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Evaluation of frost heave in clay soils

Abstract. Frost heaving in clayey soils with a low coefficient of permeability raises a lot of
questions regarding the cryosuction, surface tension forces, and accompanying phase
transfer of water. The freeze-thaw laboratory test results were considered in this work in
terms of temperature and volumetric parameters change, dry density, and water mass
transfer. The article presents a model for calculating the mass transfer of water (vapour)
in the gas state under the influence of cryogenic forces. Findings include the improved
understanding of the heat and mass transfer phenomenon during the unidirectional
freezing of soils in an open system. Most of the tests for engineering properties registered
a slight reduction in relation to strength, cohesion, and angle of internal friction.
However, there was a significant increase in the coefficient of permeability after the
freeze-thaw cycles with initially dense compacted soil samples, which was due to
loosening and moistening of the soil samples during the heave at sub-zero temperatures.
The conceptual model for frost heave in soils was developed based on the vapour mass
transfer. There was presented algorithm of vapour flow calculation in unsaturated soils
using fundamental thermodynamic equations.

Keywords: frost heave, temperature monitoring, moisture transfer, clayey soils,
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Introduction

Clayey soils are well-known as frost susceptible soils, despite they have very low permeability
and high surface tension. The surface tension in the ground water is around 63 — 64 1077 cm? [1]. The
soil structure in the freezing fringe includes the moisture in three phases: the solid part - ice lenses; the
liquid phase — hydroscopic and capillary water; and the gas phase — saturated and unsaturated vapour.
It should be noted that ground soils are subject to unidirectional freezing, which is usually derived from
the top downwards. Ice lenses nucleation starts in the pores and channels with gravimetric water,
where the pore water pressure is close to atmospheric level. Withdrawal of the thermal energy during
soil freezing induces the following phase transformations: the segregation of water in the liquid phase
to ice, accompanied by thermal energy release and condensation of the gas phase to liquid, according to
the phase equilibrium. A sharp reduction of the water and gas phases in the freezing pores has been
ascribed to the analogy of drying by Henry [2].

Arenson et al. [3] has also noted that vertical veins do not grow in thickness as the horizontal
lenses do over time. However, Arenson et al. did not identify a phase in which moisture is transported.
They mentioned some concerns about the suction required to drive the hydraulic conductivity at
atmospheric pressure, by determining that the negative pressure should be not less than 900 kPa to
draw up the water.

Among all structures, the most vulnerable to frost heaving are highways. Due to the high
density and increased thermal conductivity of the pavement and sub-base materials the temperature
field in highway subsoils differs only slightly when compared to soils in a natural state [4]. Dynamic
traffic load increases the pressure and melts some parts of the ice for a short period of time in highway
subsoils [5]. The mechanism of short-term load application to the frozen subsoils can be explained by
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a regelation theory, when that part of the ice located closest to the soil particles starts to melt under the
pressure. The liquefied water migrates upwards to the cold side as soon as the dynamic load is removed
and refreezes in the new place. The dynamic loading here acts as a piston pump.

The study focuses on moisture mass transfer in unsaturated soils, as this is the most likely state of
soils under highways in the winter period. The article considers determination of moisture mass
transfer implemented with vapour flow.

Research methods

Frost susceptible soils were conducted for 2 freezing-thawing cycles in open system laboratory
tests, so the samples were supplied from the base by deionized water (Figure 1). In test 1 nine soil
samples of 1 meter length sandy clay soil were compacted artificially to the maximum dry density and
placed to the environmental chamber and simultaneously frozen from the top. In test 2 the length of the
samples was reduced twice to 50 cm, while column 1 was compacted with the least dry density,
increasing in every other column, and reaching the maximum density in column 9. The characteristics
of the freeze-thaw cycles are presented in Table 1. The initial parameters of the soil samples are

