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FLN is flow lattice network.

1 RELNMAHRAFEAKE R

HE 2R
1.1 REEAWEEL

LDPM st —Fpfe &Rl RBE EARALL R EE L ) 747
NI R EE AR, 368 ik 7 VR - AR P B L R
TERLT- KM% LDPM A MR ELE M, R Rl
BONERTE, R4E Fuller HhZRH A fIiREE LA & LS
e, we B RS RSGE . S BEALECE s A R
TALE, KR 0B AN (AR B fe /) B AR A
AR, AREES(LE 1la). RiFREE, 17
BRIE R 1) ot LS R THDRL T _E3EAT Delaunay PUTHI
A, FeiEE AR B HCA YA T, DAAE B A%
R4 8 LDPM WA RITH, WRIGEAIL S
AEijs TS Py POTHAARH O 81 N I BB RN
“AIRH“NE;F, BT IUmAA/S&L, fakilm
2 ANHSEEE, [RI] DARAE Y 12 A = AT (L
K 1b), /& LDPM H (138 70 24TH , F N “Facet”s
VBT /INTH B AR KL TS5 Ak ke, TR T AL ks
THIZTARIG, PO Cell”.

B 1 LDPM iR
Fig. 1 Lattice discrete particle model (LDPM) diagram

18 2 ANFHATE LDPM DY T A K FoAds o0
N]_\ NZ(JI_LIA@ 1C)7 j\%*% Nl\ N2 ﬂéﬁi 1 /I\?ﬁijjlﬁjé%?

BT B s M 25 B g LDPM s (LA 1e). 4511
LEBIMRON FLE 2, FLE;p XISARA(Vy) B 2 /D 1 A



. 3374 - (HERR Sh=2400)

J Chin Ceram Soc, 2024, 52(11): 3372-3382

2024 4

ZHES, Ny N ARFLS: 508 Vwas Vweo FLEg )
KRN Loy BIHCEE 1y | HR R li=gil o B E
O NKEELLBI R AL, n HAIETE PoPaPy ) AL ]
&, e A FLE M Ny 2 N 77 A& (WL 1d), n
il e A2 TAT. =MILEIN PoPsPy(A)E e 77
(1 4% 5% 1 B LN A=ln-elAg o HH AT I B
V=V +Vuo=Awl12/3 FLE [ AT FE A 9 DU T 44 )
TEARFFAXIZ B RAE . A FLE ] DL AL A58k 2
ANFHAR LDPM A HH 0oy S g, 42 i AH 465 DY T
A 2 (A1) o A S A e A 0k
1.2 FLE fBRfE#ATEHE

Xof T VR 5% R K Jof R R A R ) A B ) R
LDPM DU It i “Ny AN b R FL RS 0 A iR
JERIR FLEy BRI 1 il 1 5R 3, @t
FLE, i@ R KRN 2 MHARH LDPM DY [ {2 [8] (1)
JREAIAAZ e o X FAEAS FLE 1 3R 1) i 2 A
P 75 FE AT LA

d P-P _T,-T
a(vwivm:m(q D, j m
12 12

d T,-T,
a(vwiuw) = A\N[ |1z + D4 IlZ J 2

e t ImFE; Wy o Uy 20 508 B AL AR R K 5
AR FUKHE & Dy Doy D3 Dy HINIETLE
BT RS EATIRNYRY TR
(Soret flux). ¥R 5l LM E L T R % (Dufour
flux). Fourier BT FRERE: Piv Ti 400 4L
B A B G=1. 2).
WOk o X B ¥R R iR R

P=S(aP). T=Y(0T), i FLEy, MR

2, H FLEw 6 RN

D3 PZ_RL

Mu+Ku =S (3)
e
91C1 glcz 0 0
C C 0 0
M :Vw 9,%; 6,4, (4)
0 0 gzcl gzcz
0 0 gzcs 92C4
D1 Dz - D1 - Dz
K =i D, D, -D, -D, (5)
|12 _Dl - Dz D1 D2
-D, -D, D, D,
u:[Pl Tl Pz Tz]T (6)

S MR, XEAHEIREE LI RIT N, S=0;
C1=0Wy/0P; C,=0W,/dT; C3=0U,/oP; C,=0U,/oT.

121 IGFFLBERE WRIIEMERE, UK
MAERBR I FLBR OB EIE %, BB KT re
MFLBRA R4 o 9 KRR S (8] 4k % T B2 kB
KR ZR 1, FROARGE =R, R
FEAEARARIIR BORE T, AR AE I BARFFA R4S
IRAST, T AR — S IS (T) FLE 1 (P) B ASRE TR IR
UK P FLBR A2 (rer) -

Ny =g T0(T) @)
s reg NIBRAK KT TFEEE, m, FIH
#7125 P4 20F 1 Young-Laplace law™ 22347 1t
B O(T) iR e+ FUB AR R 452 B IE P, mo regs Fenin
IMZ I R 2 Bt o(T)s req 2 BT
K(8). (9)il5:

1
S5(M)=1.97|T|*x10° (8)

req _ 27/I<—>sZm(r) (9)

