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Preface

The International Scientific Conference “Transportation Soil Engineering in Cold
Regions” (TRANSOILCOLD2019) provides an international forum on the latest
technologies and research in the field of transportation geotechnics in cold regions.

The conference was organized by the Emperor Alexander I St. Petersburg State
Transport University, Permafrost Young Researchers Network, Russian University
of Transport, Siberian Transport University, Far Eastern State Transport University,
Transportation Research Board, Russian Chapter of International Geosynthetics
Society (RCIGS) with the support of IGS Technical Committee on Stabilization,
Russian Society for Soil Mechanics, Geotechnics and Foundation (RSSMGFE)
with the support of ISSMGE Technical Committee TC202 on Transportation
Geotechnics, ISSMGE Technical Committee TC215 on Environmental
Geotechnics and ISSMGE Technical Committee TC216 on Frost Geotechnics.

The “Cold Regions” of the world cover large areas in the northern hemisphere,
including Canada, Alaska, Finland, Norway, Sweden, a vast portion of China and
Russia and all the northern tier of the USA. The cold regions cover 50% of the
world’s total land area.

TRANSOILCOLD2019 aims to provide a broader look at the overall problems
faced by designers, contractors and infrastructure owners during the planning and
building of transport infrastructure in cold regions.

TRANSOILCOLD2019 was organized as the follow-up to TRANSOILCOLD
symposiums, held in 2013 (Xining, China), 2015 (Novosibirsk, Russia) and 2017
(Gui-de, China).

The conference programme included Young Geotechnical Engineers Symposium.
The different themes covered in this conference include:

– permafrost dynamics in changing climate and under technogenic impact,
– green technology in construction and reconstruction of transport facilities for

Arctic and cold regions,
– design, construction and exploitation of high-speed railway subgrade,
– geotechnical problems in permafrost regions,
– geotechnical modelling of transport facilities base,
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– use of geosynthetics in construction and reconstruction of transport facilities,
– geotechnical problems of underground construction in complex geotechnical

conditions,
– frost heaving and thaw weakening of subgrade, ballasted subgrade and base of

slab track.

The Organizing Committee of the TRANSOILCOLD2019 received more than 200
abstracts from 16 countries. Each submitted paper went through an exacting peer
review with at least two independent reviewers. Following a thorough review, 109
full papers were selected for submission to Springer series Lecture Notes in Civil
Engineering. More than 200 researchers, practitioners and students from all over the
world registered to attend the conference.

We would like to thank the Organizing Committee members for their support.
We would also like to thank all the authors who submitted their papers at this
conference and the reviewers.

St. Petersburg, Russia Dr. Andrei Petriaev
Dr. Anastasia Konon
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Bearing Capacity Mechanism of Geocell
Reinforced Soil Foundations

Shintaro Miyamoto and Yoshihisa Miyata

Abstract The technology for restoring a damaged road system is critical for reach-
ing victims and reconstructing damaged areas in large-scale natural disasters caused
by earthquake and tsunami. Soil reinforcement technology with geocell materials
can be useful in the above situation. This technology has been applied to road con-
struction on soft soil ground, and its usefulness has been recognized. However, its
reinforcement mechanism has not been investigated adequately. The current design
method for geocell mattress under vertical load is based on classical pavement engi-
neering and not on the actual mechanism of geocell reinforcement. Further technical
investigation is required to achieve the rational design and construction of geocell
mattress. The authors have developed a visualization technique for geocell mattress
by using particle image velocimetry (PIV) analysis. The results obtained in the cur-
rent stage are as follows: (1) mixing of colored sand with laboratory fill material is
useful in visualizing the bearing capacity model test with PIV analysis. This paper
proposes a method to determine the mixing ratio of two types of sand by conducting
basic calibration tests. (2) This method can be used to visualize the behavior of soil
confined by the geocell through a laboratorymodel test. This paper reports the results
of the visualization.

Keywords Reinforced soil · Geocell mattress · Bearing capacity · Visualization

1 Introduction

There has been a rise in large-scale natural disasters in recent years. The technology
for restoring damaged road systems is important for reaching victims and recon-
structing areas damaged by earthquake and tsunami. The authors have focused on
the soil reinforcement technology with geocell materials and have investigated its
usefulness in the restoration of damaged roads [1–3]. Previous studies have explained
the reinforcement effects of a geocell mattress under a vertical load by the lateral
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resistance effect, vertical stress dispersion effect, and tensioned membrane effect.
Limit equilibrium equations based on Terzaghi’s equation have been proposed to
estimate the bearing capacity of the reinforced ground by considering the above
effects [4–7]. To estimate it with higher accuracy, it is necessary to revise the cur-
rent equations proposed by previous researchers or to establish it newly by using a
different approach for observing the reinforcement mechanism in the model tests.

In this study, laboratory model tests were conducted to observe the behavior of
a geocell mattress under a vertical load. The precision improvement technique of
Particle image velocimetry (PIV) was examined for visualizing the results of the
model test. The new findings from the experiment on precision improvement of PIV
were applied to the model test, and the reinforcement mechanism of the geocell
mattress under the vertical load was analyzed. This paper reports the results of the
precision improvement test of the PIV analysis and visualization of the model test.

2 Precision Improvement of PIV Analysis

PIV analysis is awell-known visualization technique formodel tests in the geotechni-
cal research field since the 2000s [8–11]. Commercial software has become popular,
and it has become relatively easy to use visualization techniques.

