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Abstract: Air temperature in the Northern Hemisphere has been progressively warming in the
recent decades, and the ground temperatures have increased correspondingly. The air temperature
increasing due to the climate change induces degradation of permafrost and frost heaving activation.
The frost heaving forces cause unevenly distributed damaging displacement of foundations and thus
poses problems to the development of Arctic regions. Frost-heave uplift forces can be reduced by
protecting piles with an OSPT Reline (or Reline) polymer heat-shrinkable jacket. The interaction of
heaving soil with a pile covered with the Reline jacket is modeled in laboratory to estimate the uplift
force and the related shear strength of frozen soil along the soil-pile adfreeze surface at temperatures
from —6 to —1 °C. The data are obtained for silty sand and silty clay soils and mortar (1:5 cement-sand
mixture). The experiments show that frost-heave uplift forces on Reline-protected piles are 52% to
85% lower than on uncovered steel piles (steel grade 09G2S—analog to European steel grade S355]R),
depending on soil type and temperature.

Keywords: permafrost; frost-heave uplift force; shear strength; anti-corrosion coating; Reline jacket;
soil-pile adfreeze strength; bearing capacity of piles

1. Introduction

Climate warming has become obvious in the recent sixty or seventy years [1]. Since the
1990s, this effect has shown up in high climatic variability, with numerous anomalies. The
magnitude of climate anomalies is commonly estimated by comparing air temperatures for
a decade with the long-term climate norm, at three grades (At,;;): small (<0.7 °C), moderate
(0.7 °Ct0 1.0 °C), and large (>1 °C) [2]. Mean annual air temperature variations for northern
Russia over 2000-2010 are presented in a map (Figure 1) relative to the climate norm, which
varies from —2 to —16 °C in the permafrost zone (contour lines in Figure 1). The map
shows only moderate and large anomalies. The Russian permafrost regions mainly fall
within the domain of large warming (>1 °C), while moderate warming (0.7 °C to 1.0 °C) is
restricted to local areas in the European north, Central, and West and Central (Laptev Sea
coast) Siberia, as well as in Primorye [3].

The consequences of warming have been largely reported in the literature. Geocry-
ological monitoring at reference stations shows that the air temperature increase since the
late 1960s has affected the permafrost [1,3-14].

Ground warming was revealed, for instance, by temperature logging on an extended
network of boreholes in northwestern Canada, in the Yukon basin [7]. On the global scale,
permafrost temperature became 0.29 °C £ 0.12 °C higher on average, from 2007 to 2016.
The warming trend in continuous permafrost is attributed to increasing air temperature
in the Northern Hemisphere, whereas that in discontinuous permafrost is mainly due to
greater snow depth at relatively stable air temperatures [11]. Permafrost warming has been
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aggravated by man-caused impacts on air temperatures well evident since the 1970s [15].
Anthropogenic activities, also, directly affect permafrost degradation. The results of special
research in Mohe County (China) show that the permafrost table is much lower in the urban
area because of the urban heat island, surface disturbance of construction, space heating in
winter, etc. The permafrost table is 2.63-3.70 m on the edge of the urban area; the mean
annual ground temperature is —1.0 to —1.33 °C. In the urban area, the maximum depth of
permafrost has exceeded 15 m. The permafrost in the undisturbed area is 1.65-2.0 m and
ground temperature is much lower at —2.75 °C [16].
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Figure 1. Mean annual air temperature variations in northern Russia for 2000-2010. 1, 2 = large (1)
and moderate (2) warming relative to climate norm (At,;;), >1 °C and 0.7 °C to 1.0 °C, respectively;
3 = climate norm contour lines; 4 = weather stations; 5 = southern limits of permafrost, after [3]
Malkova et al. 2010.

