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Abstract

The subject of research is shallow foundations in seasonally freezing soils. One of the main reasons of reaching by
foundation structures limit states in the strength and position stability is such hazardous natural phenomenon as the
frost heave of soils. The goal of this work is reduction of the negative effect of frost heaving forces on shallow founda-
tions. The technique is suggested for protection of underground structures from the effect of the freezing soil. A bored
pile with the upper inverted cone was developed allowing partial neutralization of tangential frost heaving forces due to
the vertical component of frost heaving forces acting normally to the pile lateral surface. Use of the method will lead to
increase in the life of structures, decrease in their erecting and operating cost.
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Introduction

In cold regions at the seasonal decrease of air tem-
perature cooling and freezing of the soil take place due
to formation of ice lenses. It leads to increase in the soil
mass volume and rising of its surface. When limiting ex-
pansion of the freezing soil by foundations of buildings
and structures, significant frost heaving forces are de-
veloped. The hazardous natural process of the soil frost
heave effects negatively on foundations of buildings and
underground structures, causing the collapse of struc-
tures. This is noted by N. N. Morareskul (1950), B. I. Dal-
matov (1954), V. D. Karlov (1998), O. R. Golli (2000), J.
Modisette (2014), T. Kibriya (2015), M. Babaei (2016) and
many other authors in their papers.

Existing methods of the shallow tunnels protec-
tion from the frost heaving effect provide for two basic
approaches.

The first approach is in the corresponding calculation
of structures which are capable to accept frost heaving
forces without failure.

The second approach assumes decrease in the
heaving forces effect on structures. Towards this end in
view, various engineering and melioration procedures,
as well as chemical, thermal and constructive methods
are applied. However, the majority of them form an ad-
ditional expense item for designing, mounting and op-
eration. More rational is the search of solutions in the
structure itself without additional elements and proce-

dures. Methods of protection based on the use of effective
structures are of interest.

Such structures can be pile foundations accepting all
constant and temporary loads, including frost heaving
forces. Pile foundations are capable to neutralize to some
extent heaving forces causing differential rising of struc-
tures. Besides, the use of piles allows mechanizing the
arrangement process of underground parts of buildings,
reducing volumes of earthworks, maximally reducing sizes
of trenches and excavation pits.

Stress-strain state of a pile in the seasonally freezing
soil is defined mainly by tangential frost heaving forces tak-
ing pulling effect on a pile. Generally, tangential heaving
forces are neutralized due to the friction on the pile lateral
surface located in the thawed ground. It is ineffective, as
it requires the significant length of piles. Reduction of the
length is possible at decreasing heaving forces due to the
optimization of the structural concept of piles, particularly
of their shapes.

The calculation of piles for pulling forces was carried
out by many authors (Dalmatov et al., 1975). Authors noted
that stress-strain state of the pile and the soil around it
at pulling loads significnalty depends on the structure and
shape of the pile. Afterwards, the optimization of shapes
of piles operating in clayly heaving soils was studied by O.
P. Medvedeva (1992). The author considered piramydally
prismatic driven piles with the lower cone narowing to the
pile base. As a result of the work, the increased load-car-
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rying capacity of the piramydally prismatic pile on the
action of tangential frost heaving forces, without taking
into account normal forces, was designated. Simulta-
neously, studies of pyramid-shaped, trapezoid-shaped,
lozenge-shaped foundations and foundations in the form
of flattened cone directed with the larger base downward
were carried out at the NIIOSP [Research institute of
foundation and underground constructions] (1980). Lat-
er on, studies of operation of hollow biconical piles in
heaving soils were carried out under the supervision of
B.S. lushkov and A.B. Ponomarev (1987).

