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Experimental study on interaction between piles or pile foundations and frost heaved 

soils

Recherches experimentales sur I’interaction des pieux ou fondations sur pieux et du sol souleve 

par le gel

V.V. Kuzevanov & O.A. Shulyatyev -  G e ologica l R esearch Institute, Kuzbass D epartment, R ussia

ABSTRACT: The results o f experements on interaktion between piles, pile foundations and frost heaved soils are presented. The experi

ment was being conducted during 5 winter seasons. The monitoring was done for piles and pile foundations displacement, surface and 

undersurflace deformation and frost front depth. The obtained experemental date were used to prepare "Recomendations on design and 

constraction of pile foundations in heaving soil".

RESUME: On a presente les resultats des recherches experimetales de l’interachion des pieux et fondation sur pieus aves le sol souleve 

par congelation. L'experimentation a ete conduit pendant 5 saisons d'hiver. La profondeur de congelation du sol, deformation de surface 

du sol, deplacement des pieux et fondations sur pieux ont ete observes. Les donnees des recherches obtenus ont ete utilises pour la prepa

ration des "Recommandations pour l'elaboration des projets et travaus de fondation sur pieus dans les soles souleves par congelation".

1. INTRODUCTION

Bringing into engineering practice the modern designs o f pile 

foundations, column type piles and pile foundation with shallow 

caps in particular, is one o f the ways to reduce production costs 

of foundations. Using such foundations means considerable 

reduction, or elimination, o f soil excavation works, brings down 

steel and concrete consumtion and reduces labour efforts.

Wide scale introduction of such constructions into the 

regions where subsoil freezes to considerable depth is 

constrained however by the lack of understanding about how 

such constructions behave in soils apt to frost heaving. This 

becomes especially important with light constructions when the 

foundation does not bear great loads. Hence, the research on in

teraction between pile foundation and frost heaving soil is of 

both theoretical and practical importance.

2. TEST SITE

The test site was set up in Kemerovo city which is located in the 

southern part o f West Siberia. Figure 1 represents the soil cross 

section o f the site.

Physical and mechanical characteristics o f the soils encountered 

by the piles are shown in Table 1.
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Figure 1. Soil Profile at the Test Site

Table 1. Physical and mechanical characteristics o f the soils at 

the Test Site

Soil Soil w Wp 1 e s, <Pu Q,

type % kN/m1 % gradient kPa

2 Brown

loess

loams

28 0,23 0,35 19,1 0.89 0.94 20 24

3 Grey

alluvial

loams

28 0,24 0,35 19,3 0 79 0.96 21 36

The subsoil water level is about 1 m below the surface at the test 

site.

The research started in November 1986 when 25 precast- 

concrete 0.3 m by 0.3 m piles were driven at the site.

6 I

Figure 2. Plan o f the Test Site
I  - 0.3 m by 0.3 m piles; ©  - C l-5  - holes equipped by deep ring marks;

*  - MR1 -6 - holes equipped with frost meters; + - surface marks;

1 -4 -piles were driven 5 m into the ground; 5, 6 - piles were driven 7 m into 

the ground; 7-9 - piles were driven 9 m into the ground; 10,11 - piles were 

driven 11m  into the ground; 12,13 - bench mark piles were driven 12 m into 

the ground; 14-25 - piles were driven 11.5 m into the ground
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Out o f those, 11 were single piles, then three groups of four piles 

each, and additionally there were two bench mark piles. Those 

piles were driven to a depth o f 5 m to 11,5 m into the ground.

To avoid frost heaving effect onto the bench mark piles the latter 

were freed from the surrounding soil at two meter depth, their 

lateral surfaces were treated with consistent grease, covered by 

three layers o f PVC film and protected by wooden planks. In 

Autumn 1988 the heads o f those piles constituting groups o f four 

were united by monolyth reinforced concrete caps, the feet of 

these caps lying immediately on the ground surface. At that very 

time some piles and pile foundations were vertically loaded with 

weights o f 40 and 80 kN. Figure 2 gives the location pattern o f 

piles and pile foundations at the test site.