presented in Table 2.
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Figure 1. Environmental chamber for freeze-thaw cycles with a capacity of nine 1m length soil columns
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Table 1
Freeze-thaw test characteristics
Test | Sample | Base water | Dry density of the Sample testing technique
no. length | supply sample
1 100cm | Deionised | All samples compacted | Three columns removed after the first
water with max dry density: freeze cycle, three columns after the first
1.80 Mg/m3 thaw and the remained three after the
second freeze cycle
2 50cm Deionised | Samples compacted with | Nine columns kept until the end of the
water varied dry density: second freeze cycle
1.18-1.80 Mg/m?
Table 2
Initial soil samples characteristics
Characteristic Symbol | Unit Value Annotation
Initial moisture content W % 17.2 See Figure 3.1 — according to 95% max.
dry density — moisture content
relationship
Angle of internal friction @ ° 24.1° CD direct shear test, moisture content
Cohesion C kN/m?2 10 W=17.2%
Particle density of sandy ps Mg/m?® | 2.615 Soil mixture by mass: 50% sand and
clay 50% kaolinite
Average dry density before pd Mg/m3 | 1.814 + BS Light compaction test operating
freezing cycle 0.012 with 2.5 kg rammer. The mechanical
Initially bulk density at the P Mg/m? | 2.128 + energy applied to the soil is 596 kJ/m?
beginning of the test 0.015
Uniformity coefficient Cu - 24 Uniformly-graded sand
Coefficient of curvature Cc - 3.65
Activity of Clays A - 0.25 Inactive clays
Liquid limit weL % 37.18 CI - Medium plasticity
cone penetrometer test used
Plastic Limit wp % 23.77 Fraction of soil sample passed through
Average linear shrinkage Ls % 5 0.425 mm sieve
Plasticity Index PI % 13

A slow unidirectional freezing technique was used during the freezing to provide enough time
for the cryosuction processes [6, 7]. The temperature drop was set by 2 °C every 24 hours for 12 days
and reduced down to -23 °C at the temperature control unit. Temperature sensors were inserted in the
center of each sample by every 10 cm of the length. 96 thermocouples continuously recorded the
temperature via Pica loggers while frost heave was monitored by vertical linear gauges. The base of the
soil samples were kept unfrozen during the entire experiment. By the end of the freeze-thaw cycles the
moisture redistribution over the sample length was determined according to standard BS 1377-4:1990 by
weight difference of the wet and oven dried sample at 105 °C for 24 hours.
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The heat change Q in a mold section over the time t was found as the sum of the cooling heat
and the latent heat during the phase transfer:

Q- t=01+0Q, (1)
where, Q; — heat energy is used for cooling the vapour mass to the temperature AT (equation
5.5); and Q, — heat energy used for the phase transfer (eq. 5.7).

Q1=mvupou‘r,, thAT (2)

where, muoapour, t;, - mass of vapour at the starting time t;,g,C — specific heat of vapour passing
through the cumulative air voids cross section, J/kg-°C; AT — temperature change, °C; and t — time
interval, h.

Density of the vapour is calculated for each period of time, corresponding to the temperature
and saturated vapour pressure:
mvapour,ti (3)

Pvapourt; = %
air,t;

where, pyapour,t,- Vapour density for period of time, g/cm?.

Heat energy for the phase transfer includes the latent heat for the condensation and
solidification of the vapour mass difference at the beginning t; and end time t, of the calculation period.

QZ=(mvapou‘r,1— ﬂ’lvapour,Z)‘L (4)

where, mompour2 — mass of the vapour at the end period t,; L — is a total latent heat L=L; + L,,
where L, - specific latent heat for condensation (L, = 2.3-10°//kg) and L, - specific latent heat for
106 J

solidification (L, = 0.335 Ty of 1 kg of water).

The volume of vapour Vegour is equal to the speed of vapour passing through the air voids” cross
section A over the time t:

Vvapour =Vt Agirvoids (5)
where, v — average speed of vapour, cm/h; and Ay 0iqs — cumulative section cross of the air
. mdg? . . .. . .
voids” Agir voids = T“, cm?, corresponding to the porosity coefficient and moisture content (Figure 2).

Substituting the V4,0, in equation (2) the vapour speed was found at the starting time and at
the end:
N Q (6)
vapour — 0 Ay AT -t

The mass of ice built from the vapour passing through the air voids channels in a 10 cm length
mould section with correspondent cumulative cross section A,;,- and speed v over time t is calculated:

Mice = Pvapour Vair voias = Pvapour "V L* Agir (7)

where, m;., - mass of built ice in grams; pygp0ur — is taken as an average density value of the
vapour densities at the start and end time point, g/cm? .
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Figure 2. Calculation of the vapour rate passing through the cumulative air voids channel in the

mould section over time t

Results and discussion

In Test 1, the temperature drop was less pronounced due to the formation of ice lenses at the top

of the soil columns and the resulting latent heat released for the increased amount of water. The top 5
cm of soil in Figure 3a dropped down sub-zero temperatures, while the temperature distribution over
the length of the samples stayed in a range of +5 - +10 °C. Ice lens formation was observed at the top of
the sample, which appears to act as a heat insulator and prevented the further freezing of the soil. In
Test 2 the temperature distribution changed with a range of soil density, although did not obtain a
steady pattern of freezing rate in terms of mtial density. This is possible because the freezing rate of 2
°C per day provided sufficient time for temperature distribution across the entire length. Notably, a
deceleration of the freezing rate was observed in the second freezing cycle. The temperature field
distribution with time in Test 2 was similar to Test 1, where the temperature contours in the second
freezing cycle were higher compared to Test 1.
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b)
Temperature field distribution in column 9