The degrading permafrost loses its bearing capacity, which leads to damaging dis-
placements of buildings and engineering structures [17,18]. Field observations from 1995
to 2007 revealed progressive active layer thickening [19], which continues to increase at
5 cm per year [20]. The mean annual temperature of the active layer was predicted to
keep increasing in the future [21]. As the thaw depth increases, the surface area of the
contact between the freezing ground and the foundations becomes larger, and the related
processes in susceptible soils become ever more hazardous for the infrastructure. The frost
heaving of freezing soils is one of such dangerous processes, which can lead to significant
deformations of buildings and constructions. Currently, this process is widely studied by
various specialists, and one of its directions is focused on the pile foundation stability to
the effects of frost heaving forces.

Formation of ice lenses in the ground, or frost heaving, produces uplift forces that can
act in tangential (shear) or normal planes, i.e., along the lateral surface or orthogonally to
the foundation, respectively [22]. Pile foundations are commonly subject to shear forces that
can reach considerable magnitudes and cause major damage to the infrastructure (Figure 2).
These forces are caused by soil-pile adfreeze. In 2013-2014, frost heaving caused accidents
to two new tanks of liquid natural gas, 20,000 m? each, in the Zapolariye-Port Pur Pe
pipeline system, as 10-15 cm cracks appeared in the cap of piles along the whole perimeter.
The ground was stabilized by thermosyphons to —15 °C, till depths of 13-16 m, but the
design took no account of the frost-heave uplift forces [23]. Another accident was reported
in the same year [24] from the Urengoi area, where a pipeline segment rose 1.5 m above
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the ground for one year. In general, up to 1 billion USD is spent yearly for maintenance of
pipeline structures and mitigation of damage associated with permafrost degradation [25].
One more example of deformation, other than in pipelines, comes from the Norilsk area
where about 250 buildings and structures have been deformed for the recent decade out of
which 40 houses had to be demolished [24,26].

Figure 2. Piles affected by frost-heave uplift (gas field Zpolyarnoye, Western Siberia, Russia).

The frost heave hazard has been currently prevented by placing piles to greater or
by layer-by-layer ground freezing [27]. The other method for frost jacking prevention is
based on using specially designed piles: screw piles [28] and belled piles [29] of different
configurations. An alternative approach is to coat the pile surface with various protective
compounds (epoxy or polyurethane resin, zinc, etc.), which can reduce frost-heave uplift
forces. One of the first anti-heave coatings for steel piles was developed in Russia in the 70th
of the XX century during the construction of oil pipelines. Two of these include “BAM-4"
and organic-silicone enamel “KO-1112" which reduce the uplift forces up to 50-60% and
25-40%, respectively. Nowadays these coatings are outdated and low-tech [30,31]. Most
modern coatings are applied to piles in the factory conditions as enamel, and they have
good adhesion to the material and a long service life. Despite the number of coatings used
in practice, there are no published data about their efficiency for frost jacking reduction. An
advantageous solution that differs from the existing coating methods is to protect piles with
a heat-shrinkable ready-made jacket OSPT Reline designed at the Ural Plant for Polymer
Technologies “MAYAK” (Ozyorsk, Chelyabinsk region, Russia). This coating is radically
different from enamels and can be applied directly in field conditions before the pile is
driven. Thus, the main objective of this experimental study was efficiency evaluation of
the Reline jacket application for frost jacking reduction. The follows research objectives
were formulated:

- Experimental determination of the adfreeze strength for main types of soils (sand,
silty clay, and mortar) with a pile coated by a Reline jacket at temperatures from —6 to
—1°C;

- Determination of the adfreeze strength for the same soils and uncoated steel piles at
the similar temperature conditions;
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- Analysis of the obtained results.