3. DEPTH OF SOIL FREEZING

To find the depth o f soil freezing the test site was equipped with 

six frost meters o f Ratomsky type. Two o f the frost meters 

(MR 1 and MR 3) were installed three meters away from the 

piles at the snow free spot, three others (MR 2, MR 5 and MR 6) 

were fixed in the group o f piles very next to piles and under 

the monolyth caps. The sixth frost meter (MR 4) was placed 

just under the natural snow layer. From time to time the depth 

o f soil freezing was measured with the help of hole boring. 

Within five years o f observation the deepest soil freezing fixed at 

the snowfree area towards the end o f March was between 1.46 m 

and 1.84 m. Figute 3 shows the dynamics in soil freezing in the 

winter o f 1987 - 1988 when within the above mentioned 5 year 

period the greatest depth of freezing was observed.
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Figure 3. Depth of Soil Freezing in 1987 - 1988.

The results obtained suggest the following:

•  The depth o f freezing under the natural snow layer in 

Kemerovo city is approximately two and a half times less than 

it is at snow free areas, its average (rate value) being 0.75 m;

• At the areas with high level o f ground waters the depth of soil 

freezing is 5% less than at waterless areas;

• The results o f the tests did not show any significant influence 

which piles and pile foundations might impose on freezing the 

soil round the piles at a snow free area. No difference was 

noticed between the soil freezing depth inside the group of 

piles (MR 2 count) and the depth of soil freezing for areas 

located at a certain distance from the pile (MR 1 and MR 3 

meters count), see Figure 3;

•  At places where snow is not cleaned away there seems to be a 

certain relationship between a pile and the freezing depth, the 

latter may increase by 20% as compared to the depth of soil 

freezing outside the pile’s influence. This may be explained 

by the fact, that snow is blown away from around the piles 

thus thickness o f snow cover becomes less.

4. FROST HEAVING OF SOILS

The phenomenon of frosty soil heaving was studied by 

measuring the surface deformations as well as subsequent layers 

deformation in the ground under freezing. Surface deformations 

were measured by levelling the surface ground marks against two 

fixed bench mark piles. Sub-layers deformations due to heaving 

was observed by monitoring deep ring marks with the help of 

remote control. A device operating similar to a mine-sweeper 

was used. Figure 2 shows the location pattern for surface and 

deep marks.

As a result o f observations it was found that, in terms o f frost 

heaving ability, the soils o f the test site belong to high heaving 

category. Table 2 gives the values for free surface frost heaving 

(outside the piles’ influence zones).

Table 2. Parameters o f frost heaving for the test site soils______

Year

Average free 

surface heaving 

hf,m

Freezing

depth

Df ,m

Relative frost 

heaving

f  = hf/Df

seasons 5 years’ 

average

1986- 1987 0.144 1.46 0.099

1987- 1988 0.230 1.84 0.125

1988- 1989 0.196 1.47 0.133 0.120

1989- 1990 0.193 1.56 0.124

1990- 1991 0.197 1.69 0.117

At the piles’ influence zones one can observe significant

decrease in frosty soil heaving. It is especially evident in the 

groups o f piles. It should be pointed out that as the distance 

between the piles in group reduced from 0.9 m to 0.6 m the 

heaving o f the interpile soil becomes 2.5 to 3.0 times less (see 

Figure 4).

Resulting from “frost - thawing”, cycle consolidation o f the 

ground due to the frost heaving forces occurs in the interpile 

area. That explains why the settlement o f interpile space after the 

thaw can exeed the frost heaving degree (see Figure 4).

Whilst freezing the ground layers move along a complicated 

trajectory which was monitored with the help o f deep marks. As 

the freezing front was approaching the deep mark moved 

downward due to compression which was imposed by frost 

heaving pressure onto the thawed soil. Then it started moving 

upward due to soil heaving in the process o f freezing (see 

Figure 5).

5. PILE BEHAVIOR IN FROST HEAVING SOIL

Experiments were carried out at the test site during five winter 

seasons (1986 - 1991) on the interaction between concrete 

reinforced piles and frost heaving soils. Regular levelling o f the 

piles’ tops was carried out to monitor their displacement due to 

frost heaving forces.