The technique of PIV analysis can be divided into the method for direct tracking
of target markers arranged in the model ground (particle tracking method) and the
method for tracking of the image correlation from the intensity of the digital signal
(image correlation method). With regard to the use of the image correlation method,
there are cases where a model ground is constructed with only natural materials or it
is constructed with mixed materials comprising natural and colored sand. The image
correlation method is considered capable of visualizing a wide range of behaviors
with high precision, even after omitting the preparation time such as the time spent
on arranging the target markers. However, the details of the visualization technique
such as deciding the mixing ratio of the colored material and the shooting interval are
not sufficiently established. In order to improve the accuracy of visualization, further
technical investigations relating to the experimental method, photography method,
and analysis method are required.

This study focused on a visualization technique using the image correlation
method against the planar deformation field of a model test conducted with mixed
materials. Prior to the model test, the precision of visualization using mixed sand
comprising silica sand and colored sand was investigated for various mixing ratios.
The test apparatus for determining the precise mixing ratio of silica sand and colored
sand is shown in Fig. 1 [12]. The silica sand having an average diameter of 0.4 mm
is used as the natural material. The black colored sand having the same particle size
distribution as silica sand was used as the colored material. The appearances of both
sands are shown in Fig. 2. The mixing ratios of colored sand investigated in this
test are listed in Table 1. In the series of tests, a specimen of the thin mixed sand
was measured by a micrometer, which showed a horizontal displacement of 0.1 mm



Bearing Capacity Mechanism … 5

Specimen Micro meter

50 mm

30 mm

Thickness: 1 mm

(Precision: 0.001 mm)

Fig. 1 Test apparatus for precision improvement of PIV

Fig. 2 Used sand samples

Silica sand Colored sand

(≈1 pixel). The images of the specimen were captured using a single-lens reflex
camera with an image resolution of 1760 × 1168 pixels.

The schematic diagram for explaining the visualization condition in this study is
shown in Fig. 3. The test patch is a square visualization unit area. The search patch is
a region for searching for high correlation of the test patch. The sizes of both patches
were specified in units of pixel in the analysis. In this test, the effect of the test patch
size was investigated for 1–30 pixels. The search patch size was set to 51 pixels in
all cases. The search patch size was set as a condition where the influence on the
analysis result could be ignored. The calculated displacements within the range of
0.5–2.0 times the actually applied displacement were used as the effective data. The
calculated displacements outside this range, which were significantly different from
the actual applied displacement, were judged as the error points.
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Table 1 Case of precision improvement tests

Case Silica sand
g

Colored sand
g

Mixing ratio
%

B05 100 5 4.8

B09 100 10 9.1

B13 100 15 13.0

B17 100 20 16.7

B23 100 30 23.1

B29 100 40 28.6

B33 100 50 33.3

B41 100 70 41.2

B50 100 100 50.0

B60 100 150 60.0

B70 100 230 69.7

B80 100 400 80.0

B90 100 900 90.0

B95 100 1900 95.0

T

S

Analysis area

Search
patch

Test patch

Fig. 3 Image manipulation of PIV analysis

The results of analyzing test cases B05 (mixing ratio of colored sand: 5%) andB50
(mixing ratio: 50%) with test patch size of 20 pixels in the PIV analysis are shown
in Fig. 4. The results of B50 are ideal. The horizontal components of the calculated
displacement vectors in all grid points are almost the same as the actual applied
displacement. The results of B05 are compared with these ideal results. There are
some points which displacement has not been calculated. Several of the calculated
displacement vectors are not at the same level and do not correspond to the actual
applied displacement.
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(a) Case B05 (mixing ratio of colored sand: 5%)

(b) Case B50 (mixing ratio of colored sand: 50%)
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Fig. 4 Examples of vector distribution of precision improvement test

The ratio of the number of error points to the total number of grid points was
evaluated based on the error rate, and the relationship between the error rate and test
patch size is shown in Fig. 5. The precision of measurement was evaluated by the
standard deviation in pixels, and the relationship between the standard deviation and
test patch size is shown in Fig. 6. When the mixing ratio was more than 30%, the
error rate became almost 0%, regardless of the test patch size. In these cases, the
standard deviation became less than 0.04 pixels, that is, the variation was 4% or less.
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Fig. 5 Relationship between
error rate and test patch size
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standard deviation and test
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3 Visualization of Model Test

The visualization of the model test was realized based on the findings obtained in
Sect. 2. The schematic diagram of the model test apparatus is shown in Fig. 7. The
dimensions of the model ground are 1200 mm length, 305 mm depth, and 400 mm
height.

The front wall in Fig. 7 is made of acrylic, and the two-dimensional displacement
field of the model ground can be captured from this observation front wall. Loading
is realized by applying a rigid flat plate of dimensions 100 mmwidth, 300 mm depth,
and 50 mm height, with displacement control in the vertical direction. Sandpaper of
0.5 mm roughness is affixed on the bottom surface of the loading plate for attaining
the rough surface condition of the bearing test. The loading speed was 1 mm/min in
all cases.



Bearing Capacity Mechanism … 9

Silica sand: 50%
Colored sand: 50% 

400
330

20

Unit : mm
50

Geocell

b = 1000

1200

Gravel

Strip footing
B = 100

20
60

Fig. 7 Apparatus of bearing capacity model test

The model test was conducted for the two cases of unreinforced foundation and
geocell reinforced foundation. The mixed sand comprising silica sand and colored
sand, mentioned in Sect. 2, was used in the series of tests at a mixing ratio of
50%. In both cases, the relative density of the mixed sand was set to Dr = 90%,
and a gravel layer having an average particle diameter of 10 mm was laid with a
thickness of 20 mm on the model ground surface. The geocell mattress using in this
study was made of polyethylene strip having a thickness of 0.1 mm. The physical
properties of the polyethylene strip are shown in Fig. 7. The geocell mattress, which
was composed of a unit cell having a side length of 60 mm and height of 60 mm, was
prepared using this polyethylene strip, as shown in Fig. 8. The geocell mattress was
placed 20 mm below the model ground surface, as shown in the figure. The images
of the two-dimensional displacement fields of the model test were captured using a
CCD camera with an image resolution of 1392 × 1040 pixels.