0 \ \ | 1 15
o F L
5 HUD O i \Y_ Qan \\ﬂ(‘ \V:‘Tf
? ' T & 9 S ' 10
’ Y,

e
o o
0
-
A
...ﬁr
T
o

N
o

10
T
S

Sample height, cm
k
5

w
o

N

(6]

L

5

0
__,,.._._—.--—--10'_’

0
/__,_—-—'"'—-LU
T
&

w
(]

N
o

\ g "
5
T F1 an [¥s} R LP (IJ

0 100 200 300 400 500 600
Test duration, hours

I
1

—t

5

0

-15

Figure 3. Temperature contours in column 1 in Test 1 and 2, supplied with deionized water from the
column base with (a) max and (b) variable soil densities.

The average duration of testing comprised over 600 h. The relationship between the surface temperature
and frost heave value over time for the soil samples compacted with maximum dry density is presented in
Figure 3. In both tests, the greatest variety of volumetric deformation in the vertical axis was registered by

the end of the second freezing cycle. The frost heaving value for test 1 twice exceeds the frost heaving in
test 2 correspondently to the length of the sample. In Test 3 with a deionized water supply, the maximum

rates of frost heave were achieved in columns 7 and 8, where the dry density was close to the maximum
value 1.65-1.79 Mg/m?, while the loose soil samples, with a dry density 1.18-1.47 Mg/m?, registered very
weak heaving in the first cycle and consolidation or compression in the second cycle compared to the
initial volume.
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Regarding the moisture intake, there was a significant increase in moisture, reaching 40% in the
top 10 cm layer of the soil samples in Test 1, which were draining and moistening the 20 cm under this
layer during the thawing period. Although the water was drawn upwards again as the second freezing
cycle started. According to the results in Test 2, the moisture content represents advanced water intake
in the loose soil, with a dry density range between 1.18-1.65Mg/m?, comparing to dense soils with dry
density 1.8 Mg/m®. Except for sample 4, in all the columns the moisture content reached 24.5% or above
by the end of the test. The reason for low moisture intakes in sample 4 could have been due to
occasional violation of the water supply during the freeze-thaw test.

)

Moisture intake during the freezing cycles with de-ionised water feed, Test 1
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Ice lens formation in the top 10 cm layer caused a highly irregular distribution of moisture,
which was confirmed by the centimeter sampling in Figure and also in the soil structure. The moisture
intake in Test 2, with a shallow 45 cm depth groundwater supply table was higher than for Test 1,
where the water supply was located at 95 cm depth and the soil samples were made with maximum dry
density. For this reason, the moisture content between 15 and 45 cm from the soil surface was relatively
stable and depended just on the density of the soil samplesa)
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The coefficient of permeability of soil columns in Test 1 varied in the range of 2.9-8.8x10-9 m/s.
Here, the moisture transfer was induced by cryosuction forces. The amount of transported moisture is
related to the cooling rate and thus to the amount of energy lost, which is distributed to the phase
transfer energy and cooling of each soil component, according to its heat conductivity.

Calculations of the vapor mass transfer are presented in Tables 3 and 4 on the example of
column 1 in Test 2. The length of the soils sample in Test 3 was 50 cm, which was composed of five
assembled mould sections, each 10 cm in length.

Table 3
Initial density characteristic in Column 1, Test 2
Sample | Volume | Volume |Voids | Volume of | Tempe | Saturated | Mass of Density of the
section | of solids, | of voids, |ratio e= | air, rature vapour | vapour at | saturated
cm?® cm3 0s/Qdry-1 | cm 3 at 590 pressure | 590, g vapour at
h over ice, Psi, 590h, Mg/m3
Pa
#11 370.62 448.46 1.21 180.55 -10.99 237.93 3.55-10+ 1.97-10-¢
#12 352.97 432.43 1.23 228.13 -10.30 253.24 4.76:10* 2.09-10°
#13 352.97 432.43 1.23 198.83 -9.49 272.16 4.45-10* 2.24-10°
#14 352.97 432.43 1.23 129.85 -8.36 300.63 3.19-10+ 2.46-10°
#15 352.97 432.43 1.23 154.52 -6.46 354.77 4.45-10+ 2.88-10°
Table 4