2. Materials and Methods
2.1. Model of Pile Foundation

Piles were modeled by plates made of 09G2S steel (analog to European steel grade
S355]R), which is used for piles in industry. The samples (Figure 3) were cut in the form
of square parallelepipeds 80 x 50 x 20 (length, height, and width, respectively, in mm)
and trimmed to surface roughness similar to that of hot-rolled pipe material. Roughness,
which is an important parameter in the estimation of shear strength along the adfreeze
surface and the related frost-heave uplift forces [32], was measured with a TIME TR 200
portable surface roughness tester. The measurements were applied to the working surfaces
on both sides of the steel plates, at 5 points on each surface. The samples had an arithmetic
mean roughness of R, = 4.25 to 6.47 um (4.61 um on average) and a roughness height of
R, =32.11 to 3951 um (34.68 um on average).

(a) (b)
Figure 3. Uncovered steel pile model (a) and steel pile model with a Reline jacket (b).

2.2. Reline Jacket

Reline is a heat-shrinkable jacket made of a complexly-modified polyolefin polymer
composite, with an adhesive lining on the inner surface, which creates a solid and durable
protection of piles.

Tests for estimating shear strength along the adfreeze surface of soil with Reline-
covered piles were performed using specially designed jackets, 90 mm in diameter, in
accordance with the size of the steel piles, and 2.1 mm thick on average (measured by a
DeFelskoPositector 6000 coating thickness logger). The jackets were factory mounted on
the steel plates, following a special technology. Thus, 18 samples of covered steel plates
simulating piles were fabricated.

The steel plates in Reline jackets had an arithmetic mean roughness of R, = 0.14 to
0.79 pm (0.32 um on average) and a roughness height of R, = 0.83 to 6.23 um (1.95 pm
on average).

2.3. Natural Soil Samples

Overdriven piles embedded into drilled holes of a smaller diameter adfreeze to the
soil in a direct contact [31]. The soil samples were selected among soil types which
are widespread in the Russian Arctic regions. They were silty sand, known to be frost-
susceptible [22], and soft high-plasticity silty clay collected, respectively, from the
Zapolyariye-Pur-Pe pipeline area and the East Messoyakha oil-gas-condensate field. The
investigated samples had a moisture content corresponding to 80% of the water saturation,
with parameters and particle size distribution as in Tables 1 and 2, respectively.
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Table 1. Main soils parameters.
. Plasiticity Limits
Density of . Water
. Total ; Soil Dry . (%) Plasticity Liquidit
Sample  Soil Moisture So}ld Density,  Density, Porosity, Sa‘tura- — ' Index, y Igdex, y
No. Type %) Particles, g/em’ glem? u.f. tion, Liquid Plastic P ¢
° g/cm® uf. Limit Limit .t wt.
1 Silty clay 27.5 2.65 1.86 1.47 0.45 0.90 28.2 20.5 7.7 0.01
2 Silty sand 20.1 2.65 1.92 1.60 0.40 0.81 - - - -
Table 2. Particle size distribution of investigated soils.
Particle Size Distribution, %
Sample No.  Soil Type .5-0. .25-0. .10-0. .05-0. .01-0.
p yp 0.5 mm 0.5-0.25 0.25-0.10 0.10-0.05 0.05-0.01 0.01-0.002 <0.002 mm
mm mm mm mm mm
1 Silty sand 0.7 47 62.8 25.2 47 1.9 -
2 Silty clay 0.4 0.5 4.7 239 40.3 159 14.3

2.4. Mortar (Cement-Sand Mixture)

Unlike the overdriven piles, bored precast piles are embedded into drilled holes of a
larger diameter, and the space between the pile and the natural ground is backfilled with
mortar (cement—sand mixture in a ratio 1:5). Thus, the precast piles contact the mortar
rather than soil. Mortar was prepared by mixing carefully pre-dried silty sand with cement
500. The required amounts of sand—cement mixture were wetted successively. The mixture
was compacted by rodding using a steel rod.

The plasticity of mortar was checked by cone tests, according to the cone penetration
index (arithmetic mean of three measurements). The cone penetrated into the mortar to
depths from 11.5 to 12.7 cm at moisture content from 19.5 to 23.5% and density from 1.92
t02.03 g/cm3.