> T=To)+ (% ~1)(p, ~ Pan)

A TARE, Cs pos NAHBE: 2o AIELKRE;
Tios NEEUKAIRRE, B0 Co ym(T)RAEFLIR S X
UKEERZ SR R P ), T UK RN T
FLBGBE [ A TE T, DRI P 2 3 S s K S

VK I ST P, (it R(L0) 15
Zm(T)=Z"“”meT + e (10)

me

A ae T i AT FE TR E N Trnes 0 CHY
IEUE, 4338 3.1, 0.4; Tme VKRG,
LA ApTmins Ap AFLERFEARA ¥, JEHTE 0.1~0.5
Z AT T i FE U B ARAR o 24 T2T s I, reg=0M%
TEULR, A TAE A2 8 45 UK 2 A (6 A% 18 v »
DR Sy 45 UKL T2 2 B A% 38 i LR 2> 5 R vk & 1
g le8) T B AL R R W, S B ELRA
EH,

122 fKkE. AEE MHEEREMNEL, R
T A KO AE T ARAR, PR T AR . BRI,
TRE L S KE NS K R R SESKREZ M,
P EL ARSI, i R s

ToKE: W, =w, +Ww, (11)
HpdE: U, =U, +U, (12)

A w o NBRASKF R, kg, wi=nSio; n NFLBRE,
FRHEFLBR BB UAR A B AT e (LI 3), 51 Ik E
+ LB BRI (r>0) 0.175, Bl n=0.175; S
RS IKBANEE s o RIBES KL s ws 9 7K 5
i, Kgs Ws=pVss ps NIFEISIKERE; vs NHRALIREE
P URAARAR 23 250 KRR vs BE IR DL S LA AR 10 (1L



HE52 5% 11

iK1 S FET WAL R 28 PR TR R Rl AR A .+ 3375 -

Kl 4), v BT PR SE IS 1S, B FLAR BN e
B FEUG U NS KA, 3, U, =(00)0, T 5 (6C)con
VR - BT IR BE P 7 B AR U A IS K G,
J, Us=AH-Ws, AH RIS, Siv Ven (0C)con 23 I
A (13). (14). (15)it5:

s, :1_% (13)
Vs = ¢(rcri) ~ Vabs (rcri) (14)
(pc)con :[CISIp+Cs (1_S|)p]n+PCcs(1_n) (15)

A pNIREEL L o NEIZS KNG o MRS
KT cs NIREE L E IR olrei) NILEKRT
Feri FRIFLBR R BRI Vaps(rea) WAL KT re B IAE
FLHRIK ) RAER o p(reri)~ Vabs(Fer) 73 ) i 1 2
(16). (17)it5i:

Pl =[O0 (16)
()= [0 E2 g0 —odx @D)

Ice formation in porous medium

A dX)NIREE L FIFLE ARG x RN
REHIILAE, BN mm. TREE TR A R E
AR R SRR P, AR A SR E
Jiidke

Ig(;C—;')

) 2 Ig(r“')}2
¢(rm)=ﬁxe[ % +—xe[ b (18)
a, b

3

A a,=0.088. a,=1.820. a3=0.275, %] iE IR
et FL4R0 4 b1=0.012. b,=4.500. b3=0.100, #%
il 51 S IR & S FLILE o A
123 BIEZRH 175 ik e 0 e Ui A A
AN, HEEREB R R 2 AT, B D=0, /KTE
RE Y SO AR MO AT e, B Dy AB
% RHL

D, =2k k, =—2_s%k, (19)

4(T) 14(T)

2 0(T)=1.729 9x107% %27 7K 3 F7RE B ; Kee=S)
NIHXHBIE RZBG kin NEXHSIE R

Spherical interface

Pore radius

Cylindrical interface
\Adsorptioln layer

[Frozen pOig |
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o(r) is cumulative pore volume with pore radius greater than r.
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Fig. 3 Cumulative pore size distribution: pore volume with
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Vs is ice volume fraction per unit of concrete.
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Schematic diagram of ice volume fraction with
temperature and pore diameter
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Table 1 Calculation parameter

Parameter/Symbol Value Unit
Interface energy, yis 4.09%107 N/m
Melting entropy, X 1.2 MPa/K
Concrete density, p 2400 kg/m®
Density of liquid water, p 998.4 kg/m®
Density of solid water, ps 917 kg/m®
Enthalpy change, AH -0.333 J/kg
Concrete skeleton heat capacity, Ccs 1.0x10° JI(kg-C)
Liquid water heat capacity, ¢, 4.2x10° JI(kg-C)
Solid water heat capacity, c; 2.1x10° J(kg-°C)
Intrinsic  permeability coefficient, ki, 1.0x107%° m?
Concrete skeleton thermal conductivity, e 2.22 W/(m-K)
Liquid water thermal conductivity, 2, 0.59 W/(m-K)
Solid water thermal conductivity, As 222 W/(m-K)
Bulk modulus of the porous solid, K 1.77x10* MPa
bulk modulus of solid matrix, ks 4.24x10* MPa
bulk modulus of liquid water, K, 1.79x10° MPa
bulk modulus of solid water, K. 7.81x10° MPa
Thermal volumetric dilation coefficient, as 18x107° Kt
Thermal volumetric dilation coefficient of liquid water, a, [(<9.2-2.07AT) x107°)/3 K
Thermal volumetric dilation coefficient of solid water, a. (157.6x107°-0.5556x107°AT+2.655x10 °AT?~7.11x107°AT®)/3 K*
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Extended Abstract

