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Influencing Factors on Freezing Characteristics of Frost Susceptible Soil
Based on Sensitivity Analysis
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Abstract

A fully coupled thermo-hydro-mechanical model is established to evaluate frost heave behaviour of saturated frost-
susceptible soils. The method is based on mass conservation, energy conservation, and force equilibrium equations, which
are fully coupled with each other. These equations consider various physical phenomena during one-dimensional soil freezing
such as latent heat of phase change, thermal conductivity changes, pore water migration, and the accompanying mechanical
deformation. Using the thermo-hydro-mechanical model, a sensitivity analysis study is conducted to examine the effects of
the geotechnical parameters and external conditions on the amount of frost heave and frost heaving rate. According to the
results of the sensitivity analysis, initial void ratio significantly affects each objective as an individual parameter, whereas
soil particle thermal conductivity and temperature gradient affect frost heave behaviour to a greater degree when applied
simultaneously. The factors considered in this study are the main factors affecting the frost heaving amount and rate,

which may be used to determine the frostbite sensitivity of a new sample.
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FEA|Go| A & HAYSH= F/d(frost heave) A/
Se] s, m2 owel 39, ANTEE
So| topgl Faka BASS ob7| ALl olefst
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ANA Lojuh= ERRE B-4=2]- 9 3F2|(Thermal-Hydro-
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2E, FEPNSH HEES Al AAIE FEA

A3(frost front)o|2t ==ITH(Fig. 1). ESIA 52|
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o]2{3t Clausius-Clapeyron W42 o]t SA4LE
Qe IS, o] ol § T THM 341 astel
CKThomas et al., 2009; Liu and Yu, 2011; Zhou and
Li, 2012; Lai et al,, 2014). 3}, o] @lo] Hz=o] 553
A glo] FAHS dlEel AU SIS A
=9 thMichalowski, 1993; Michalowski and Zhu, 2006;
Zhang and Michalowski, 2015). ©]5-< porosity rate
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378t ¢15K(Shin and Park, 2003), 2L=A|1E A4S 3. TARES 9 vl A SolA WSt =

o] g3t TAAE AFRyu et al,, 2016), 7HAE FAMA] EO Darcy® 2S wEr}

AWS o83 TR #E 71E AF(in et al, 4. YA} = 9 32 HgSAL R st

2017)7F =34 =| ek =284 2] 7, Song et al.(2003) H, o5 34e g o]fojzl ARt Are HA QL
ey AP FHAE S wF=E3IcKlocal thermal equilibrium)
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2t waskglal, Kim et al.(ZOIO)% =e] dHekE 2.1 HHHZEYHAM (Mass balance equation)
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29 gl FAES) dolshd 4SS WsA o sl BhRA quw Zudenie 4y
o} B8] AshAH Aol glojA] kel Ao olel 4 Qhd B ATl AL Tice(1976)7F A A ()5
Auk R e mY 1E W Beld @A map o] ARSelch
5 Aol =S Tl Sl WA oA mdls 28
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o] ZgElek waka, ) Auk Aze] AukEst
2 B4S 18t B4 W= Brh dastohar gt o714, T 2%, Tr= 1H49] o] =3(Te=273.15 K),
g}, o= A Aol
= S5tell A= Thomas et al.(2009)0] ARFeh /8% 9, AR oA LEul7t A7H 240
AL 7|ute 2 THM A8 535t 121 52 A] H2& o7|A 7=, +YU3E ¥ A (uniform pressure
dolif= =22 @Al dis skl o]t HEo field)o 4] AT O & o] e Srojddom 9se
A H-gsh4] Qa9 QE:ILH}V I SEAN] 54 As o| A&t Hoekstra, 1966; Mageau and Morgenstern,
ol iAE S FHeR FAskA UM E - 1980). 015 SAje| 0w wABl] eiAE et
A AT st e A8k 3ol Wasith
A, Qg 7140 HENA BEATH B
2. THM 5YHA El}(Thermodynamics equilibrium)7} R wff, -3} -F-A)
Aole] 7 &5l e e 2451t TEER: Clapeyron]
2 Aol e FES 5/ (frost heave)S HAFSH= o] oJaf theat 72 A7t AdF3kKay and Groenevelt,
G-p2]-SHTHM) AsiA RS +337] ) o 1974; Black, 1995; Henry, 2000; Chen et al., 2006).
23 g A S
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)2 7H=gto 2 eERH 4= QtO’Neill and Miller,
1985).
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(p,0,) a(p0;)
LAV AV p, Y ad V=0 )
A7VA, = AZL, dVe FZEES] u|24)%|(volume element)

