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Experimental study on the mechanism of frost heave phenomenon

Takeshi Ishizaki'

Frost heave is a phenomenon in which ice lenses grow near the frozen surface during freezing, causing the soil
to expand. This phenomenon is an important issue in engineering fields such as ground freezing methods and the
freezing of ground around underground LNG tanks. To clarify the mechanism of this phenomenon, we conducted
systematic frost heave experiments under various temperature gradient and freezing rate conditions and investigated
the relationship between the water intake rate at the frozen surface, the temperature gradient in the frozen soil, and the
freezing rate. We also calculated the ice lens growth surface temperature from the experiments and the relationship
between the water intake rate at the frozen surface and the ice lens growth surface temperature. Based on these
experimental results, we evaluated the validity of previous frost heave models. We found that the frost heave model,
which assumes that the water intake rate into the ice lens is limited by the decrease in the hydraulic conductivity of the
frozen fringe or the water film near the ice lens, does not fit the experimental results. On the other hand, we found that
the frost heave model, which assumes that the water intake rate into the ice lens is limited by the chemical potential
difference between the ice lens and the nearby water film, is consistent with the experimental results.
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Figure 1: Ice lens segregation in soil during ground freezing

FHHL, U, S oREAREZMICHRETE
B RERRAAIT, SR & SR EE, ST ol
BLOBNCHIE R Bt D A Z L BT, Bzl
WP FMR 2% L 72 (Ishizaki, 2023). & 2 T byl &
&, BT 5 & SITHAIRERIN 72 ) O EROZ & T
bbb, Fiz, REBTIE, BHESHANOBKEES LT A
AV ¥ RO b S, s Ol A R &
R H B Z LW ahotz. EHIZ, TAALYADRK
BHMBED, 74 AL v ZOREHEOWRE & 7% BRI H
5Ly RENT. TNSOFEHFERIE, W EHRIIBY
%, AEHORESRCAKOTHAUICE LT XY 2 Gl z
RfEL TV 5.

BUEE CICH BB 2 35 50 LRGR, S EET VI
ZLOMBHICLVREEIN TS, LrL, TS50
I, SR EETV OGRS 5 EHRT— 713 %
{, EOHFEEFUPIELVONFLEHEEOM T, HF—
B 7% TIRE R W ORHIRTH 5. Ishizaki (2023) DFHLT
KL EEROTF— 5 %, SHICFEICHE L, fRES

NTVLHEETFTVOTHRR LIRS 22 LI2X DR
EFNVOZYMEEFM LA (Tshizaki, 2025). &2 TlE, 2
NEDOFHLED LI, HEHEDOAH = XL L THE
4o 720T, LTFICHET 5.

2. BHEDFELEETIV

HREGH A b v AV R E T BRI T b g
H TR R BN RCERZ SN T ALRA T A
(LNG) W5 v 7 Bl o st <, HigidoK il
REBICHDLEEZONLOT, I THBAMETICH S
TOHREEFVIIOWTHRET 2. LodF BT,
TAAL Y ZXH0CIH & Y REORNEHSTRETSZ L
PHILN TS, ZOT7 A AL Y ORI & 0T 1o
i, 7a—Xr 7YY (EosaEE) LIEh, 2o
T HIBURDSETE L, ASUKRIZIRE O T & 3812
Bl Y, ERFREINEL 5. ONeills (1985) @
WEEFVTIE, 70— 7 v PHOBEKBREOK
TEEDRETAALV Y AOBERELKTT 5. —%,
Styleb I X DIRESINZZHEEFT VT, TAAL Y X
EHEOKROE X1, WEOKT & IICIFEFITMS R
D, KRENOBKIEIAT A AL ¥ 2O EEE % Hodk
LTwbELTw5 (Styleetal., 2012). Z ZTStyleb 1,
TU—=RX Y7 Y IHITIEBEBORPFAAEL v v ) )
Ex% LTWh. Kuroda (1985) 1L VIR ENZEFILT
1, R TTOT A ALY X EREORBEDLEET ~
XV, RMBIKEOEEIE L TwE. TIC, £
NZNOHEET IV % FMICHET 2.

ZITIE, MBTAETHLE LTw Mg Tiko
By LACRKIR A A Bk & > 7 BB O A HEL O 13
B vzl EEBRSEREH EETVORKEIT, 2
DML EORBHE T, LOREETABEYTH S
DR AT o 72,

2.1 FEEANDORKEREH RS RiEEEDRE DL,
FRAEREEIC KBRS NZIRLEETIV

B2 EBHAE IR (70— X0 7)) ¥ Y) O %R
IR T. SR 7) v o kid, 0CORRET A AL VX
DR E DRI 22K AAFAET 5 I TH 5. Konrad
(1989) 1%, 74 AL ¥ X DR ~D IR OWLIHE EE AR
K7D VNOIERR (G) \[ZHHIT2 2 & 2R3 (1)
RRRELT.

V. =SP, exp(—ak) G, m
ZCT, VIZBFEIANOWIREEE, SPixt 7 ) 74 ¥ a



HEBRDORAH =X N 41

FIVRT V¥ v v EMHEN 5 BB EA OB, 13 BT E
W& BES, aldEEADOERTH 5.