The data obtained testify close correlation between the length 

o f the pile and the degree of its frost heaving. The piles driven 

down to greater depths demonstrate, as a rule, less heaving due 

to their greater anchoring ability, i.e. friction against thawed 

ground .and partly due to greater weight (Figure 6). After the 

ground thaws an unloaded pile tends to regain its initial position 

but not completely. A considerable part o f the frost heaving 

deformation is preserved and accumulated year after year. This 

is especially evident for unloaded piles with shallow depth of 

sinking (down to 5 m). N°2 pile, for example, in two winter 

seasons assumed a total aggregate residual heaving of 94 mm 

(11 mm in 1986 - 1987 winter and 83 mm in 1987 - 1988 winter 

seasons). Another o f these piles, N“4, acquired a total residual 

heaving o f 56 mm during five winter seasons through 1986 to 

1991.
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a) b )

h f , mm h f , mm

Figure 4. Surface heaving hfand how it changes at a different distance from the pile group’s axis L (1987 to 1988 winter season), 

a - when the space between the piles is 0.9 m; 

b - when the space between the piles is 0.6 m;

curve 1 and 3 - maximum frost heaving and after thaw settlement in F 3 group respectively; 

curve 2 and 4 - same for F 1 group; curve 5 and 6 - same for F 2 group o f piles.
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Figure 5. Displacement o f deep ring marks 

(borehole C - 1).

1 is the mark at the depth of 0.33 m from the surface; 2 - 0.69 m;

3 - 1.03 m; 4 - 1.31 m.

No direct correlation was spotted between the depth of soil 

freezing and the degree of pile heaving. The same freezing depth 

in two successive winters produced considerable pile heaving 

difference: it was much greater in winter 1987 - 1988 than in 

1988 - 1989 season (see Table 3).

This demonstrates that in different years the amount o f shear 

frost heaving forces is not constant but depends on air 

temperatures in the winter period. The lower the temperature of 

air and frosted soil, the greater the shear frost heaving forces 

influencing the pile, hence the greater it heaves. It was also 

found that the maximum heaving effect in most cases does not 

correlate to the maximum depth of freezing. It is only not true for 

the shortest piles, driven to only 5 m. This is a clear evidence 

that the greatest shear force of frost heaving does not affect the 

pile at the end o f the soil freezing period - that is in the beginning 

of March - when the depth of freezing is 5 to 10 cm below the

Figure 6. Frost heaving o f piles and depth of soil freezing at the 

test site in 1987-1988.

1 - pile was driven 5 m into the ground; 2 - pile was driven 7 

m into the ground; 3 - pile was driven 9 m into the ground; 4 - 

pile was driven 11 m into the ground.

current year’s maximum value. After the pile heaving gets to its 

maximum, early in March, it then starts to diminish, although the 

soil frosting and heaving process continues.

To evaluate the shear forces o f frost heaving affecting the piles, 

the method o f back calculations was used, based on the 

assumtion about equality o f frost heaving forces and the force of 

friction emerging between thawed soil and the pile’s lateral 

surface at the moment when it is being shifted (when it gets to
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Table 3. Pile heaving at the test site with the freezing depth of 

1.37 to 1.38 m. _______

Depth o f piles 

driving

Heaving value, mm

into the soil, m 04.02.88 09.03.89

5 14 2

7 10 2

9 10 2

Table 4. Movement o f 5 m piles in the winter 1990 ■• 1991

Observation date

Load 30.08 .90 06.03.91 02.04.91 30.10.91

imposed freez heav freez heav freez heav freez heav

on pile, ing ing ing ing ing ing -ing ing
kN depth mm depth mm depth mm dept mm

m m m h m

0 - 0 1.45 3 1.69 7 - 4

40 - 0 1.45 3 1.69 4 - 0

80 - 0 1.45 2 1.69 3 - -1

loose its stability). To evaluate the shear forces o f frost heaving 

the results o f the tests received in the winter 1987 - 1988 were 

used. The winter temperatures that season were practically equal 

to the city’s average over a long period. The calculations done 

indicate that the value of shear frost heaving stress for highly 

heaving loams available at the test site equals 120 kPa.