< ofulaH, 7H942] §4 ¢ Darcy $2|o] ulz} A

Iz w

q=—kk, V1 =—kk,V (2 +

A7|A, A Vi RS 29 T wl(png) 2
oz #HHL b= Adrdd==E oush, 2
(N o] o) th3t gpgE FHEtKGilpin, 1980;
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2.2 ML X|EZE4H A (Energy balance equation)
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V(=AVTDdV+ Cqv TdV=0 (10)

o]7] A, = u)aA| A A3k (heat content, J/m’)S L}
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S Z3Felal Q) Cx S AE O] A A Y8 Volumetric
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45, 18]al G-2-9] H|g-85KSpecific heat capacity, J/kg/K)
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E‘“"ﬂ Ol AP =™, 714 ks, ha Nz 22T SR
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AeYy FaeE, 18l 3= Alelol= 4 (17) AlE A AES me- =2 HAFEAEE AY
I} Zro AL e, A (18)3} o] Al&of st A& 42|34 :2=¢] COMSOL Multiphysics PDE
+g-HYgE BAE o|83stH moduleZ ©]-§3to] & EEsoTh a4 o]
TE2 12 sAAE] gk dlA] sAS Fall o]F
0 =0+, a7 oAt} 1eE AlREE ol 100mm= AAsIHIL, A
7 A9 5'371-‘%5% 1C=E Aot ®3h 52 Al
do" == Bde, I8 smems1C, 4w 2ms 3T Y3 41147
A dEel =29 7R siAS =35k A5}
5135 2] == e
ABFYHA ] HTHOE that o] AEdnt oL slHe = MAlof AAIA B Al A|&F Q1
SR FHO| TPsekES stk AR ZHs et
e e
v{—fz( €+€°)}+vu,m +y=0 (19)  Z2 100kPai HA3}0] S48 st 5|84
> T €
mdo) A8E AYur AL Table 13} Zth
- _ _ kg =N L o]z BAO 7uto g2 z]ulo] =AF
o714, et 27] 71 SJulTiT e 4] (19)% B, RS N AR NS AN S
= 2]= &3k o|RE & AekHom HAE
ek 3709] HHHQ WG AApe] AT A, AR
height > — € 9’] §—7] Z._}‘%H] €o, }\]E"] 'S'_‘E?_HH gradT)% E\LQE =
o= [ w4 E +) GO qey gem AR ol & YAl daER
4 27 FE AZZ9 o] s&ke| Tojshy %
- o
3. MAF MY HA(Computer experiment design) 7] =l A RS deeetd Aol 99E F
Aoz W= Q7] oty HE APAToA 2=
3.1 2RIHA ke B4 A% Fa AR AT 9SS gl
gt 4= 919l tH(Lai et al., 2014; Michalowski and Zhu,
£ Aol A7) 7EE PAYHASE ol g3l 2000). B AFolA TeT LEuls ®Eo| At
o] B4 &S 913t THM sj4e Sagatgick Al 74719) &= 248 miel Zol(100mm)E g2 M
Table 1. Material properties used in numerical simulation model
Parameter Value Unit Note
Dw 1000 kg/m® Density of water
D 917 kg/m? Density of ice
Ds 2600 kg/m® Density of soil particle
Cs 831 J/kg/K Heat capacity of soil particle
Cw 4180 J/kg/K Heat capacity of water
G 2044 J/kg/K Heat capacity of ice
L 334.5 kd/kg Latent heat of fusion
Aw 0.56 W/m/K Thermal conductivity of water
A 2.24 W/m/K Thermal conductivity of ice
To 0 c Freezing temperature of water
Es 1.2 MPa Modulus of compression
v 0.3 - Poisson’s ratio
g 9.81 m/s? Gravitational acceleration
Eref 0.6 - Reference void ratio
a -5 - Empirical constant
5 -8 - Empirical constant
Krer 2.5x107"° m/s Reference hydraulic conductivity
AL BAHE J(EtCZ &t A2 52 S40 OIXl= ekt &4 53



Aot &M 42l A M| (Frost heave ratio)9} 5
A& (frost heaving rate)= 4] (21) 2 4] (22)& 53|
AP .

o=

A,
(%)= 7 % 100 (21
A H,
Uf(mm/hr)Z Atgf (22)

o714, Gz BAEIG), AHAZ A SAPIAIRKmm), Hy
L =4 A AN 27]%0/(mm), Us 54 E(mm/hr),
A5 215 FAPIAIERO) 05%7] K8 wje] A7k
(o= elsigr.