The relationship between vertical stress and settlement normalized bywidth of the
loading plate is shown in Fig. 9. This figure shows the results for both unreinforced
foundation and the geocell reinforced foundation. The reinforcement with geocell
mattress showed a significant increase in the modulus and bearing capacity under
vertical loading. The visualization results of the two-dimensional displacement fields
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h

w w

d

Fig. 8 Configuration of geocell mattress

Fig. 9 Relationship between
vertical stress and
normalized settlement
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of both the unreinforced foundation and geocell reinforced foundation are shown
in Fig. 10. Here, the behaviors of both cases were compared with the normalized
settlement at the peak bearing capacity of the unreinforced case. This figure shows
the PIV results analyzed with test patch size of 10 pixels. As in the results of the
precision improvement test mentioned in Sect. 2, error points did not occur under this
analysis condition. The general shear failure mode was observed in the unreinforced
case. A comparison of the results of the geocell reinforcement with those of the
unreinforced case shows that the displacement in the horizontal direction is greatly
reduced despite the nearly equal degree of displacement in the vertical direction. The
horizontal displacement of the sand around the geocell mattress is confined, and the
development of failure surface is suppressed.
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(a) Unreinforced case

(b) Geocell reinforced case

Vector scale: 5.6 mm

Geocell

Vector scale: 5.6 mm

Fig. 10 Two-dimensional displacement fields of unreinforced and geocell reinforced cases

4 Conclusion

An experimental method based on PIV analysis using colored sandwas proposed and
applied to the model test to clarify the reinforcement mechanism of geocell mattress
under a vertical load. The results obtained in this study are as follows:

1. To advance the accuracy of the PIV analysis of the model test, a precision
improvement test was conducted, which employed mixed sand comprising natu-
ral sand and colored sand. The error rate and standard deviation of the displace-
ment tended to decrease with increasing ratio of colored sand. When the ratio of
colored sand was more than 30%, it was possible to reduce the error rate to 0%
and the standard deviation to 0.04 pixels regardless of the test patch size in the
PIV analysis.

2. The model test was performed using mixed sand containing 50% colored sand to
clarify the two-dimensional displacement fields of both unreinforced foundation
and geocell reinforced foundation. It was proven that error points do not occur
when the proposed experimental method for PIV analysis was used, regardless
of the test patch size.
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3. It was revealed that the displacement in the horizontal direction was greatly
reduced by the reinforcement effect of the geocell mattress. The horizontal dis-
placement of the sand around the geocell mattress was also confined, and the
development of failure surface was suppressed.
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The Influence of Sand Composition
on Railway Track Pumping
and Deformation in Winter Period

V. I. Shtykov and A. B. Ponomarev

Abstract The current standards for the effective pore diameter in geotextile mate-
rials both in Russia and in other countries have been determined by the techniques
using natural sands of certain composition. However, particles that fall into geo-
textiles from railway ballast differ in form from natural sands. Thus, the existing
requirements for the diameter of geotextile filtration passages need to be corrected.
The calculation methodology for determining the possibility of colmated layers in
sands is described. The requirements for the size of geotextile filtration passages
preventing them from colmatage and ensuring the preservation of their filtration
properties within the required limits throughout the standard service life are pre-
sented. In case of non-compliance with the requirements for sands, colmated layers
will occur in them, which will lead in pumping.

Keywords Pumping · Sand · Geotextile · Colmatage

1 Introduction

At the present time, both in Russia and in other countries the standards for existing
pore diameter in geotextile materials have been determined by the techniques using
natural sands of certain composition [1, 2]. However, as it follows from Fig. 1,
the particles taken from colmated geotextile materials differ significantly in form
from natural sands. Being of the same mean and maximum mean size in diameter,
plate-shaped particles, unlike quartz sand particles whose shape is close to spherical
one, have essentially different particle distribution curves. Plate-shaped particles are
formed by shearing when ballast stones are colliding under vibrodynamic loads of
train movement.

After decades of laboratory and field studies, hydraulic engineers have formulated
the following requirements for reverse filters of hydraulic installations, including
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Fig. 1 Particles taken from
colmated geotextile

sands [3]. Filters must freely pass all the particles of size <0.05 mm, which are clas-
sified as colmatage particles. Let us apply these requirements to geotextile materials
as the water flows through filtration passageways in them. The theoretical, labora-
tory and field studies have been carried out on textile materials in Alexander I St.
Petersburg State Transport University for a considerable number of years [4, 5].

To prevent geotextile materials from colmatage, the following correlation must
be established [3]:

du ≥ (3.3 . . . 4.4)dmax
ci , (1)

where du is estimated value of the diameter of the filtration passageway, calculated
by formula (2) [4];
dmax
ci is maximumdiameter of suffusion particles accepted in the study to be 0.05mm.

du ≥ 2 · dp

(
1√
1 − n

− 1√
π

)
, (2)

where

dp is diameter of geotextile fiber, mm;
n is geotextile porosity, fractions.

