ey 4 A 22

%53 %5 5 e L N = - Vol. 53, No.5

2025 % 5 A JOURNAL OF THE CHINESE CERAMIC SOCIETY May, 2025
http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20240679

FTi 330 ) 5 5 U bR E Y R R B

xOM, Tk, KRE, TaA
CREEFET R, RSB AR EFOTI S TR, 105 KiE 116023)

W F: VREOR R R AR E R R . Oy 1T SO R R AR AR AR Z A R AR, AR AR R T 5
i, S T ALURIEIK D SRR IS MR R, L TR B REE L . BFST T LIRS AL BRI 70 VR R R R
Pl R IsE0, lE 300 604 90 (RN 120 IR FRREIRIG A A HEAT T RAL, BN S2 AR B R RARZE 4.7%. TFFTEE R
FW]: JRBE PR BN S S BN, TS BT R A S TR R S TR AR B 2 R B

KR, HEZRBAIE 0.966.

KR ) i RECLRBEIN; AR, ARG RIKRAI
SCBHRE: 0454-5648(2025)05-1214-11

FESHS: TUS28  XEkFRERE: A
4% i ARETE) . 2025-01-13

TR R 195 2 3 o R A X YRR o = i M ) R
BHERRZ . EFREE LR B R L R 7R
A EW, BONERNEEAHKERR RS %
W, Bk RS HR T IREE T N K S E P A
(PR R J TR IR E L & R B AR T
TR PR [ FLAR AL PP A T PR AR B8 22 T 7 A 11
B R IR L R E T . Ak, R ATTIE R
T E& R IR FEE ), (H IR LR

TR B vk et v dt 1) R PRI 9 O vk R A HE IR
BB S MBS 7T, BF 5 AN 28 5 R B AT DL 43
NEM RS M R AR AT O, o b LB 4
HEFse 0% Ak, Xiaol T =S80 Weibull
AR, SR EARIGHAE, BT T VRIS R R g
T SR RGO R O Rl 2 . Fu 1Y)
(RIHF 70 45 SR 2 BH Sh A b S T B R £ T AR
RIS, WA TR SR SO, A
B U TRURS BE AR DG, Re 2 A Aff b e I R 45 1 K
HERIFERE . Xie VR CT BMGIRHIAN =4
B, PEERRL R AR IR LR . R K
TeIEFREEAL Sy, AT T VRAbAE R ST ek (X 45
HALHAE . Sun PR T Rk RITRS L, 7

WeRs H 3 2024-10-28. BATHY: 2024-12-13,
HEUH: L 7TAEZEEIE (202327).
$F—1EH: F NE000—), T, MR,
WEEE: EoRA979—), 5, i, EiE.

i VRGO AR R R, BEST TR
SR R A AT (1) TR 5 AN R AT

SR, AERBHZSUPIANN R |, AR
I FAFAE RS A . E375h 11242 Silling 42
I —A AR R FRS, ZFRIC I TR T R R Y R
R EAER, S5 TR ES: . H
HIoNIE, BB 1% Ca s H TR 240k, G
g2 B g mp 25200 e e ) ST A
., Zhang Z5PE 5| NVRRIHR R B, RHESEN
SRR R S5 W A AT TABIE, N T —FH
T TR A I 25 F T FE X BRI (1) 4 R 53495 Y A A
R, Wu S T R IRIK S, Sl T
o YR - VR B A A i R AL . L S5 SO0 2 T
XZKPEMBIEAT T3, BN 1K Ve SR AR R Rldn
PR R, BRGNS AR R A A fe, DARGER
TR RMRITE . Zhang S0y T i f1 k-1
AR, SR R g R AT TR

BEE T HM B AR KR, HutoH 2 MEE
VERENE O VR G TR Rl ) R AT AN, (HKRZ /IR T
WOV ETH, SR/ IR R S 1 22 W1 P RE T 9T
(] BN 7 b B SR A ] N A7 AE X R AR 2 o PR AR T AR

Received date: 2024—-10-28. Revised date: 2024-12-13.

First author: NIE Feng (2000-), male, Doctoral candidate.

E-mail: 1007159549@qq.com

Correspondent author: WANG Huili (1979-), male, Ph.D., Associate
Professor.

E-mail: wanghuili@dlut.edu.cn



ES3ESE S & ON g

S E) )15 VR R (1R AR B )

- 1215 -

et — R R BRI 5 ) AR R R, 57 1 4L
BRRAK S AR AR S Z TR 2R 2R K FLRR R 7T LA 7
BHEAINIL IS BN /1B RE, SEEL T X Rl
TR (R SRR AR AR B O TN o

SR PES: 2

1.1 BRSEESHOE
WAL 55 F 2 s s R AP,

Undeformed state

PO = [ TIXE(X ~X) -
T[X t]{(x—x)dV, +b(x,t) (1)
Hbe p MRS X 3B (kg/m®): b(x,t) AJFE A x
RS FE(N/mM? ) H(X) RaRALEETEE; dV, N5 s
X AR (m® ) TR £ xR X Z IR IR AS O &

(Nm®), Wl 1 Fros. ST %5
fro7pikA gk 1512,

Deformed state

Bl 1 WS s )