3.2 HE(RZH 3 0IZtE FM(Metamodeling and Sensitive

analysis)

Aol Y vA= AR 1H] G AA
AL T A BbeRas vE B A
251 WA= B4 519t Booker et al., 1999). A4
A28 Hsie] et gl e 93
olEle} =49 Hlo|g Alo]o] 73t IAIE UEtl=
LA v Al &0 oFq1g|Z o]t Booker et al., 1999;
Hoffman et al., 2003). T}Fgh Wiefmdl vha] Sof A

Kriging WAl 23t =0 nj7jH4=-5
ol AA =2 mdlof Z-8s}r]of 7FY AgksitiMatheron,
1963). Gaussian Kriging © @2 t}-2-3} Zro] Lepd 4=
e,

= 71 AR

ylw) =Y18,B;(x) +2(x) (23)

A7|A Bz BA Algy Bi(x) j=1,...L= Hlo[Eo] gk
of A% 7153k 2(x)+= @A} gholtk Gaussian AF3

el (0 A QHE E3) Wehndle] 0 ke

r(8;s,t) = Corr(z(s),z( eXD{ 29 Is, =1 } (24)

) 4014 0, BE FehulE, 1 TR *94
Mo, 23 5,9k 1, WBO] kA aaSolth (o
ol tifgt Krging oll=3t ()= Tt o] 73 4 ek

y(z) =b(z)+ 7 ()R 0)(y— Bp) (25)

o71A, RS ZFREE AL o (x
o]t}

2 A= Al TF2
Hel NEZ E%ﬂ‘ﬁﬁl 013133

)= {T(G;xl7x),...,r(9;xn,x) }'

o, max2} min M0l o 9 ZSgho|w

(Table 2), rand(0,1)-2 Latin hyper cube A&

o] 0} 1 Afojoll A w53HAl =5 99 groltk
U B4 A Sobol WFAolgtal &8 EAEE w1

7= B 7|¥(Variance-based sensitivity analysis, VBSA)

o] A18-5]9=t|(Sobol, 1993) ol EZE= 7kel gr

L et 2o o Jo gom FaEo] k.

g()+zgz +Zgu

)+tg (@)
27)

1
ofuf / i i (@ o, Vg =0, k=15, (28)
0

; 5= A3(main effect)y 5 YePHIL g, = (z,z;)

=1 '} *OP & @ Ifirst-order interaction effect)ES LERH

o =S Uehle A998 e A 5 = A
]

.

BAF g2 B9 vkl 4 gieh

Table 2. Range of independent variable used in the sensitivity analysis

Parameter Minimum Maximum Unit
Soil particle thermal conductivity, As 1.62 6.044 W/m/K
Initial void ratio, eo 0.146 0.784 -
Temperature gradient, gradT 0.636 0.364 C/em
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= A= w7 Se e ek 2293 W 4, 4} 3 pE
A Foll ARE=t] ol ¥IZE A]4=7} 0.01 w9
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Fig. 2. Results of numerical analysis for 1D freezing
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o sPpE M B, L% Sel ME ATl AHe] Lwl AP mHoko] FAHAH(frost
of

SAMoR AWBE WAtk EF, BAANE ofdE  fronno] Axlo] WAL, FAIASE tol4h wAls}
o BE 52 &= %U(negative pore pressure)> H5H A AL SR EkGITh AlZto] whE FAEE ke s
olo] 7E4E FANNE o FAUNA AL W ARH F7L PHE Jehigls, olele e
d& FAsk=d, ols sAFHSolA S5 A= Konrad and Morgenstern(1980)2] A1 Ao} G-ASH 7
ol §43] S7kshs @4l o8l lEt) 514 olet & 4= Utk
Tk 3=l Al 7zl sk A- = o S, AR Q1A gl 27} S S
ooz FAFAANANY =02 sk 2712 Al Seof njA= JFE AR EA517] S vizk
e 2SS UEhiSlth AR 2 s o] Ad T 242 Akl 50719 A8 HlolHE ol&
2 HAPA SR Qlsto] & TS Ad ARt stof wiZfRet T Aol BAE YEhd= e
sl A= a4 o] =Ado] Hojxith= Aol W 2dls 53110 WERLH 9] A= Table 30] L}
Ak 2 Atol A A-83E AR Tl sjA S Wl 52dH 2 5”¢E°ﬂ gt A wizt= 2|
Aol dHEE 2V YA EEE 1.25x10°m/s 0| (global sensitive index) W & W7 %= X]<(total sensitive
e SRlEiek 2y ofFA EjlE 27| A= index)<= Table 4] A|A|s}ATE. 4 & WHE A+
T ARAPE A 93 AAxRd et gepbd 4= £ 18T uf, e W Z57) 0.012 e A UElkst
Ak 7] wzoll A7gE R viZEsTE AlE S ] 9