Wihhin these researches, D. S. Repetskii analyzed
the stress-strain state of a single biconical pile under
conditions of the soil frost heave (2011). A. O. Dobrynin
stated decrease in the effect of frost heaving forces on
the biconical-shaped pile cluster (2012). B. S. Yushkov
supposed that forces, which retented the pile from ris-
ing, arised at the upper cone part of the pile. The au-
thor recommended the method for calculation of bicon-
ical pile with taking into accout the retenting force. The
method complexity lies in need of the availability of data
on the value of the soil surface rising at the frost heave.
Among foreign researchers, George R. Newton (Amoco
Production Company, 1972) presented a combined pile
structure, suitable for permafrost regions, with the layer
of water-saturated seasonally freezing soil.
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The author concluded that when using this design
solution, the force, which prevented rising of a pile, ap-
peared in the process of freezing of the soil moisture.
However, the value of retenting force factors and the
pile designing technique are not given. Based on said,
it is possible to conclude that researches in the field of
pile shape optimization are advanced, but insufficient for
the practical application and require the further develop-
ment. To use suggested design solutions in the practi-
cal designing, calculation procedures of piles geometric
characteristics with due account for actual hydrogeolog-
ical conditions of a site are required. Technological elab-
orations for arrangement of piles are needed too.

Materials and methods

This paper deals with application of piles of the opti-
mized design upon practical designing of structures on
seasonally freezing soils. A pile design, resistant to the
effect of frost heaving forces, and a method for its cal-
culation are suggested. The design of suggested bored
pile is implemented with the upper inverted cone, which
has calculated geometric parameters. The design solu-
tion and the calculation diagram of the pile are shown in
Figure 1.

Figure 1. Design solution and calculation diagram of the pile with the upper inverted cone
Pulling forces: r.— tangential frost heaving forces acting upon the pile section located in the
frozen soil; forces retenting the pile in the soil: P — the sum of external constant load and the
own weight of the pile; f,— friction forces throughout the pile lateral surface in the thawed zone;
o,sina — the component of the normal heaving forces within the inverted cone located in the
frozen soil; F F ., F . — areas of surfaces indicated on the diagram of pile sections

cone’ © pile?’ ° pile2’
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The value of the pile rising (the vertical movement)
is a criterion of the assessment of the pile resistence
to the action of frost heaving forces. Rising of the pile
foundation at the soil frost heave takes place mostly due
to tangential forces, formation of which is determined by
forces of soil adfreezing with the lateral surface of the
foundation. Heaving forces, developing around the pile,
tend to move the pile upwards. At that, the frozen soil
sliding relative to the foundation occurs. Static bonds
of the soil adfreeze with the foundation are decoupled.
Dynamic bonds between the pile and the soil appear,
determined by the resistence to the displacement of the
frozen soil layer relative to the pile — tangential heaving
forces.

The main idea of the research lies in the neutraliza-
tion of tangential frost heaving forces by the pile design
solution. In order to implement this idea, the objective
was set to determine the force factor compensating pull-
ing tangential forces due to the pile static potential. It
is achieved by shaping the upper part of the pile as an
inverted cone. The force factor is the vertical component
of heaving forces acting normally to the lateral surface
of the pile cone. This component appears due to the in-
cline of the cone surface, it is directed from the daylight
surface and partially neutralizes tangential forces, which
are pulling the pile.

Scientific novelty of the research consists in the
following:

predicted, taken into accout by the calculation trans-
formation of frost heaving forces, acting normally to the
pile lateral surface, into the positive forces retenting the
pile in the soil upon its pulling-out by tangential heaving
forces; the value of the obtained retenting force is deter-
mined by the cone slope angle;

obtaining of expressions for geometrical parameters
of the pile, which are optimal for the neutralization of tan-
gential heaving forces.

The negative effect of vertical normal heaving forc-
es on the timbering is prevented by arrangement under
the timbering of the draining anti-heaving crush-rock
pad with the inclination from piles. For protection from
silting-up, the arrangement of a geoweb is possible. As
an example, a pile pitching unit with the inverted cone
in the base of a shallow tunnel is given (Figure 2). The
coarse fraction crush-stone pad without compaction is
provided. It ensures removal of the moisture, causing
heaving, from the timbering. Uncompacted crush-rock
pad, having some yielding, compensates the effect of
the heaving soil, located lower than the crush-rock pad,
on the timbering.