The predisposition of a number of geotextiles toward colmatage was established
by verifying the compliance with criterion (1). The paper [5] presents the data on
the colmatage level of various brands of geotextiles, laid in the railway track in
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different years. The terms of full colmatage of the pores of these geotextiles were
calculated. By the time of full colmatage, their coefficient of permeability becomes
around 0, n m/day, which is significantly less than required. At the end of this term,
colmatage particles will be partly deposited on the surface of the geotextile and partly
transported away by the flow through the pores of the ballast section. The coefficient
of permeability of the geotextile material will not practically change, remaining close
to the value indicated above. The regulations stipulate that the geotextile’s filtration
properties must remain within the required limits corresponding to the geotextile
service life declared by the manufacturer. As follows from the above-mentioned
paper [5], such brands of geotextiles exist. The results of field and laboratory studies
have confirmed that for the geotextile material used as a separating layer in a railway
track, the calculated diameter of the filtration passageway, determined by formula
(2), should meet the following requirement [5]:

0.165mm ≤ du ≤ 0.220mm. (3)

The requirements for reverse filters of hydraulic installations may also be applied
with underground drainage fills of sand and sand–gravel mixtures.

We will analyze these requirements to determine the cause of pumping in the site
with the sand roadbed, and the groundwater is at a depth of 2.4 m below the surface.

The sand composition is:

d10 = 0.02mm; d17 = 0.23mm; d60 = 0.80mm; η = d60
d10

= 4; ψ = 1.2,

where d10, d17 and d60 are diameters of sand particles, the sand containing, respec-
tively, 10, 17 and 60% of particles by mass; η is a sand non-homogeneity ratio; and
ψ is a particle shape factor.

The coefficient of permeability determined at the site was averaging 24 m/day.
The non-colmatage of sands is provided by easy passage of particles <0.05 mm

which tend to aggregate, which ensures the compliance with condition (1). Wherein:

dmax
ci = dmax

u

(3.3 . . . 4.4)
(4)

where du and dmax
u are diameters of estimated and maximal values of the filtration

passage which are calculated by formulas (5) and (6) [6].

dmax
u = du(1 + 0.05η) (5)

du = 0.57 6
√

η · n

1 − n
· d17

ψ
. (6)

The calculations give dmax
u = 0.092mm, and dci = dmax

u
4 = 0.023mm.
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Fig. 2 Size of particles formed in abrasive wear of crushed stone

The studies on abrasion products (Fig. 2) have shown that they contain a quite
high percentage of particles sized 0.023mm ≤ dci ≤ 0.05mm, which will not seep
through the sand, and therefore, the sand will be colmated.

The sand is medium-grained and is able to filter even in the frozen condition. The
coefficient of permeability of the sand in frozen state is calculated by formula (7)
[7]:

K f = Kt

(
1 − i+0.04

n

)3
[
1 + 2.8(i+0.04)

(1−n)(1−0.6
√
i+0.04)

]2 (7)

where Kf and Kt are coefficient of permeability of the sand in frozen and thawed
states, respectively; n is porosity in a thawed state; and i is volumetric ice content.

i = (n − μ)ρw

ρi
(8)

where μ is specific yield; ρw and ρ i are the density of water and ice, respectively.
The specific yield for medium-grained sands is (0.12–0.2) [8]. If we assume its value
equal to 0.16, then:

i = 0.36 − 0.16

0.917
= 0.218, (9)

and Kt = 0.089 m/day.
In this case, precipitation more than 4 mm/h, which in North-West of Russia

conditions corresponds to 98% of precipitation norm, with partial thawing of the
sandy layer in spring, will cause pumping while trains are running.
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2 Results and Discussion

Calculations show that the formation of colmated sand layerswill also lead to heaving
(characteristics of colmatage particles are presented in Fig. 2).

The colmatage particles formed due to vibrodynamic loads are deposited in the
sand pores with a density of at least 1.1 g/cm3. In this case, the porosity of the
colmatage particles will be averaging 0.59, and the effective porosity (ne) of the
colmated sand layer will be equal to 0.21, whereas its coefficient of permeability will
be 0.45 m/day in thawed state. The specific yield adduced to the effective porosity
will be 0.03. Consequently, the ice content will be:

i = (ne − μ)ρw

ρi
= (0.21 − 0.03) · 1

0.917
= 0.20.

From formula (7), it follows that frozen sands will not filter the water when i +
0.04= 0.24, which exceeds the effective porosity value of 0.21. The average content
of trapped air in the sand layer is 0.04. Since the trapped air will not move freely,
the colmated layer will heave. The degree of heaving depends on the thickness of
the colmated layer. When running on this section, a track meter car detected local
deviations of the rail location by level up to ±6 mm, which could have been caused
by soil heaving in the areas of pumping. Over the time, the thickness of the colmated
layers and, consequently, the heaving rates will only increase. Heaving will continue
in the intervals between thawing periods. In the spring period, before the complete
thawing of the colmated layer, pumping will occur during precipitation.

In view of the above, it is of interest to find out whether the protective sub-
ballast layers recommended for use [9] are exposed to colmatage. To verify the
calculation, the grading of the sand was taken from the Guidelines [9]. The following
initial data were used in the calculation: d10 = 0.14 mm; d17 = 0.42 mm; d60 =
6.4 mm;η = d60

d10
= 46; ψ = 1.2; ν = 0.01 cm2/s; n = 0.36.

The calculations were carried out by formulas (4), (5) and (6) gave the following
results: du = 0.021 cm; dmax

u = 0.069 cm; dci ≤ dmax
u
4 = 0.017 cm.

Since dci = 0.017 mm > 0.05 mm, the sand will definitely let all the colmatage
particles pass through. However, the sand should not be suffusional. The coefficient
of permeability of this sand in frozen state is (10–12) m/day, which is much higher
than any possible precipitation intensity in the spring period when the sub-ballast
layers have not thawed completely.