Fig 32 AlZbel w2 543 0 524823 A4S 4w fouldh 9 vjAE o2 Atk
HojEr) 58-S AXEEE Ato] Ad4= 2 Fig. 4= 7} uj7f¥i=e} S&50 Alol o] AatAlIE
2ok, ol Z7|gA A s &8 o] F4 3] Holgeh &4 43, Fig )¢} (b)oll Yephd =271 7=
dojutirt HHo] AYP4S FAGE/L Ao uh o2 s te) S AB] 7k doiHel o
L3S oujgity FAMANSTE] AAEET vl ES FeS YER QI o]i= Table 40 A|AE A=FA<] 4=
o] 74 f5S T U S53] A B U A5 Sl e ERIE=T 548 9 sAE g =
2AG 2R Fols BAR] ok AgHow F7h 7] 1FH19] RIAHE A4 27} 05332, 060894, T
shoitt. Lejthrh FAAIRL S =R E OF 100417t $-of

Table 4. Global sensitivity indices and total sensitivity indices

100 T T T T T T T T T T T T .

| 35 Frost heave ratio €
== « Frost front position(mm) -
\ == Frost heave(mm) + S 7\s €0 gradT
= % e e 0.0593 0.0459 0.1430
£ \ L 25 ;E' €0 0.0459 0.5332 0.0166
= « =
2 6041 3 gradT 0.1430 0.0166 0.0691
a \ F20 £ ”
2 \ PN ST 0.2481 0.5957 0.2287
S 404 ".\ F15 § Frost heaving rate Us
T o=
3 N, L0 B s Ns eo gradT
L 504 TS ——r—m e 4 s s 0.0178 0.0179 0.1149
s €0 0.0179 0.6089 0.0654
0 e 0 gradT 0.1149 0.0166 0.0936
0 10 20 30 40 50 60 70 80 90 100 110 120 ST 0.2067 0.6434 0.9739
Elapsed time (h) P -
S is total variances
Fig. 3. Frost heave amount and frost front position ST is a total sensitivity index
Table 3. Parameters of the Gaussian Kriging model
Parameter U n’ 04 02 03
Frost heave ratio € 0.3902 0.0685 11.4868 2.7447 18.8865
Frost heaving rate Us 0.3583 0.1021 3.7544 3.0566 34.0475
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Table 5. Frost susceptibility criteria
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S I3t Table 6). 3L, A W7k
o] 7|EHE 2Jo|E Holk #o
FHEE B4 AE dlojguo|AE 53t
W BEA R 285170l Ager e B 7|

¢ (%) Ur (mm/hr) Judgement References
12 <0.375 Negligible frost susceptibility (NFS) TRRL
>12 >0.375 Possibly frost susceptibility (PFS) (Croney and Jacobs, 1967)
<01 Low
01-03 Medium (JGS oﬁg 2003)
> 0.3 High
<0.02 Negligible
0.02 - 0.04 Very low
0.04 - 0.08 Low U.S. Army Corps of Engineers
0.08 - 017 Medium (Johnson et al., 1975)
0.17 - 0.33 High
> 0.33 Very high

Table 6. Frost susceptibility analysis results

Dataset number Parameter Frost susceptibility criteria

s €0 gradT TRRL JGS USACE
#3 2.69 0.68 0.63 PFS High Very High
#5 1.84 0.46 0.58 NFS Medium High
#8 5.25 0.76 0.49 PFS High Very High
#10 4.99 0.56 0.55 NFS Medium High
#11 5.39 0.52 0.46 NFS Medium High
#12 2.46 0.57 0.52 NFS Medium High
#14 5.97 0.53 0.39 NFS Medium High
#15 3.49 0.66 0.46 NFS High High
#18 2.98 0.78 0.56 PFS High Very High
#19 5.15 0.55 0.53 NFS High Very High
#29 2.94 0.70 0.51 NFS Medium High
#31 2.30 0.73 0.62 PFS High Very High
#35 3.76 0.63 0.37 NFS Medium High
#36 4.24 0.64 0.45 NFS Medium High
#38 2.80 0.58 0.47 NFS Medium High
#39 3.32 0.72 0.43 NFS High High
#44 4.83 0.59 0.50 PFS High Very High
#45 1.90 0.61 0.59 PFS High Very High
#46 5.45 0.68 0.61 NFS High Very High
#47 2.06 0.51 0.53 NFS Medium High
#49 3.09 0.72 0.53 PFS High Very High
#50 5.21 0.65 0.38 NFS Medium High
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