Calculation of the moisture mass transfer in freezing soils on the example of Test 2, column 1

Sam | Tempera | Saturated Mass of The heat Vapour rate Vapour | Build-up of
ple ture at vapour vapour at | realised in | v=4-N/(C-p-mt-d? rate, ice mass
secti | 614 h, °C pressure 6l4h, g 24 hours ‘AT), cm per cm/h between the
on over ice, Q-t=m-C-A 24 h period
Psi, Pa T,] 590/614 h,
g/hour
#11 -13.30 193.26 2.91-10+ 0.1702 9.008 0.375 2.67-10°
#12 -12.60 205.98 3.91-10+ 0.2269 9.014 0.376 3.56-10¢
#13 -11.68 223.81 3.69-10+ 0.2016 9.067 0.378 3.16-10°
#14 -10.43 250.35 2.68-10+ 0.1363 9.126 0.380 2.14-10°
#15 -8.96 284.98 3.61-10+ 0.2237 8.956 0.373 3.51-10°

The average vapour rate was around 0.4 cm/h. The build-up of ice mass between the period in
24-hour period varied in a range of 2.14-10-6 -3.56-10-6 g, depending on the void ratio and temperature
change. Here, it is assumed that the porosity coefficient of the sample remains constant during the
calculation period. Consequently, the volume of the air voids and the cumulative cross-section of the air
voids also remained constant. It should be noted that only heat consumed for the gas phase energy
exchange was considered in this problem. The solid and liquid parts have also been cooled down with
the heat withdrawn by the cooling machine. However, they are not counted, because all the necessary
energy exchange has been done by an automatic set of temperature controls.
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Conclusion

There was considered positioning of the soil structure, based on the experimental data of the
measured temperature, vertical linear volumetric change registered by testing time, and the obtained
moisture-density relation.

Further outcomes have been concluded from the presented material:

1. The obtained results have improved understanding of the heat and mass transfer phenomenon
during the unidirectional freezing of soils in an open system.

2. Most of the tests for engineering properties registered a slight reduction in strength, cohesion,
and angle of internal friction. However, there was a significant increase in the coefficient of
permeability after the freeze-thaw cycles with initially dense compacted soil samples, which was
due to loosening and moistening of the soil samples during the heave at sub-zero temperatures.

3. The conceptual model for frost heave in soils was developed based on the vapour mass transfer.
The algorithm of vapour flow calculation in unsaturated soils was presented using fundamental
thermodynamic equations.

4. The model is suitable for numerical solutions, like finite element analysis or a model like a
coupled heat-water transfer, in terms of considering the vapour flow and considering the
cryosuction forces. The latent heat for the phase transitions and the dynamic change of the
coefficient of porosity and air void volume needs also to be considered.
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Casabl TOnbIpaKTapAbIH asi3AaH KaTybIH aHBIKTay

Angatna. OTkisrimTik KoopPuUIMeHTi TeMeH ca3Abl TOIBIpaKTa OTeTiH as3AblH KaTybl
KpMOCaKIIMsIFa, OeTTiK Kepily KyIITepiHe kKoHe CyAbIH (pasaabIK aybICybIHa KaTBICTBI KOIITETEH CypakKTap
TyfbI3aAbl. Dya >KyMbIcTa My34aTy-epiTy 3epTXaHaablK 3epTTeyAepiHiH HoTiKelepi OOIBIHIIIA
TeMIlepaTypa MeH KeJeMJiK IlapameTpAepAiH e3repyi, KypfakK TOIBIPAKTbIH TLIFBI3ABIFEI JKOHE CY
MaccacbIHBIH TachIMaAJaHybl KapacThIpblaabl. KpuoreHaik KyIuTepaiH scepiHeH ras KyiiHAeri CyAblH
(OyaplH) TachIMaljaHYbIH ecelTey ModeAl KeATipiareH. 3epTTey HoTIKeAepl allblK >Kyllegeri
TONBIPAKTHI Oip OaFBITTBI MY34aTy Ke3iHAEeTi JKbLAy >KoHe Macca aaMacy KYOBLABICHI TypaAbl TYCiHIKTi
>KaKCapTyabl KaMTUABL VIHXXeHepiK KacueTTepre apHaAFaH ChIHAKTapAbIH KOIIIiAiriHae yiKeAic KyIIIi,
OepikTiri >KoHe iIIKi YIiKeaic OyYpBHIIIBIHBIH IIamMaabl TOMeHAeyi Tipkeagi. Aaaiiga, Oacramkbiga
TBIFBI3JaAfaH  TOIIBIpaK  ChIHAMaJapbIMEH  MY34aTy-epiTy IUKAJapblHaH  KeWMiH  ©TKIi3IiIlTikK
koo PuIMeHTiHIH eaayip eocyi 0Dalikaaabl. bya Heaaik Temmeparypaga YiiHAI Ke3iHAe ToOHbIpaK
yATiZepiHiH  KOIICBITYbIHa JKoHe blAfadJaHyblHa OallaaHbICTBI  004Apl.  DByaanran MaccaHbIH
TachIMaJ/aHybIHa HeTi3geAreH TOIbIpaKTa as3AaH iCiHyAiH TY>KpIpbIMAaMaAblK Mojeai xkacaaraH. CymeH
KaHbIKITaFaH TOIILIPAaKTarbl Oy IIBIFBIHBIH ecerlTey aAropuTMi ipreai TepMoAMHaMMKAABIK TeHAeyAep
KOMETiMeH YCBIHbLAABL.

