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On determining frost susceptibility of soils

Abstract. Freezing and thawing of soils are common in cold regions. They may even be
considered as limit states from the thermo-hydro-mechanical point of view. Thus, to
characterize the behavior of freezing and thawing soils, some basic principles should be
considered. Design to prevent frost damage should be based on theories that have been
shown to apply to field conditions. The laboratory procedures used in the design should
imitate the expected freezing behavior, and the tested specimen should be prepared to
simulate the soil conditions in the field. The parameters from the test should be applicable
to the design model. If these principles are not applied, then the frost susceptibility can be
considered as a limit classification property describing the risk of damage in freezing and
thawing.
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Introduction

Freezing and thawing are characteristic ground processes in cold regions, which cover about 70%
of the dryland on the Globe (Tsytovich 1975). In the Arctic, the ground is perennially frozen and is
called “permafrost”, as to in more southern regions, the freezing only occurs seasonally, with
intermediate thaw periods.

The most common implications of cold climate and freezing are frost heaving and thaw
weakening of soils. To limit frost heaving, specific measures are needed to limit heaving so that the risk
of damage is reasonable.

Thaw weakening is mobilized, when frost-susceptible ground, containing excess ice, thaws, and
releases water, causing loss of strength, and bearing capacity, which may lead to excessive shear
deformations and rutting of road surface. This may in bad conditions lead to total failure of the road
and stop of trafficking.

In hydraulic liners that are constructed using frost-susceptible materials, freezing and ice
segregation may cause the formation of shrinkage cracks in the soil and/or irreversible compression of
soil matrix which may increase hydraulic conductivity thus degrading the function of the liner.

Artificial ground freezing is applied as a temporary strengthening for excavations, cavities and
tunnels. It may also occur at cooled structures like cold storages, ice rinks etc.

To control the long-term behavior of a structure exposed to cold, some principles should be
applied during design. Some effects are resulting as complete failure, jeopardizing the usability of the
structure, like slope stability, watertightness of hydraulic liners or extreme thaw-weakening on roads, or
frost heaving of foundations. In less severe cases, these effects cause considerable maintenance needs
and related costs.

Impacts of freezing and thawing in soils
Freezing causes moisture redistribution in partially saturated soils. it does not, usually, cause

volumetric expansion. When saturated soils freeze, ice segregation results from moisture flow driven by
pore water suction related to freezing point lowering at the freezing front. The freezing point decrease is
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characteristic of fine- grained soils such as silts and clays. In relatively slow frost penetration, ice is
segregated in ice layers and lenses in the freezing soil. The frost heave ratio (frost heave divided by
the thickness of the actual frozen layer) can vary from 0% to 20%. The suction (negative pore
pressure) generated in freezing soils can cause an increase of consolidation pressure in cohesive
soils. (This may be the origin of dry- crust phenomenon in natural clays and silts.) When clayey
soils are frozen for the first time, which often happens in artificial ground freezing, the suction
generated may cause excess compression and later settlements during thaw. In addition, the freeze-
thaw induced compression may result in the formation of cracks in the thawed soil. The resulting
increase in hydraulic conductivity can cause the failure of the liner.

As a frozen road structure, or a pavement on a frost-susceptible subgrade starts to thaw, the road
is softened, and its mechanical response degrades compared to that before freezing. When the thaw
front proceeds to the frozen, ice-rich subgrade, water saturates the pavement and subgrade, and its load
response (bearing capacity) is lowered. This results in increased total and irreversible deflections, seen
as increased surface settlements and rutting. Excess transport may cause “spring breakdown” and
interrupt the flow of traffic in the worst cases.

Thaw impacts are often treated as an indirect observational problem. The problem has been less
studied from soil-mechanics framework. The thaw deformation of roads might be handled as an
accumulated cyclic shear problem, considering effective stresses during thaw. In practice, the
trafficability can be estimated when knowing the actual frost penetration, actual thaw penetration, and
measured pavement response during thaw.

Definition

A frost-susceptible soil is defined in terms of frost-heaving and/or thaw weakening behavior (eg.
Andersland & Ladanyi (1994), Chamberlain (1980), ISSMFE/TCO08 (1989)).

Besides natural ground and natural soils, we may have the need of investigating frost-
susceptibility of constructed fills (eg. road layers) or artificially frozen ground. Moreover, the durability
of construction materials is also affected byfreeze-thaw and thus should be tested.

Validity

Frost heaving has been always seen on the roads and has been subjected to research to explain it
(Taber (1930), Beskow (1935), Casagrande (1938), andothers). Criteria of frost-susceptibility have been
collected and presented by Chamberlain (1980) and ISSMFE/TC8 (1989) among others. Indirect criteria
are also applied, because they give easy and quick answer to the problem, but their reliability is not
known.

The criteria for assessing FS (frost susceptibility) have been stated, but not generalized, due to
lacking theory. Thermodynamically based theories are, e.g., therigid ice theory (Miller 1977, 1980 and
Sheng et al. 2013) and the segregation potential theory (Morgenstern& Konrad 1980, 1981, 1982 and
Saarelainen 1992). Currently, most design guides and frost related literature define criteria that are not
consistent with the theories and the experimental testing practice is variable.

Criteria for classifying frost-susceptible soils or freezing expansion should becommonly agreed
by the Geotechnical Community.

Discussion of the development of a common freezing test procedure is still atan initial phase.
What we need is a theory for ice segregation in freezing soil, and the parameters needed to predict
frost heaving. To ensure the validity of the theory and the frost heave test, the comparison between site
and laboratory behavior should be carried out. An example, such a comparison for frost heaving has
been presented in Saarelainen (1992). Henry (2005) compared three frost heave models’abilities to

predict frost heave of laboratory specimens frozen under realistic field conditions. Similar research
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utilizing field sites and conditions would be of great benefit to frost heave prevention design. However,
the work should also beexpanded so that theory and criteria should also be made available for strength
lossand weakening in thawing soils, as well as for the change in hydraulic conductivity.