3 Conclusions

1. In the sand, subgrade pumping and heaving can occur over time unless the sand
is able to let all the colmatage particles <0.05 mm pass through. The particles
are the product of crushed stone abrasion when exposed to vibrodynamic loads
of train movement.
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2. The calculation methodology for determining the possibility of formation of
colmated layers in sands is described. The requirements for the size of geotextile
filtration passages ensuring the preservation of their filtration properties within
the required limits throughout the standard service life are presented.

3. The sands recommended for use by the Guidelines [9] as sub-ballast layers are
not colmated by the particles present in the products of crushed stone abrasion
caused by vibrodynamic loads of moving trains. However, the sands themselves
should not be suffusional.
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Experimental Investigation of Railway
Maintenance with Stoneblowing
Techniques

A. A. Abrashitov and A. V. Semak

Abstract This work presents the results of experiments carried out to investigate the
potential application of the technology of railway track alignment: “stoneblowing”.
In this technology, ballast stones are injected into gaps of the ballast bed beneath
sleepers. Despite potential benefits, this technology has a limited application. In order
to understand the performance of the ballast aligned by stoneblowing and to develop
maintenance procedures, we conducted series of experiments at the Experimental
Railway Ring in Shcherbinka, Russia. It was found out that the railway track, aligned
by stoneblowing and flat reinforcement geogrid, showed better track stability in
vertical plane in comparison to the track aligned only by stoneblowing. Finally,
railway tracks aligned by stoneblowing techniques proved to show good results under
high loads.

Keywords Stoneblowing ballasted railway track · Track maintenance · Flat
reinforcement geogrid

1 Introduction

The stoneblowing technology has previously attracted the attention of researchers,
and in some countries, it has even been included in the railroad maintenance system
[1–3]. However, the positive effects of the use of this technology are often accom-
panied by the examples of increased pollution, where stoneblowing was used with
crushed stone of small fractions. The objective of this study was to find technological
methods for eliminating these defects.
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2 The Design of Test Sections

The procedure of stoneblowing includes of the insertion of stones between the sleeper
and the surface of the ballast layer, filling the gap between both components and,
therefore, recovering the original position of the railway track. Moved by pneumatic
air flow, the stones effectively penetrate under the lifted sleeper. For this purpose, a
pipe is inserted into the sleeper bottom. In current experiments, crushed stone with
size fraction 5–10 mm was used for stoneblowing. To create crushed stones—air
flow a blower device STIL BR 200 was used.

The VNIIZHT experimental ring consists of three circle tracks. Circle track 1 is
for testing of locomotives, electric and diesel trains, passenger and freight cars, brake
systems, catenary and overhead system, current-collecting, etc. Circle tracks 2 and
3 are for durability testing of freight cars and the structures of the permanent way.
All the experiments were conducted on circle track 2.

Specifications of circle track 2:

– length 5700 m;
– curves 390–1200 m;
– grade 12‰.

Every day, a train weighing up to 10,000 tons with the axial load of cars up to 30
tons runs on Track 2. The operation time of the passed tonnage equals from 200 to
300 million tons per year (1–1.5 million tons of the operation time per day).

Speeds of the circulating trains on the tracks:

passenger trains—up to 140 km/h
freight trains—up to 90 km/h [4].

The joints between the rails № 291 and № 292 and ones between the rails №
293 and № 294 on the circle track 2 were chosen for the experiments (Fig. 1). The
distance between joints was 12.5 m. The design of the joints is presented in Table 1.

The tonnage hauled on the section at the time of testing equaled 2 billion 200
million gross tons. This value exceeded the standard overhaul tonnage limit in 1.5
times and the standard limit between ballast cleaning periods in 3 times. These studies
are a continuation of studies carried out by RUT (MIIT) and JSC VNIIZhT in 2017
[5].

2.1 Joints’ Alignment with Stoneblowing

The measurement of the range of the hidden settlement was done with a flexometer
(voltmeter) in the sleepers supposed to be aligned. Flexometers were installed on the
rail base on each sleeper box of the joint zone (four sleeper boxes from the joint on
both sides) (Fig. 2). The metal bar (a nail) was lowered to the pre-installed hard stone
surface of the plywood or metal plate. The flexometer readings were registered with
the help of Vernier caliper before and after the passage of a set of rolling stock.
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Fig. 1 Scheme of the VNIIZHT experimental ring (the testing site is marked with an asterisk)

Table 1 Permanent way design of the testing sections

Joint Kilometer
stone

Rail type Track
structure

Fastening,
sleeper type

Ballast Position in
the plan

291–292 6 KS 3 R-65 Jointed KB, RFC Hard stone Straight

293–294 6 KS 3 R-65 Jointed KB, RFC Hard stone Straight

Fig. 2 Scheme of the installation and photographs of the installed flexometers

Aftermeasuring the value of the hidden settlement under and between the sleepers,
which had been selected for the alignment, the boxed of the next but one sleepers
were dug at the depth of 50 cm, at the distance of 25 cm from the rail.

The height of lifting of the rail head in the joints 291–292 and 293–294 was
determined with the extensive settlement of the assembled rails and sleepers under
their own weight after the alignment and the jack removal (10–15 mm) and the
settlement of fine gravel during the first 6 days after the alignment (20 mm). The
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distance from the “bed” of the sleeper to the bearing surface was not less than 35 mm
[6]. The track was hung up on the hydraulic jacks installed opposite each other on
the both sides of the track rails. The rail-gauge template was used to determine the
height at which the assembled rails and sleepers were to be raised, and on laying
the test sections, the height was exactly 35 mm. After having been hung upon the
jacks, a plastic grid with the mesh of 5 mm in the clear (the so-called “masonry”
grid) was placed under the two sleepers, the nearest ones to the joints; meanwhile,
the alignment in the joint 293–294 was made with the mixture of hard stone and
rubber crumbs of 5–8 mm in a ratio of 4–1 respectively.