2.5. Samples Preparation

The shearing tests were performed on a system designed by V. Ermakov, which allows
estimating adfreeze strength [31], and is especially convenient for coated piles. The design
permits coating the tested model and increasing its size correspondingly without changing
other units of the system. Furthermore, the larger surface area of the sample (70 cm?
instead of the 40 cm? standard size) ensures better accuracy of adfreeze estimates in the
region of low values. The system consists of a steel casing and a covered or uncovered pile
model (Figure 4).

Air-dried natural soil samples were saturated with water till specified moisture contents,
and the obtained paste was compacted layer-by-layer in a sleeve. Density and moisture
content were monitored while compacting and after the tests, respectively. The prepared
samples were frozen to —15 °C, and then exposed to the specified run temperatures.

Mortar was poured into sleeves with the fixed pile samples. In natural conditions,
backfilling warms up the soil around the mortar, and the temperature of the latter remains
positive for a while afterwards. Therefore, pore water in the mortar remains unfrozen and
is spent for its further hydration. Mortar is known [33,34] to hold positive temperature for
at least one day (up to two or three days, according to different estimates). For this reason,
the samples were kept at positive temperatures of 20 to 25 °C for 24 h, then frozen to —15
to —20 °C for mortar-pile adfreezing and then exposed to the specified run temperatures.
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(a) (b)

Figure 4. Photo (a) and sketch (b) of Ermakov’s testing system. 1 = soil; 2 = pile model; 3 = box wall;
4 = pile’s holder.

2.6. Shearing Tests

In Russia, methods for estimating uplift forces associated with frost heaving in soils
were developed long ago [22,31,35]. The forces of this kind are equivalent to shear strength
and arise when the pile walls adfreeze to the ambient soil or mortar. The frost-heave uplift
forces mainly consist of adfreeze force (70—80%) and friction (20—30%) [22]. Thus, the tests
focused on estimating adfreezing by a well-known method.

The testing was performed by incremental stepwise loading to determine shear
strength along the adfreezing surface (R,¢). The magnitude of load at the first and subse-
quent steps was chosen to provide at least four loading steps before fracture. Each step
lasted till displacement stabilization, which was assumed to correspond to displacement
increment of 0.01 mm for 12 h. Each following step began after complete stabilization of
the previous step. The tests stopped when displacement progressed at an increasing rate,
i.e,, till fracture at the soil-pile contact. The shear strength along the adfreeze surface was
determined as the highest shear stress at which displacement stabilized. The data were
processed using creep curves (¢, mm, vs. t, h) (Figure 5) and log-log stress—displacement
curves (shear stress vs. total displacement at the time of stabilization, Int vs. Ine¢) (Figure 6).

04 -

Load 4

0.3 1
Displacement stabilization

Fracture

0.0 . . . .

Displacement, mm

Time, h

Figure 5. Creep test under incremental stepwise load.
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Figure 6. Adfreeze strength in the loading force (P) vs. strain (/) plot. Axles are in the «In» scale.
Dotes are experimental data, lines are approximations.

3. Results

The efficiency of coating was tested at negative temperatures of —1, —2, and —6 °C
corresponding to the temperature range of natural soils (current values to temperatures
predicted with regard to climate warming). The tests provided estimates of shear strength
along the adfreeze surface for covered (with Reline) and uncovered steel piles. The results
(summarized in Table 3) are applicable to estimate the bearing capacity of soil for permafrost
foundation designs, as well as the reduction of frost-heave uplift forces due to Reline jacket.

Table 3. Shear strength along soil-pile adfreeze surface, for uncovered piles and piles with the Reline jacket.