Tyitin cesagep: asg34bl KeTepy, TeMIlepaTypaHbl Oakblaay, blAFaaAblH Oepiayi, cas3abl
TOIIBIpaKTap, 3epTXaHaAbIK ChIHaK, OyAbIH Oepiayi.
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OHeHKa MOPO3HOTO ITyIeHMs IAVHVCTBIX TPYHTOB

AnnoTtanmsa. MoposHoe ITydeHue B TAMHUCTBIX TPyHTaX C HU3KUM KOS(PPUIINEHTOM
MMPOHMIIAEMOCTY BBI3BIBAET MHOKECTBO BOIPOCOB, KaCAIOIIMXCS KPMOTEHHBIX CIA, ITOBEPXHOCTHOTO
HaTsDKeHMs U COIYTCTByIOIero ¢asoBOro Ilepexoja BOABL. B pabore paccMOTpeHBI pe3yAbTaThl
2abOpaTOPHBIX MCIBITAHNI 3aMOpa’kMBaHNA-OTTaMBaHNS C TOYKY 3PeHMsl M3MeHeHNs TeMIIepaTypPHBIX
1 OOBbEeMHBIX ITapaMeTpOB, IAOTHOCTM B CyXOM COCTOSHMI M MaccollepeHoca Bogbnl. IIpeacrasaena
MOJeab AAsd pacdeTa MaccoIlepeHoca BOAbI (Ilapa) B ra30BOM COCTOSHUM IIOA AeVICTBMEM KPMOTeHHBIX
cna. Pe3dyapTaThl MccAeAO0BaHMII BKAIOYAIOT yAydllleHHOe ITOHMMaHMe SBAeHI: TelAoMaccollepeHoca
IIpM OAHOHAIIpaBACHHOM IIpOMEep3aHMM IIOYB B OTKPBHITONM cucreme. B OOABIIMHCTBE MCIIBITAaHUIL
MHKEHePHBIX CBOVICTB OBIAO 3aperuMcTpMpOBaHO He0OABIIOe CHIUKEeHMe COOTHOIIeHMs IIPOYHOCTH,
cenaeHMs: ¥ yraa BHyTpeHHero TpeHusa. OaHako HabAI04aa0Ch 3HAYUTEABHOE —YBeANdeHue
K09 PuIIMeHTa MPOHNIIAeMOCTH IT0CAe ITMKAOB 3aMOPaKMBaHUA-OTTaMBaHMS C M3HAYaAbHO ITAOTHBIMU
YILAOTHEHHBIMU OOpasljaMi I'PyHTa, YTO OBLAO CBsI3aHO C pa3phIXA€HNeM U yBAaKHeHeM o0pa31ioB
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Evaluation of frost heave in clay soils

TPyHTa BO BpeMs BCIyuMBaHM: IIpM OTpUIlaTeAbHBIX TeMIeparypax. Ha ocHose mapomaccomnepenoca
paspaboTaHa KOHIleIITyadbHas MOJeAb MOPO3HOIO ITydyeHUs IPYHTOB. AATOPUTM pacyeTa I1apOBOTO
IIOTOKa B HEHaCHIIIIeHHBIX I'PYHTaX IIpeACTaBAeH C JCII0Ab3OBaHMeM (yHJaMeHTaAbHBIX YpaBHEHNI
TepPMOAVHAMUKIA.

KaroueBble caoBa: MOpPO3HOe IIydyeHMe, MOHUTOPMHI TeMIlepaTyphbl, BAarornepeHoc,
TAVHIUCTBIE TIOYBBI, Aa00paTOpPHbIEe UCIIBITaHNs, IIapOOOMeH.
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