Figure 2. Pile pitching unit with the upper inverted cone in the base of a shallow tunnel
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Besides, the bored pile is easier to manufacture
than a prefabricated pile upon the arrangement of
structures distant from industrial sites for production of
reinforced concrete elements.

In order to assess indices of the developed pile, the-
oretical and experimental researches were conducted.

Experimental researches in the pile with the up-
per inverted cone within the cone section proved
occurence of the vertical component of frost heaving
forces acting normally to the pile lateral surface. The
experiment, carried out under conditions of the soil
frost heave, showed that rising of the pile with a cone
was less than rising of the pile without a cone. Besides,
the reactive earth back pressure develops in the cone
element upon the action of the tangential frost heaving
forces, which also prevents the pile from rising.

Based on results of the experiment, it was also
noted that, with the exception of listed main factors,
several phenomena also take part in the formation of
stress-strain state of the pile with the upper inverted
cone. Thus, when pulling out the pile with the invert-
ed cone, some volume of soil above it in the form of
flattened heaving cone moves upwards together with
the pile. This factor also exerts the retenting effect on
the pile. Loads from the heaving cone, not taken into
account in the calculation; forces of soil resistance to
the uplift, acting throughout its lateral surface, create
some strength reserve for the pile with the inverted
cone.

According to results of the analytical calculation,
the formula was obtained for the calculation of the pile
cone slope angle which is optimal for bearing of frost
heaving forces. The cone slope angle is selected in
such a way as to ensure compliance of the vertical re-
tenting component of normal heaving forces with that
portion of the pulling tangential forces which are not
compensated by the external load on the pile and its
own weight. The value of the retenting component is
calculated from the condition of equilibrium of the pile
in the soil at its pulling-out by the tangential frost heav-
ing forces.

Equation (1) of equilibrium of the pile in the soil:

z-f 'Fcone =0

tiy 'Fpilel -/ ‘Fpﬂez —P—O'f -sina -F

cone

where of is the normal soil frost heave stress on the
lateral surface of the pile;

1, is the tangential stress of the soil frost heave, ex-
erting the pulling action on the pile;

f is the calculated resistence of an i-layer of the soil
on the lateral surface of the pile pier in the thawed soil,
exerting the retenting effect on the pile;

P is the sum of the external load and own pile
weight;

F __is the area of the pile lateral surface in the fro-

ile1
zen spoil without taking into account the cone;
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Fp”ez is the area of the pile lateral surface in the
thawed soil;

F.... is the area of the pile lateral surface of the pile
cone section;

a is the slope angle of the pile lateral surface of the
pile cone section.

Let us transform the equation (1):

Tf'F'cone_(_Tf..Fpilel_‘_f;’ .Fp[leZ+P)_Gf‘Slna'

.FCOI’!(Z: (2)
Let us designate the expression in brackets by ‘d’:

d= Ty 'przel + f; 'Fpizez +P 3)

After substitution (3) the equation (2) will take the
form:
T, F,

cone

~d=0 4)

cone

—af-sina-F

Let us preliminarily determine the cone area (Figure
3) based on two assumptions:

1) Fcone=2.ﬂ.rmid.L

2) tga =sina

The cone radius in the midsection according to Fig-
ure 3 will be:

p _R+r R+(R-x) 2-R—x _
mid. 2 2 2
R-05-x=R-05-L-sina

X .
where tga=z:>x=L-tga=L-sma

Then the cone area:

F_ =2-7-L=2-7-L-(R-05-L-sinq) =

cone

=2.-7-L-R—r-I* -sina

()

Equation (4) after substitution of Fcone (5) and further
transformation will take the form of the quadratic equa-
tion (6):