Wy

| ice lens

soil ‘ 2 7 {
particle ’
Pt .¢
,//% 6%"WZ ‘
pore ice ‘6@"@'@‘

H2: 70— 7)) v Y OEEORRX
Figure 2: Schematic diagram of the structure in the frozen fringe zone
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Figure 3: Schematic profile of the temperature, pore water pressure,
hydraulic conductivity in the freezing soil
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Figure 4: Relationship between hydraulic conductivity and
temperature in the frozen zone

(1) Burt and Williams, (1974), (2) Horiguchi and Miller (1980), (3)
Takashi et al. (1983) (4) Ishizaki (1985)
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Figure 6: Frost heave experimental apparatus
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Figure 7: Schematic diagram of frost heave experimental apparatus
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Table 1: Physical properties of the soil sample

unit Samplel Sample2
sand % 2.0 233
particle size characteristics silt % 345 56.7
clay % 63.5 20.0

classification clay silt loam
/8 % 84.8 41.0
consistency properties /3 % 43.7 23.7
I % 41.1 17.3
soil particle specific gravity G, 2.64 2.65
natural moisture content w % 92.9 29.7
wet density " g/em’ 1.50 1.85
degree of saturation S, % 98.5 92.1
specific surface area S m’/g 136.2 15.6
volmetric water content 0 % 70.7 55.0

hydraulic conductivity K, m/s 1x10” 5x107°
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Figure 8: Temperature change with time (a22)



W LG DA H =X L 45
K2 ! Case A DUHKGZMB L OCR2T OIESE,  FA T O BfRG5 #
Table 2: Freezing conditions, set temperature gradients, and set freezing rates for Case A
Experiment name a0l | 202 | a03 [ a04 [ a05 | a06 | 207 | all [ al2 [al3 | ald4 | a21 | a22 [ a23 [ a24 | 231 | a32 | a33 [ a34
name shown in the graph a0 al a2 a3
initial upper side Tw (C) 0 0 0 0 0 0 0 2.5 2.5 2.5 2.5 5 5 5 5 10 10 10 10
cooling rate of Tw (C /h) 0 0 0 0 0 0 0.05 | 0.1 02 | 04 | 0.1 02 | 04 | 08 | 02 | 04 | 08 1.6
initial lower side Tc (C) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
cooling rate of Tc (C /h) 0.01 10.025| 0.05 | 0.1 0.2 0.4 0.8 | 0.05] 0.1 0.2 0.4 0.1 0.2 0.4 0.8 0.2 0.4 0.8 1.6
temperature grad. (C/em) | — | — | — | — | — | — | — | 05 ] 05 | 05| 05 1 1 1 1 2 2 2 2
set freezing rate (mm/h) — — — — — — — 1 2 4 8 1 2 4 8 1 4 8
3 ! Case B, Case C OHREMB X R OIREAR, FLATF o sk s
Table 3: Freezing conditions, set temperature gradients, and set freezing rates for Cases B and C
Experiment name b01 [ b02 [ b03 [ b04 [ b05 [ b06 [ b07 [ b08 [ b1l [ b12 [ b13 [ b14 [ b21 [ 22 [ 123 [b24 [ b31 [ 032 ] b33 [b34 [ b4l [b42 [ b43
name shown in the graph| b0 bl b2 b3 b4
Experiment name c01 | c02 | cO3 | c04 | cO5 | c06 | cO7 | cO8 | cl1l | cl2 | c13 | cl4 | c21 | c22 | c23 | ¢24 | c31 | c32 | ¢33 | ¢34 | c41 | c42 | c43
name shown in the graph| c0 cl c2 c3 c4
initial upper side Tw (C) | 0 0 0 0 0 0 0 0 [1.25|1.25]1.25|1.25]25 |25 |25 |25 5 5 5 5 10 | 10 | 10
cooling rate of Tw (C /h) | 0 0 0 0 0 0 0 0 [0.03/0.05(0.1 02005/ 01]02]04 01)02|04]|08]|02]|04]038
initial lower side Tc (C)| 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
cooling rate of Tc (C /h) | 0.01 [ 0.03 | 0.05| 0.1 | 0.2 | 0.4 | 0.8 | 1.6 |0.03]0.05| 0.1 | 0.2 |0.05] 0.1 [ 0.2 | 04 [ 0.1 |02 | 04|08 |02 04|08
temperature grad. (C/em) | — | — | — | — | — | — | — | — |0.25]0.25/0.25]0.25| 05|05 | 05|05 | 1 1 1 1 2 2 2
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Figure 16: Relationship between ice segregation temperature Ts,
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Figure 20: Relationship between water intake rate, freezing rate and
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multiple regression surface
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Figure 21: Relationship between ice segregation temperature Ts
freezing rate and temperature gradient in frozen zone in Case B
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Figure 23: Relationship between water intake rate to the ice lens and
ice segregation temperature in Case B
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Figure 24: Relationship between water intake rate, freezing rate and
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Figure 25: Relationship between ice segregation temperature Ts,
freezing rate and temperature gradient in frozen zone in Case C
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Figure 26: Relationship between water intake rate to the ice lens and
ice segregation temperature in Case C
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equation (1)
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Figure 29: Comparison between the calculated results by equation
(28) and the measured water intake rate of Case A
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Figure 30: Comparison between the calculated results by equation
(12) and the measured water intake rate of Case A
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Figure 31: Comparison between the calculated results by equation
(17) and the measured water intake rate of Case A
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Figure 32 Comparison between the calculated results by equation (17)
and the measured water intake rate of Case B
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Figure 33 Comparison between the calculated results by equation (17)
and the measured water intake rate of Case C
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Figure 34 Relationship between average ice content and average
temperature in the frozen fringe zone
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Figure 35 Relationship between average unfrozen water content and
average temperature in the frozen fringe zone
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Figure 36 Relationship between water intake rate to the ice lens and
ice segregation temperature in Case D, E
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Figure 37 Measured and calculated water intake rate to the ice lens
and ice segregation temperature in Case D, E
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Figure 38 Measured and modified calculated water intake rate to the
ice lens and ice segregation temperature in Case D, E
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