Introduction In cold regions, concrete is widely used as a material in hydraulic structures. Its durability is crucial for ensuring the
stability of concrete structures over service life. As a porous medium, concrete undergoes freeze-thaw cycles where the water in the
pores freezes and expands, causing water migration and pore pressure. This phenomenon results in internal structural damage and thus
degradation of concrete performance. Therefore, it is important to analyze the relationship between temperature, humidity, and pore
pressure of concrete during the freeze—thaw cycles. Scholars have proposed various mechanism theories, and a general knowledge is
given that the thermo-hydro coupled behavior of concrete imposes the major machinal loads inducing the freeze-thaw damage. But
the dominant mechanism is still not clear. The hydrostatic pressure theory and the crystallization pressure theory explain the
freeze-thaw damage of concrete from the perspective of the effective stress principle of fluids. The theory of poroelasticity explains
the freeze—thaw damage of concrete from the perspective of internal pressure and deformation generated by the pores inside the
concrete during the formation and thawing of ice crystals. Hence, it is believed that an additional attention should be paid to the
combined mechanical effect of solid phase expansion and the load contribution of the fluid phase. By conducting a detailed analysis
of pore pressure and ice expansion deformation during the freeze—thaw process, the dominant mechanism of freeze—thaw damage can
be further analyzed.

Methods The spatial discretization method of flow lattice network (FLN) considering the concrete mesoscopic heterogeneity is
adopted to describe the heat transfer and mass transport behavior. Within the framework of FLN, a thermo-hydro coupled model for
concrete during the freeze—thaw cycles is proposed and its mechanical mechanism are discussed based on the poroelasticity and
effective stress principle. The proposed model implemented into UEL subroutine and solved by standard/implicit solver in ABAQUS.
The proposed model is used to simulate the freeze—thaw process of concrete under uniform and non-uniform temperature change.

Results and discussion Firstly, the numerical simulations of concrete under freeze—thaw conditions are conducted based on
existing concrete ice content and the corresponding deformation experiments. As the temperature decreases, the relative ice content
predicted by the model begins to increase at 0 °C, and the ice crystallization first increases and then decreases. At -55 °C, the relative
ice content reaches 0.42. Subsequently, due to the consideration of freeze—thaw hysteresis, the relative ice content does not decrease
with the increase in temperature, but starts to gradually decrease only when the temperature rises to the melting temperature (-15 ‘C).
The ice completely thawed at 0 °C, which is in good agreement with the experimental results. In the simulation with constant and
temperature-dependent thermal expansion coefficient, the total deformation and deformation trend calculated by the freezing stage
model are in good agreement with the freeze-thaw deformation test data. However, during the thawing stage, due to the damage
(cracking strain) in the experimental, the model calculation results do not match the experimental results. The strain of es, and ¢y,
show expansion, and &, shows contraction deformation. ¢,, dominates the over deformation. Additionally, through the calculation of
relative errors in deformation, it can be observed that the calculation results with constant a, and a. keep relatively consistent with the
experimental results. During the cycling process, the peak pore pressure of 5 MPa during the freezing stage of concrete appears at 4.4
hours, and the peak pore suction pressure of 9 MPa during the thawing stage appears at 21.5 h. In the evolution of frost heave strain,
the peak strain appears at 13 h.

In the simulation of non-uniform temperature distribution, the variation depth of relative ice content gradually expands towards
the temperature invariant region as the number of freeze—thaw cycles increases. The peak value also increases with the pore pressure
expands towards the rear side. In addition, the peak deformation occurs alternately with the peak pore pressure. During the process of
water freezing and thawing, the mechanical loads of the ice-water mixture in pores on the solid skeleton presents two stages. The first
stage is dominated by fluid pressure and is computed by the principle of generalized effective stress. The second stage is ice
crystallization induced expansion computed by the poroelasticity.

Conclusions A thermo-hydro coupled model for concrete during the freeze—thaw cycles is proposed within the framework of FLN.
The numerical results of relative ice content and the corresponding deformation are in good agreement with the experimental results,
which verifies the accuracy of the proposed model. The consideration of the temperature-dependent mathematical pore distribution in
the calculation of ice content can simulate the hysteresis of ice content during freezing and thawing. It is numerically found that the
pore pressure and frost heave strain play the rotatory dominant role during the freeze-thaw cycle. One stage is dominated by fluid
pressure and another stage is dominated by ice crystallization induced expansion computed. The effective stress caused by the pore
fluid and the calculation of frost heave strain are comprehensively considered.

Keywords flow lattice network; freeze—thaw cycles; ice content; pore pressure; frost heave strain