After having hung up both track rails with the help of the blower device STIL
BR 200, equipped with the special nozzle, the stoneblowing alignment was made
with the use of specially colored crushed stone with the fraction of 5–10 mm and the
mixture of crushed stone and rubber crumbs (Fig. 3).

When leveling, the bolt of the stayed pole № 103 of the catenary system was used
as a stake (Fig. 2).

3 Results

3.1 Unloaded Profile Measurements

The leveling of the test joint 291–292 and joint 293–294 led to the following results
(Fig. 4).

3.2 Loaded Profile Measurements

According to the results of the grademeasurement alongside with the data of leveling
and the amount of rail deflection, we got the force rail head profiles under the rolling
stock. The most distinctive force profile was obtained on the left rail of the joint
291–292 (Fig. 5).

3.3 Results

Due to the visual examination and the examination after the ballast removal out of
the sleeper boxes, aligned with stoneblowing, it was found that:

1. There are signs of the intensive action of stoneblowing crushed stone in the joint
under the aligned sleepers (Fig. 6a).
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Fig. 3 a Elimination of a two-side settlement in the joint with the use of stoneblowing, b sleeper
position after alignment, and c places of excavation of ballast and installation of jacks during
alignment
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Fig. 4 Leveling of the joint 291–292, aligned with stoneblowing: a the left rail and b the right rail.
Leveling of the joint 293–294, aligned with stoneblowing: a the left rail and b the right rail

Fig. 5 Force profile of the left rail of the joint 291–292

2. Only in the areas where a plastic grid were laid under the ballast, the stoneblown
crushed stone has not penetrated into the lower layers of the ballast even after
the passage of 25 million tons of traffic (Fig. 6b).

3. In the areaswhere a plastic gridwas not laid under the crushed stone formeasured
shovel packing, the crushed stone has penetrated into the track crushed stone
just after the passage of 6 million tons of traffic that corresponds to laboratory
researches carried out in RUT (MIIT) [7] (Fig. 6c).
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Fig. 6 a Signs of the intensive action of stoneblowing crushed stone under the aligned sleepers,
b stoneblown crushed stone under the sleeper after the passage of 25 million tons of traffic, and
c the penetration of the crushed stone after the passage of 6 million tons of traffic when there is no
plastic grid under the crushed stone

4 Conclusion

Testing of a new equipment for stoneblowing should be recognized to be a success
(the applied blower device STIL BR 200 extremely reduced the complexity of the
stoneblowing operation and provided a high mobility of the alignment).

Stoneblowing can be successfully applied for the alignment of the joint settlements
on the railway track with the high operating tonnage and even for the sections with
expired overall repair.

The research, which was carried out on an extremely loaded element of the track
structure, presupposes a successful stoneblowing alignment of such areas as bridge
pits, frogs, and switch sleepers.

Summarizing all written above, we can formulate an intermediate result.
Stoneblowing technology will certainly be more effective on the track with high

operating time of the passed tonnage that may exceed significantly the normative
value. The possibility of alignment in some ballast section locations without repack-
ing the bulk of the ballast granules will lead to an extension of the service life of
the track ballast section. This is especially important for the countries with a cold
climate, where the number of temperature transitions below zero can reach 50 or
more. Moreover, when applying stoneblowing, the consumption of the alignment
material is 20–60 times less than with the typical mechanized alignment of the track
[8].

According to the test results, it can also be concluded that the use of a flat geogrid
(mesh size 5 mm) used in construction to reduce the consumption of concrete mor-
tar in the construction of masonry prevents the penetration of stoneblowing small
particles into the pores of railway track stones.
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Modeling of a Railway Roadbed
Reinforcement

Andrei Petriaev

Abstract The purpose of the conducted model tests was to study the possibility of
using a number of design solutions with geosynthetic materials to increase the bear-
ing capacity and reduce the deformability of the sub-base, as well as to evaluate the
effectiveness of their use. Small-scale modeling tests were conducted to investigate
the stress–strains behavior of embankment reinforced in the upper part with geosyn-
thetics. A series of model experiments have shown that an increase in the number
of geosynthetic layers does not significantly effect on the roadbed bearing capacity.
Reinforcement in a single layer is sufficient if the geosynthetic has required strength.

Keywords Roadbed · Geosynthetics ·Model

1 Introduction

Modern geosynthetics are used on the railways of all European countries in the con-
struction and reconstruction of the track structures for different purposes. A common
feature of the reconstruction and construction of new Railways is needed to have a
high-quality track base. In this case, the geosynthetics can play an important role,
for example, to improve the quality of the soil layer and the bearing capacity of the
roadbed, and to increase the service life of the track structure as a whole.

Small-scale modeling is one of the methods for the evaluation of different design
solutions for the strengthening of the subgrade. Even approximate satisfaction of
the similarity theory requirements in the soil model allows us to obtain very valu-
able data covering the qualitative side of the studied phenomena and revealing the
studied processes mechanism. The data obtained on the models can be used for the
quantitative evaluation of issues related to the roadbed stress–strain state.
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In previous studies [1], authors have received a significant increase in bearing
capacity and a decrease in the adjacent foundations incline when reinforcing sand
with geogrid during the model tests.

During of sandy basemodel stamp tests [2], it was shown that the bearing capacity
can be significantly increased by strengthening the zone directly under the foundation
by short panels of geosynthetic material with a width equal to the width of the
foundation. In this case, the reinforced zone behaved as a part of a deep foundation.