O'f-ﬂ-L2-sin2a+(—0'f-2-7r-L-R—rf-7r-L2)-
sina+(z,-2-7-L-R-d)=0 (6)

where L is the length of the upper inverted cone of
the pile; R is the larger radius of the upper inverted cone.
Parameters of the quadratic equation:

a=af-7z~L2

b=—0'f-2~7r'L~R—z'f-7r~L2
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Figure 3. Diagram to the cone area determination

c:rf-2-7z-L-R—d=O
D=b*>—4.-qa-¢c

Discriminant of the quadratic equation after transfor-
mation will take the form:

D:Tf.-ﬂz-L4+4-a_/.~7r-L2~(c7f-7r-R2—
-7, -L-R+d)

Roots of the equation will be sina — the sine of the
slope angle of the upper inverted cone of the pile which
is needed for fulfilment of the equilibrium condition of the
pile in the soil:

:—bJ_r\/B 7)

X, =sina
’ 2-a

Xy =sina =

(20/R + rfsz2) —\/rjzfﬂzﬁ +4o; JZL2(O'f7Z'R2 ~T7R +d)
20l

(8)

Technologically, the bored pile with the upper inverted
cone is arranged with the help of the casing pipe which
has the upper part of the cone shape with the smaller
base on the daylight surface. The casing pipe is dipped
into the borehole, a reinforcement cage is installed in
the design position, a tremic pipe is dipped and pouring
of the concrete is performed in one operation with the
application of vibrators. After removing the tremic pipe,
the casing pipe remains in the borehole for the period of
pile concrete maturing the stripping strength. Then the
casing pipe is extracted. Backfilling of the upper cone in
layers and compaction are performed. Due to the struc-
tural features of the pile, the backfilling with the local soll
is performed and it does not require delivery of the dry
non-heaving soil.

The bottleneck of this method is probable complica-
tions with extracting of the casing pipe caused by the
adhesion of the solidifying concrete mixture with its inter-
nal surfaces. These problems are solved by application
of release agents and lubricants, preventing adhesion
of the concrete mixture with the pipe material, onto the
casing pipe internal surfaces. Before starting works it
is needed to perform the corresponding preparation of
the casing pipe internal surfaces. In order to prevent the
concrete mixture adhesion to the casing pipe, various lu-
bricants are used: “Krystal M22” technological lubricant
(Mas Prom company); lubricant agents of the German
company “Elaskon Sachsen GmbH & Co0.KG”, compos-
ite material AXC-0028MP (German company PEMCO)
and others.

The sequence of technological operations for ar-
rangement of the pile with the upper inverted cone is
shown in Figure 4.

Another variant of the technology is the pile construc-
tion with the help of a permanent casing pipe with the
upper cone-shaped part. The pipe material is low-cost
plastic. Effective features are the possibility to combine
technological operations for protection of borehole walls
and arrangement of the cone concrete forms, as well as
exclusion of the casing pipe extraction operation.

Results

Thus, the slope angle of the pile inverted cone which
is optimal for the neutralization of heaving forces is de-
termined from the condition of pile equilibrium in the
soil. Summarizing the research, we will show calcula-
tion results of slope angles of the upper inverted cone
of piles, installed in the foundation of the same structure
under various soil conditions. Initial soil conditions for
the calculation of heaving stresses are specified in Table
1. Slope angles of the pile cone “a” at the specified con-
stant load “P” are calculated by equaion (8) taking into
account characteristics of soils and frost heaving stress-
es. The calculation results are represented in Table 2.
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Figure 4. Sequence of operations in the pile concreting:
| — performance of the borehole and installation of the tremic pipe; Il — concreting the pile;
IIl — extracting the tremic pipe; IV — extracting the casing pipe; V — finished pile.
1 — receiving hopper for concrete mixture; 2 — tremic pipe; 3 — quality control device for pouring of con-
crete mixture; 4 — casing pipe; 5 — cutting tip of the casing pipe; 6 — reinforcement cage

Table 1. Characteristics of soils.