Application in design

Effects of freeze-thaw should be described so that they can be applied in design and planning,
not only as classification but also in quantitative manner. Figure 1 is an example of frost heave design
using the Segregation Potential.

Conclusion

1. The main effects of soil freezing are frost heaving, thaw weakening, freeze- compression, and
cracking that increases the hydraulic conductivity of soils after thaw.

2. To get applicable parameters for design, the test procedures should imitate natural freezing or
thawing, and the parameters should fit to the design model.
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Figure 1. Pavement design considering frost heave utilizing the Segregation Potential (SP)

3. The frost susceptibility may be considered as a soil property that can also be indirectly
estimated using classification properties or coarsely estimated withunverified laboratory freezing tests.
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TonbIipakThIH asi3ra Oel1iMaiairiH aHBIKTay Typaabl

Anaarma. TonplpakTelH My34aTybl >KoHe epyi CyBIK aliMakTapAa >Kmi kesgeceai. Oaapabl
TEPMO-TUAPO-MEeXaHNKAABIK TYPFBIAQH alfaHAa INEeKTi Kyl Aeld KapacTelpyra 0oaaasl. Ocblaaiiiia,
TOIBIpaKTapAbIH My3/aTy KoHe epiTy Ke3iHJAe JKarjalibiH CUIIaTTay YIIiH KelOip HeTisri MpuHIIUIITepA
eckepy KakeT. As3AbIH 3aKbIMAaHYBIH OOAABIPMaNTHIH AU3alH AaAaAblK >Karjaiilapra coliKec KeleTiH
Teopusidapra Herizgeayi Kepek. JKoDazay KesiHAe KOA4aHBLAATBIH 3epPTXaHaAblK IIpolliedypadap
MY34aTyAblH KYTiAeTiH >KarjaliblHa ColIKeCTeHAipy, a4 CblHaAfaH YATiHI JaJajarbl TOIIBIpaK
JKaFgalldapelH MoJeAbjeyre JaiibiHAay Kepek. CplHaKTaH a/blHFaH IIapaMeTpaep AuU3aliH YATiciHe
colikec Keayi Kepek. Erep Oya mpuHnunrep KoagaHblAMaca, OHAQ asi3fa Ce3iMTaAABIKTBL MY34aTy SKoHe
epiTy Ke3iHAe 3aKbIMAaHy KayIliH CUIIaTTalThIH IIIEeKTi JKiKTey KacueTi peTiHAe KapacThIpy¥Fa 00AaAbl.

Tyiin cesgep: Assra ce3iMTaaABIK, asf34aH 3aKbIMJaHy Kayili, 3epTXaHAABIK TeKCepy,
MOJeAabJey.

S. Saarelainen, H. Gustavsson
Yrusepcumem Aarmo, Icnoo, Punaanous

OO0 onpeaeaeHNN MOPO30OCTOMKOCTY IIOYB

Annorams. B xo104Hb1X pernonax oObIYHEI ITpOMep3aHNe 1 OTTarBaHMe 0YB. VX MoXKHO aaxke
paccmarpuBaTh KakK IIpeJeAbHble COCTOAHMA C TePMOTMAPOMEXaHMYEeCKOM TOUYKM 3peHmsA. Taxmm
oOpa3oM, 4TOOBI OXapaKTepu3oBaTh IIOBeJeHue IIpOMep3alolNX ¥  OTTaMBaIOIIMX TIPYHTOB,
HeOOXOAMMO  Y4YUTBIBATh ~HEKOTOpble OCHOBHBIe —NpUMHUMIIBL — /JusaiiH, IIpeAOTBpaIalONInii
MOBpeXAeHNe OT MOP03a, 40AKEeH OCHOBBIBATHCS Ha TEOPUSIX, IPUMEHNUMBIX K IIOAEBBIM YCAOBVSM.

BECTHMK EHY unenu A.H. Tymunesa. Cepus mexnuueckue Hayku u mexHOA0ZUl Ne 3(136)/2021 23
BULLETIN of L.N. Gumilyov ENU. Technical Science and Technology Series



On determining frost susceptibility of soils

/labopaTopHble  IIpOLleAyphl, MCIOAb3yeMble IpU IPOeKTUPOBaHUM, AOAXKHBI MMUTUPOBATh
OXIgaeMoe IIOBeJeHNe IIPpY 3aMep3aHMI, a MCIBITaHHBIN oOpasel] J04AKeH OBIThb IIOATOTOBAEH AAs
MOAEAMPOBaHU: YCAOBMII IIOYBBI B mose. IlapameTpnl mcrbITaHus AOAXKHBI OBIThL IPUMEHUMBI K
pacderHoit Modean. Ecam oTm nmpuHUIMIIBI He HNPUMEHSIOTCA, TO BOCIHPUMMYMBOCTD K 3aMOpPO3KaM
MOJKHO paccMaTpuBaTh KakK IIpejeabHOe KaAacCUUKAIIVIOHHOE CBOVICTBO, OIMCBHIBAIOIIEE PUICK
IIOBPEXXAEHIS IIPU 3aMep3aHUN V1 OTTalBaHNI.

KaroueBble caoBa: MOpPO3OCTOMKOCTh, PUCK IIOBPEXAEHUsI OT MOpPO3a, AabopaTopHBIe
UCIIBITaHM, MOAeAUPOBaHNe.
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