Test Contacted Temperature T, Moisture Shear Strength along Adfreeze Average R,¢",

No. Materials °C Content W, % Density, g/em? Surface, R;¢, MPa MPa
1 -1 18.1 1.99 0.129
2 -1 18.0 191 0.129 0.128
3 -1 18.7 1.92 0.122
4 -2 18.0 1.94 0.223
5 Silty sand-steel -2 18.0 1.92 0.260 0.231
6 -2 174 1.94 0.220
7 -6 18.0 1.96 0.600
8 —6 18.1 1.92 0.728 0.643
9 —6 19.0 1.95 0.607
10 -1 27.4 1.88 0.111
11 -1 274 1.86 0.082 0.115
12 -1 27.8 1.86 0.071
13 -2 28.2 1.87 0.273
14 Silty clay-steel -2 274 1.97 0.214 0.206
15 -2 27.2 1.93 0.239
16 —6 26.8 1.88 0.586
17 —6 28.2 1.95 0.557 0.570
18 —6 28.9 1.89 0.557
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Table 3. Cont.

Test Contacted Temperature T, Moisture Densitv, e/cm? Shear Strength along Adfreeze Average R,¢",
No. Materials °C Content W, % ensity, glem Surface, R;¢, MPa MPa
19 -1 8.0 1.96 0.171
20 -1 12.8 1.99 0.099 0.117
21 -1 13.0 2.03 0.129
22 -2 13.0 1.88 0.129
23 Mortar-steel -2 13.2 1.99 0.179 0.191
24 -2 12.5 1.84 0.214
25 —6 11.5 1.94 0.657
26 —6 12.7 1.98 0.440 0.487
27 —6 13.1 1.96 0.387
28 -1 18.7 2.02 0.016
29 -1 18.1 1.98 0.016
— 0.018
30 -1 179 1.98 0.016
31 -1 18.7 2.02 0.024
32 -2 18.7 1.98 0.063
33 -2 19.2 1.96 0.063
- .. ) 0.061
34 Siltysand-Reline -2 183 201 0.063
35 -2 19.4 1.88 0.063
36 —6 18.2 2.02 0.238
37 —6 18.2 1.94 0.238
- 0.231
38 —6 18.6 2.02 0.238
39 —6 18.5 2.06 0.238
40 -1 283 1.87 0.040
— 0.053
41 -1 27.6 1.90 0.056
44 -2 283 1.93 0.095
45 -2 28.5 1.91 0.095 0.092
46 Silty clay-Reline -2 28.5 1.90 0.103
47 —6 27.2 1.87 0.238
48 —6 279 191 0.238
0.248
49 —6 275 1.94 0.238
50 —6 27.6 191 0.286
51 -1 13.9 1.96 0.037
0.020
52 -1 11.0 1.96 0.008
53 -2 12.3 2.07 0.063
54 -2 12.6 2.06 0.016 0.040
55 Mortar-Reline -2 12.7 2.03 0.041
56 —6 11.1 2.18 0.111
57 —6 124 2.15 0.095
0.120
58 —6 12.5 2.15 0.198
59 —6 12.0 2.16 0.095

For comparison, a series of tests was performed on uncovered plates, with roughness
close to the roughness of real steel piles. The obtained shear strength values were considered
as reference for further testing. Another series of tests was with samples in the Reline jacket.
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4. Discussion

The testing results (Figures 7-9) show that the soil-pile adfreeze strength becomes
lower at higher temperatures, for all materials (soils and mortar), in both covered and
uncovered samples. However, the difference is much smaller for the piles in the Reline
jacket. The effect of Reline was estimated (in %) by comparing the results for covered and
uncovered samples. The result for uncoated steel was taken as 100%. Then the relation of
coated (in the Reline) and uncoated steel in % was calculated. The difference between them
is the reduction of adfreeze strength. The obtained estimates were applicable to calculate
the reduction of frost-heave uplift forces due to Reline, since they are mostly associated
with adfreezing (Table 4). This approach can provide relative estimates despite large ranges
of shear strength values for natural soils varying as a function of moisture content, density,
mineralogy, and particle size of soils.