Type of Specific Natural Plasticity Index of Void volume | Degree of Specific Deformation
soil weight, humidity, index, liquidity, ratio, humidity, cohesion, | modulus,
Y, KN/m3 w, unit Lp, unit LL, unit e, unit Sr, unit s, kPa E, MPa
fraction fraction fraction fraction fraction
Sand clay
Soil No. 1 [ 18.0 0.29 0.1 0.66 0.83 1.0 24 71
Soil No.2 [19.8 0.32 0.15 0.52 0.8 0.95 19 9.7

Table 2. Values of slope angles of the pile cone for two types of soil.

Type of D, m L, m L,m L, m P, kN tf, kPA of, kPA fi, KPA SP, a, degree
soll cm?/
hour - °C
Soil No. | 0.6 1.0 0.1 1.7 164.3 166.64 132 14.8 0.019 8.0
1
SoilNo. | 0.6 1.0 0.1 1.7 164.3 179.85 154 20.4 0.021 8.6
2
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Notes to table 2:

of is the normal stress of the soil frost heave on the
pile lateral surface (Tretiakova, 2016);

7fis the tangential stess of the soil frost heave which
is pulling the pile; the value of the tangential frost heav-
ing forces on the pile lateral surface is determined by the
author in dependence on humidity and specific adhesion
of frozen soil particles (2016);

fi is the calculated resistance of a soil i—layer on the
pile lateral surface in the thawed zone;

SP is the segregated soil potential, cm?/hour - °C;

P is the sum of the external load and own pile weight;

L, is the length of the pile section in frozen soil without
taking into account the cone;

L, is the length of the pile section in the thawed soil;

L is the length of the pile cone section;

D is the pile diameter;

a is the slope angle of the lateral surface of the pile
cone section.

Correspondingly selected geometrical parameters of
the pile upper cone provide conditions for formation of
the package of retenting forces exceeding the sum of
pulling loads, that allows ensuring integrity of above-fun-
damental structures in any soil conditions.

The suggested variant of the arrangement technolo-
gy of the pile with the upper inverted cone allows com-
bining operations for protection of borehole walls and
arrangement of the concrete form for the inverted cone,
that defines its effectiveness.

Conclusion

The method for protection of buildings and structures
in cold regions from the effect of freezing soil is the ap-
plication of effective piles of the worked out design with
increased resistence to pulling-out by the frost heaving
forces. This design solution is supported by results of
theoretical calculations and in-situ experiments.

Originality and novelty of the solution lies in the use
for the frost heave control of forces of the same nature.

CHANGE
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Presence of the inverted cone in the pile structure
leads to appearance of heaving forces components re-
tenting the pile from rising. The design solution which
is reflected in the paper contains the method of prac-
tical calculation of pile geometrical characteristics,
which are optimal for the heaving forces neutralization
in certain soil conditions. This method represents the
theoretical contribution into the solution of the problem
of decrease in the effect of the frost heaving forces on
structures in cold regions.

Practical significance of the research lies in the
elimination of additional costs for protection from the
frost heave at stages of designing, erection and opera-
tion due to the use for this purpose of pile foundations
of the structure.

The durability of this design solution in comparison
with other methods is obvious.

Discussion

Despite the fact that theoretical and experimental
works for the determination of parameters of the pile
under study were carried out, still a number of prob-
lems needs to be solved for the wide practical applica-
tion of such piles in the construction industry.

. The reliability degree of obtained formulas will
be higher with the increase in the number of experi-
ments, carried out in different soil conditions. Therefore,
it is reasonable to keep on conducting experiments in
different climatic areas, to which the phenomenon of
the soil frost heave is inherent.

. In order to increase the applicability of formu-
las in practical designing, the development of calcula-
tion software is required. Calculation suites will allow
an engineer to avoid labour-intensive calculations, in-
creasing the creative component of desinging process
connected with making non-standard alternative deci-
sions, as well as developing this technique.
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