Having conducted stamp tests on soil-analog from the ceramic material [3], the
authors note that the use of geogrid increases the stiffness of the soil layer and its
bearing capacity.

The results of experimental studies showed that the bearing capacity of the soilwas
improved by reinforcement and the effect of improvement significantly depended on
the depth at which the reinforcing elements were located.

In engineering practice, it is recommended that the distance from the sole of the
foundation to the top layer of geosyntheticmaterial and the distance between its layers
were from 0.2 to 0.4 width of the foundation (B). The total depth of geosynthetic
materials under foundation should be from 1.4 B to 1.6 B, and the length of the
reinforced elements would be from 4 B to 6 B [4].

According to the results of the tests presented in [3], the bearing capacity of the
base increases when the geogrid was laid at a depth of 0.065–0.5 of the stamp width.

The stamp tests to determine the bearing capacity of the sand base [5] allowed to
conclude that the maximum increase in the bearing capacity was obtained at a ratio
of the laying geogrid depth to the width of the stamp less than one. Reinforcement
below the foundation at a depth of more than 2.25 times the width of the foundation
did not contribute to an increase in bearing capacity for the case of a strip foundation.

The carried out tests of the sandy base, reinforcedwith awoven geotextile, allowed
to obtain the dependence of the base elasticity modulus and its bearing capacity on
the number of reinforcement layers located at depths of 0.25, 1, and 2 of the diameter
of the stamp [6]. From these studies, it can be concluded that the laying of additional
layers of the geogrid at a depth of more than the diameter of the stamp does not lead
to a significant increase in the base elasticity modulus and its bearing capacity. In
addition, it is seen that as the distance between the layers of reinforcement increases,
its efficiency decreases.

Using a mixture of aluminum rods in stamp tests as a similarity of the sand base
[7], the authors concluded that the reinforcement effect is more affected by the width
of the geosynthetics and the number of layers than its rigidity. For practical use, the
installation of geosynthetics in two layers is quite suitable, because a larger load-
bearing capacity is achieved with less deformation. It is also noted that the sliding
surfaces of reinforced foundations spread more in the horizontal direction than in the
vertical direction with the increase in the width of the geosynthetic material. This
increase in the sliding surface cannot be caused by the stiffness of the valve.

From the experimental studies described in the literature, there are two main
mechanisms that contribute to an increase in the bearing capacity of the reinforced
base. The first is blocking effect that is caused by the interaction of soil and geogrid.
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In this case, the lateral deformation or potential deformation of stretching is limited
and as a result, the vertical deformation of the soil is reduced, its strength and,
consequently, the bearing capacity is increased.

The membrane mechanism is because both the soil and geosynthetic material are
deformed and stretched under the foundation loading. In this case, the geosynthetic
material takes part of the load. The geosynthetic material must be of sufficient length
and strength not to be torn or pulled out from the ground.

2 Railway Subgrade Modeling

To achieve the similarity of the model and the railway roadbed, it is necessary to
take into account numerous parameters (the design of the rolling stock, the upper
structure of the track, the roadbed, elastic and plastic properties of materials, soil
characteristics of the roadbed, etc.). It is not possible to preserve the numerical
values of all similarity criteria when moving to models. However, the correct idea
of the roadbed behavior can be obtained, as well in cases where only part of the
similarity criteria is satisfied.

It is currently extremely difficult to accurately model such process, and it is not
advisable for the goals of engineering practice. It is enough to create amodel that will
take into account the basic conditions of the soil in the roadbed. In our experiments,
the main attention was paid to the strain-state modeling under the action of static
loads.

One of the earliest methods of the subgrade modeling is small-scale modeling.
Using this method, you can make significant additions to the calculations. In many
cases, this method allows you to solve such complex and unexplored issues that are
not yet amenable to study either analytically or by field observations.

The choice of the model scale is primarily due to the technological features of
the model elements manufacturing. Modeling is associated with high costs when
the scale of the models is close to the natural value; there may be large differences
between the mechanical values of the model and the original at very small scales,
and it is difficult to install the measuring equipment on this model, which can lead
to large errors.

3 Model Test Facility and the Scale Model Choice

Model tests were carried out in a large test tray of the laboratory of soil mechanics.
The tray is a reinforced concrete tank with dimensions of 300× 400 cm and a depth
of 203 cm.

The fine sand was used as a ground for carrying out model tests, the granulometric
composition and properties of which are given in Table 1.
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Table 1 Soil granulometric composition

Particle size,
mm

>10 10–5 5–2 2–1 1–0.5 0.5–0.25 0.25–0.1 <0.1

% Finer 0.009 0.73 3.13 9.41 15.02 40.67 16.84 14.11

Table 2 Properties of subgrade soil

Property Unit Average values by depth H, cm

0–50 75 100–125

Unit weight ρ kN/m3 1,667 1,652 1,982

Dry unit weight kN/m3 1,624 1,535 1,748

Soil moisture % 3.26 7.6 13.39

Voids ratio 0.65 0.76 0.63

Cohesion kPa 3

Friction angle ° 36

Young modulus MPa 38

The use of fine-grained sand made it possible to reduce the impact of soil particle
size on the test results of the small size model and to assess the impact of soil strength
characteristics on the bearing capacity of the embankment model (Table 2).

The tray filling with sand was carried out to the level of 1.0 m. The model of the
embankment was formed above the base by a special template with a mechanical
compaction. The tray was equipped with a system of metal beams that allow you to
transfer the load to the model up to 500 kN.

The model was loaded with the hydraulic Jack DG-100-2 capacity 1000 kN. The
load value, which was transferred to the embankment model, was fixed by means
of dynamometer DS-5, designed for a maximum force of 50 kN. The dynamometer
was duplicated by manometer on the jack to increase the reliability of the test load
measurement.