Fig. 1

Ordinary state-based peridynamics model
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Fig. 8 Simulation diagram of freeze—thaw crack under different freeze—thaw pressures
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Residual Bearing Capacity of Freeze-Thawed Concrete Based on Peridynamics

NIE Feng, WANG Zhengzheng, ZHANG Chenbo, WANG Huili
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Dalian 116023, Liaoning, China)

Extended Abstract

Introduction Freeze—thaw damage is a significant factor affecting the durability of concrete in cold regions. The research on the
mechanisms of freeze—thaw damage in concrete remains inconclusive. Currently, the primary methods for investigating freeze—thaw
issues in concrete include experimental research and numerical simulation studies. The research focus can be categorized into two
areas: macro structural performance degradation and micro pore structure analysis. However, most current value methods are limited
to the micro level when simulating the freeze—thaw behavior of concrete, and there is a lack of research on the macroscopic
mechanical properties of concrete following freeze—thaw cycles. At the same time, grid dependence arises when addressing crack
problems. Consequently, this work proposes a mesoscopic-scale peridynamic freeze—thaw model. The relationship between pore frost
heaving force and frost heaving force state is established. The pore frost heaving force is incorporated into the peridynamic motion
equation as a force state, enabling the simulation of cracks and the prediction of residual bearing capacity in freeze—thaw damaged
concrete.

Methods The commercial concrete purchased by Qingdao Yehua Jianzhong Construction Engineering Co., Ltd.is used. The
concrete size is 100 mm x 100 mm x 100 mm, the concrete strength is C40, and the water-cement ratio (W/Cs) is 0.51. The
freeze—thaw cycle test was carried out by TDR-15D concrete rapid freeze—thaw test machine. The number of freeze—thaw cycles was
set to 0, 30, 60, 90 times and 120 times, and the temperature range was (—18+2)—(18+2) ‘C. Three concretes were set up for repeated
tests under each cycle. Before the start of the test, the concrete was first immersed in water for 4 d to ensure that the water fully
penetrated the concrete. Then the freeze—thaw test machine was started, and the freeze—thaw cycle test was carried out according to
the preset cycle times and temperature. After the test, the concrete test block was taken out to dry the surface scum and water,
numbered and weighed, and the dynamic elastic modulus was detected. The uniaxial compression test was carried out on the MTS
Exceed E64.305 electro-hydraulic servo universal testing machine.

The open porosity measured by the test is 1.68%, and the pore frost heaving force calculated by the finite element method
is 58.3 MPa. After obtaining the relevant parameters, the freeze—thaw simulation is realized by matlab programming based on the
peridynamics theory.

Results and discussion The results of the freeze—thaw tests and uniaxial compression tests were compared with the simulation
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outcomes. The diagram illustrating simulated freeze—thaw damage depicts the phenomenon of surface spalling and internal crack
propagation, which aligns with the test results. The uniaxial compression stress—strain curves exhibit a similar trend, with a maximum
difference in peak stress of 4.7%. After undergoing freeze—thaw cycles, the elastic modulus of the test group was initially low but
subsequently increased. This is due to the cracks being filled with ice and broken concrete chips, resulting in a loose state of the
concrete, which leads to a low elastic modulus during the initial stages of loading. As the load increases, the stiffness of the concrete
also increases once the crack has closed.

The open porosity and pore frost heaving forces of concrete are critical factors influencing its freeze-thaw performance. The
freeze—thaw damage and residual bearing capacity of concrete with open porosities of 1.0%, 3.0%, 5.0%, 7.0% and 9.0%, as well as
pore frost heaving forces of 40, 50, 60, 70 MPa and 80 MPa, are discussed in detail. The influence of open porosity and pore frost
heaving forces on the freeze—thaw performance of concrete follows a similar pattern. When the two values are low, there are no
freeze—thaw cracks or minor freeze—thaw cracks in the concrete. When the two values are large, the freeze—thaw cracks cover the
whole concrete. The rate of decrease in the residual bearing capacity of concrete initially increases and then subsequently decreases.
This is because when the freeze—thaw damage is small, each new damage may become the starting point of the freeze—thaw crack, so
the damage will promote the new damage. The damage caused by freezing and thawing in the later stages reaches saturation, resulting
in a limited number of cracks and overall damage in the concrete. The concrete has been damaged and should be regarded as having
completely lost its load-bearing capacity.

Conclusions The main conclusions of this paper are summarized as following. The peridynamic freeze—thaw model closely
resembles the test used to simulate surface spalling and crack propagation in concrete subjected to freeze—thaw cycles. The simulation
results of uniaxial compression for freeze—thaw concrete align closely with the experimental findings. The maximum difference in
stress values is 4.7%, while the maximum difference in residual bearing capacity is 3.7%. The rate of freeze—thaw damage in concrete
increases gradually during the early stages and then slows down in the later stages. The freeze—thaw damage of concrete is
characterized by surface damage spalling and internal crack staggered expansion. Through regression analysis, the linear relationship
between freeze—thaw damage and residual bearing capacity is established, with a coefficient of determination reaching 0.966.
Compared to the mechanical model calculations, the regression curve is utilized to predict the residual bearing capacity based on
freeze—thaw damage, resulting in an efficiency increase of approximately 360 times.

Keywords peridynamic; concrete freeze—thaw cycle; uniaxial compression; freeze—thaw damage; residual bearing capacity



