of cement

Density/ Specific surface area/

Setting time/min

Flexural strength/MPa Compressive strength/MPa

3 _— Stability — - - -
(g-cm™) (m*kg™) Initial setting Final setting 3d 28d 3d 28d
3.08 364 Qualified 165 235 6.2 8.9 28.3 54.6
MEK: JTEINET F BRI, EEN f¥] S95 Zai iy, 25N 2.81g/cm®,

2.25g/em®, FEVEREUIE 3 FiR.

R3 MEREEMRE
Table 3 Main properties of fly ash

Rk 4 ROV FEREL 2.8 AR A BN 5%
PECTX I EE A ML RS s fE RN 5~10 mm.
10~20 mm JEZEH AL A K ETEA

KT R R = PEREIOK T, JRIK R 27%,

Item Result
=X
45 pm sieve residue/% 6.0 et 40%.
Water demand ratio/% 93 FA7K: BRK, FFATRE L RAFHKRUE .
Loss on ignition/% 3.97 1.2 Bi&te
Water content/% 0.1 Witk BB 0.27 B C60 YRt L, Fl& thinsk
Mass fraction of SO3/% 0.41 4 )Sﬁ,j? . j»;:ﬁ;[] %ﬁﬁ‘—‘]ﬁ'ﬂ;ﬁiiﬁﬁj\jﬂGOiZO) mm, é‘\
Mass fraction of f-CaO/% 0.03 %%%(3%11%) 3 }’wfi‘#ﬁiﬂ}ﬁ%%ﬁ%fﬁ(mﬂ) C 54]
28 d activity index/% 78.1 N e VY “p — v N
LAl FENFEY 24 h, Pl RIRE LA E T AR e RS
Wy WG LB R EM AR AR A KRR E IR .
F=4 RELEAE
Table 4 Concrete mix proportion kg/m®
Sample Cementitious Manufactured Water
. Cement  Fly ash Slag Water 5-10 mm crushed stone 10-20 mm crushed stone
No. materials sand reducer
C60 480 408 24 48 130 734 771 330 24
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Fig. 3 Fatigue damage of concrete after freeze—thaw cycles
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Fig. 7 Fatigue life of concrete at different temperatures
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Extended Abstract

Introduction The wide range and strip-like distribution of high-speed rail crossings, as well as the exposed service characteristics,
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result in ballastless track concrete not only directly bearing train loads, but also facing freeze-thaw damage in severely cold or cold
areas such as high-latitude cold regions and high-altitude mountainous areas. In the service process, the coupling beween
environmental effects and train loads has significantly affected the ballastless track concrete at the micro- and macro-levels. However,
current standards do not consider the effects of high-speed train fatigue loads and freeze-thaw cycles on the service performance of
concrete. During the operation of high-speed trains, the flexural fatigue load frequency that causes damage to the concrete exceeds 20
Hz, which is a significant difference from the test system commonly used in current fatigue tests.

To reflect the actual service conditions of ballastless track more realistically in cold regions, a coupled test system of
“freeze-thaw cycles and 20 Hz fatigue loads’ was designed. The effects of freeze—-thaw cycles on the performance of concrete were
analyzed from the perspectives of mechanical properties, fatigue life, and stiffness. The freeze—thaw cycles were divided into freezing
and thawing stages, and their damage characteristics and energy transfer laws were analyzed. A life prediction model considering the
coupling of freeze-thaw and fatigue was established from a probabilistic perspective to predict the service life of ballastless track
manufactured sand concrete in cold regions.

Methods The study used C60 manufactured sand concrete as the research object, with specimen dimensions of 100 mm (width) x
100 mm (height) x 400 mm (length). A SUNS-890 electro-hydraulic servo static and dynamic universal testing machine was used for
fatigue tests. The stress level (maximum stress f./flexural strength fr) was fixed at 0.6, stress ratio (minimum stress f,;./peak stress
fmax) Was 0.1, loading frequency was 20 Hz, and displacement data was simultaneously recorded during loading. After being saturated,
the concrete underwent a series of freeze-thaw cycles, including 0, 150, 300, 450 cycles, and 600 cycles, before undergoing fatigue
testing. To analyze the evolutionary of concrete performance during different stages, the freeze-thaw cycles were divided into two
stages: freezing (=20 °C) and thawing (0 C and 20 °C). After saturation, the specimens were placed at —20, 0 “C, and 20 C to
conduct bending fatigue tests. Simultaneously, in order to analyze the temperature rise caused by fatigue loads at a constant
temperature, a temperature measurement point was taken every 25 mm along the side of the concrete during the loading process, and
a thermometer was used to measure its temperature.

Results and discussion  After 300 freeze-thaw cycles, the ballastless track concrete exhibits accelerated brittle failure
characteristics. Both flexural strength and fatigue performance show a trend of accelerated decline with freeze—thaw cycles exceeding
300 times, resulting in a 46.3% decrease in fatigue life and a 12.9% increase in stiffness degradation after 600 freeze—thaw cycles.
The internal and surface defects caused by freeze—thaw cycles serve as initiation points for fatigue damage propagation, with the
increased actual stress level making the concrete more prone to fatigue fracture. Defect connectivity induced by the cycles becomes
the main factor contributing to the deterioration of concrete performance. From an energy perspective, the loading process involves
both potential and internal energy, with concrete dissipating energy mainly through deformation energy generated by deformation.
The decrease in maximum strain and increase in residual strain caused by freeze—thaw cycles result in reduced deformability of the
concrete, thereby negatively affecting its fatigue performance. Ice within the concrete pores during the freezing stage has a
reinforcing effect, leading to an improvement in fatigue performance. Additionally, ice helps alleviate internal friction and accelerates
internal energy dissipation, thereby mitigating fatigue damage during the freezing stage. By introducing a fatigue damage factor, a
life analysis model for concrete under freeze-thaw + fatigue service conditions are established. Predictions of concrete life under
different environments are made based on freeze-thaw environmental criteria, revealing that C60 manufactured sand concrete can
meet the freeze—thaw design requirements of cold region at level D1 and level D2, but considerations must be made for the
intensified damage from fatigue loads.

Conclusions A test regime of ‘freeze-thaw cycle + high-frequency fatigue’ was established to investigate the damage mechanism
of concrete under the coupled action of freeze—thaw and fatigue from the perspectives of damage progression and energy transfer. It
was found that high-speed train fatigue loads exacerbated the freeze—thaw damage of ballast-free track concrete, with defect
connectivity caused by freeze-thaw cycles being the main reason for the decline in concrete fatigue performance. Freeze—thaw cycles
lead to a decrease in maximum strain and an increase in residual strain, resulting in reduced deformability of the concrete. Compared
to fatigue performance at room temperature, ice within the concrete pores during the freezing stage has a reinforcing effect, and ice in
the frozen state can accelerate internal energy dissipation, thereby alleviating fatigue damage. A life analysis model for concrete
under ‘freeze-thaw + fatigue’ service conditions, considering a fatigue damage factor, was successfully established to predict the
service life of ballast-free track C60 manufactured sand concrete.

Keywords ballastless track; manufactured concrete; freeze-thaw cycles; flexural fatigue performance; evolutionary mechanism; life
prediction