0.7
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —8— sand - steel 06
--®--sand - Reline
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| . . . | =
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! ! | } ] : o
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Figure 7. Temperature dependence of shear strength: sand-steel and sand-Reline.
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Figure 8. Temperature dependence of shear strength: silty clay-steel and silty clay-Reline.
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Figure 9. Temperature dependence of shear strength: mortar-steel and mortar-Reline.

Table 4. Reduction (%) of frost heave uplift forces under increasing temperatures.

Soil Type Frost Heave Uplift Forces Reduction, %
At-1°C At —-2°C At —6°C
Silty sand 85 73 62
Silty clay 52 63 55
Mortar (1:5) 85 84 80

Adreeze strength (uplift forces) for soil and foundation material are usually deter-
mined during geotechnical surveys. However, in practice, the decision about anti-heaving
measures are usually made at the stage of construction designing, when engineering
surveys are completed. The calculated reduction of frost heave uplift forces at various tem-
peratures (Table 4) can be used for forecasting of pile foundation stability of real building
or engineering construction based on adfreeze strength values (or frost-heave uplift forces)
obtained earlier (for example, during geotechnical surveys).

Thus, the use of Reline provides significant reduction of adfreeze strength and related
uplift forces: 62-85% for silty sand, 52-55% for silty clay, and 80-85% for mortar (1:5
cement-sand mixture). The poorer effect of Reline in the case of silty clay at the same
roughness reduction (~93%) may be due to smaller particle sizes: on a rough surface, it is
easier to displace fine-grained clayey soil than coarser sand. Since the size of sand particles
is commensurate with the roughness height of uncovered piles, the roughness reduction
causes a greater adfreezing effect on sand than on clay. Furthermore, the effect of coating in
the case of sand soil varies with temperature: it increases from 62% to 85% upon warming
from —6 to —1 °C, possibly, due to greater amounts of unfrozen pore water and related
moisture increase (from 0.2 to 2%, or ten times). The water content increase in silty clay at
the same warming conditions is much smaller: 3 to 6%, i.e., two times [36]. The reduction
of uplift forces is the greatest in mortar (80-85%), irrespective of temperature. The reason
is that mortar develops additional strong structural bonds (compared with fine-grained
soil) and lacks unfrozen pore water, due to mineralogy (99% is quartz) and particle sizes of
the sand (predominate fraction is 0.2-0.3 mm), since all unfrozen pore water is spent for
cement hydration.

In comparison with other coatings noted in the literature [30], Reline is a modern and
technologically advanced material. In addition, this coating can be applied not only at
the factory, but also in the field conditions. Reline can be considered more effective for
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pile foundations for reducing uplift forces. It significantly outperforms organic-silicone
enamel “KO-1112" for reducing uplift forces. The comparison Reline and “BAM-4" shows
the similar results in clay soils but in sandy soils Reline is more effective. According to
available papers and reports it is impossible to compare the efficiency of these coatings in
contact with mortar due to the fact that there are no such investigations for “KO-1112" and
“BAM-4”. Additionally, the authors of [30] do not indicate the temperature conditions of
the experiments.

5. Conclusions

The use of Reline jacket reduces significantly (52 to 85%) the adfreeze strength and
related frost-heave uplift forces on piles. The jacket is the most efficient for mortar (80-85%)
and least efficient for silty clay (52-63%). In general, the reduction of uplift forces and
its temperature dependence have several causes: changes in the roughness of protected
pile surfaces; soil particle sizes; presence or absence of unfrozen pore water; temperature
dependence of total moisture content at the account of unfrozen pore water.

Reline can successfully combat frost-heave uplift of foundations, for both overdriven
and bored precast piles. This effect is especially important in the context of ongoing
permafrost degradation under climate warming. Design solutions with due regard for the
global change are indispensable for new construction projects in permafrost, in order to
minimize deformation of foundations and structures associated with frost heaving and the
ensuing accidents. The use of the Reline jacket can be an ideal solution for bored precast
piles with grouting.
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