In the winter o f 1990 - 1991 a series o f tests was run to 

investigate the impact o f external load onto stability and the 

movement o f piles due to frost heaving. This is most evident in 

the case of short piles driven 5 m into the ground (Table 4).

The data obtained testify that the external load may result in 

considerable decrease of maximum pile heaving and eliminate 

the residual heaving deformations.

No noticable impact o f 40 kN loads onto the heaving value of 

longer piles driven 7 to 11m into the soil in the winter 1990 - 

1991 was registered.

6. INTERACTION BETWEEN PILE FOUNDATION AND 

FROST HEAVING SOILS

The foundations were constructed at the test site, each 

consisting of four piles driven 11.5 m down into the soil (see 

Figure 2). In FI and F3 foundations the interpile distance is 

0.9 m, whereas in F2 this distance is 0.6 m. In the winter seasons 

o f 1986 - 1987 and 1987 - 1988 the pile tops were not connected 

by the caps. In autumn 1988 the pile tops were connected by

0.6 m thickness monolyth reinforced concrete caps resting on the 

ground surface. A 0.25 m thick foamy polyester band was placed 

under F 1 foundation cap.

Monitoring these structures during two winters from 1986 to 

1988 (before the caps were installed) showed the effect of 

heaving was 2 to 4 times less for those piles inside such groups

compared to similar single piles. This is due to reciprocal 

interpile influence (the so called group effect). The results of 

shallow cap foundations monitoring run over three years from 

1988 to 1991 are shown in Table 5.

The results obtained demonstrate the possibility, in certain 

conditions, to construct pile foundations with a shallow cap even 

in highly frost heaving soils.

FI and F2 foundations retained their stability over three year 

period; their deformations were mainly o f elastic character. F3 

foundation lost its stability due to frost heaving only in 1990 - 

1991 season, when the depth o f soil freezing reached 1.69 m.

The process o f soil freezing under the foundation cap bottom 

is accompanied by interpile ground consolidation. This process 

was espesially effective beneath the cap of F2 foundation where 

the settlement o f the deep marks was almost 30 mm at limes 

when the freezing front was approaching.

As a result o f consolidation after thawing, air space 

developed between the foundation cap and the ground surface, 

its size in 1988 - 1989 being 40 to 50 mm. This gap is likely to 

increase from year to year, and it may become as large as the 

freeze heaving deformation o f soil between the piles. In this case 

the normal frost heaving force affecting the bottom of the 

shallow foundation cap would be reduced to a minimum or even 

totally eliminated. The most crutial period for the pile 

foundations with shallow caps, therefore, is the first several years 

o f exploitation when the normal frost heaving forces are the 

greatest. The value of frost heaving stress affecting the cap of the 

F3 foundation in 1990 - 1991 winter season was found by a back 

calculation method and amounted to 8.0 kPa/m.

CONCLUSIONS

The research carried out proved for the first time ever that it is 

possible to construct pile foundations with shallow caps in areas 

with great depth of seasonal soil freezing. The obtained results 

provided the base for the “Recommendations” on design and 

construction o f pile foundations in heavig soil in Kemerovo city. 

Methods of pile and pile foundation protection against frost 

heaving forces are secured by a patent.

Table 5. Deformation o f pile foundations with shallow mats

Foundation Load onto Pile

Index the

Foundation,

Setting,

m
1 9 8 8 -  1989 1989 - 1990 1 9 9 0 - 1991

kN

freezing, heaving freezing, heaving freezing, heaving

max, residual, max, residual, max residual,

m mm mm m mm mm m mm mm

FI 80 90 1.47 2 0 1.56 2 0 1.69 2 0

F2 0 60 1.47 3 0 1.56 4 0 1.69 5 1

F3 80 90 1.47 5 1 1.56 5 1 1.69 10 5
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