The metal plate in the size of 450 × 350 × 25 mm was placed under the jack for
ensuring stability of the jack on a bar and for the transfer loading centrality on the
embankment. The bar horizontal position was checked with the help of the level. A
device for stamp deformation measuring consists of four indicators with divisions of
0.1 mm.

Ametal ball with a diameter of 8mmwas used in the center of the model to ensure
a strictly vertical load transfer. A plumb controlled the vertical position of the jack
during the installation and experiment.

A general view of the installation for model tests is shown in Fig. 1.
The embankment models were made in the scale of 1:19 with the purpose of the

model experimental studies. The bar with dimensions 150 × 16 × 10 cm (contact
area 0.24 m2) was adopted as an upper structure model, which bottom and top were
reinforced by four metal corners (45 × 45 mm) to protect from the splitting. The
embankment model is with a width of 18 cm on the top and with a slope of 1:1.25.
The height of the embankment model remained constant—60 cm.
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Fig. 1 Test device

4 Geosynthetics Properties and Their Laying

Geosynthetics were laid at different depths (10–40 cm), in one or two layers, with or
without layer-by-layer compaction. The compaction was made by manual electric
tamping (method from slopes to the middle).

Some characteristics of the used geosynthetics are given in Table 3.
The schemes of the subgrade reinforcement, investigated in our experiments, are

shown in Figs. 2 and 3.

Table 3 Tested geosynthetics

Material characteristics Type 1 Type 2 Type 3

Structure Geocells Bi-oriented geogrid Bi-oriented geogrid

Polymer type Polyethylene Polypropylene Polyester

Aperture size MD/TD, mm 200/200 39/39 50/50

Strength at 5% strain MD/TD,
kN/m

21/21 28/28

Peak tensile strength MD/TD,
kN/m

29/29 30/30 80/80

Yield point elongation MD/TD, % 25/25 12 13/13
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Fig. 2 Roadbed specimen reinforced with one geogrid layer, m = 1:1.25; B = 16 cm; a = 1 cm;
H = 60 cm; h1 = 25 cm; h2 = 35 cm

Fig. 3 Roadbed specimen reinforced with two geogrid layers, m = 1:1.25; B = 16 cm; a = 1 cm;
H = 60 cm; h1 = 25 cm; h2 = 35 cm; h3 = 20 cm

5 Test Procedure

Several experimental series were conducted in the course of small-scale model stud-
ies. The deformation properties of the embankment model without reinforcement
were determined in the first series. In the following series deformation properties of
embankment models, which were reinforced with geosynthetics in the upper part,
were determined.

The weight of the track upper structure model was taken into account in the
pressure and sediment at the first stage of loading. The loading of embankment
model was carried out before its destruction. The embankment was considered to be
destroyed when the deformation was occurred with a soil heave failure from all sides
of the model or by a shift of the soil mass toward the least resistance (toward to the
one of the slopes).
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6 Discussion

Tests have shown that the embankment model deformations (in cases of reinforce-
ment andwithout it) increase in linear dependence until complete destruction (Fig. 4).
The settlements in the first phase of deformation occurred due to compaction of the
soil under themodel of the track upper structure. The limit of proportionality occurred
when the load on the embankment model was 70–80% of the limit. It deformation
in this case was 40–45% from the deformation at the maximum load.

A further increase in the load caused a faster increase in settlement, and the
dependence of settlement on the load took a nonlinear character. The settlement
occurred in both due to further compaction of the soil and due to the formation of
shear zones. At the beginning of the second phase cracks on the ground surface
began to diverge, they were lengthened and were expanded from the corners of the
embankment model as the load increased.

Cracks on the ground surface appeared at a vertical load of 75–80% of the max-
imum load. Cracks on the main site were developed mainly in the direction of one
of the slopes. The angle of crack direction with the sides of the model was about
120°. On the slope, the cracks developed as a continuation of the cracks of the top
of embankment then sharply went down about 2/3 of the height of the embankment
model.

With a further increase in the applied load, the third phase of settlement occurred,
when the model of the track upper structure failed at a fixed load value, while the sur-
rounding soil shifted to the sides and upward. The shifted soil was limited by cracks

- Without reinforcement; -Type 1; -Type 2 one layer;- Type 2 two layers; 
 - Type 2 two layers without compaction;  -Type 3  

Fig. 4 Stress–strains response of reinforced roadbed model
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Table 4 Model tests results

Reinforcing type Settlement at load
10 kN, mm

Load at rupture, kN Kp Ks KE

Without reinforcement 4.9 11.0 1.0 1.0 1.0

Type 1 1.5 18.0 1.6 3.3 2.6

Type 2 1 layer 1.7 22.0 2.0 2.9 3.3

Type 2 2 layers 1.8 23.0 2.1 2.7 1.7

Type 2 1 layer without
compaction

3.1 22.0 2.0 1.6 1.8

Type 3 1.9 22 2.0 2.6 2.6

formed at the beginning of the second phase of deformation during the destruction
of the embankment model. In the final phase, the destruction was usually two-sided
and occurred in the plane of geosynthetic material laying.

For a visual and objective assessment of the effect of reinforcement of the upper
part of the embankment model on its precipitation, destructive forces and the general
deformation modulus, the coefficients of the relative decrease (increase) of the above
values were used—KS, KR, KE, respectively. KS is the ratio of the embankment
model deformation non-reinforced and reinforced with geomaterials at a load of
10 kN; KP is the ratio of the embankment model bearing capacity reinforced and
non-reinforced with geomaterials; KE is the ratio of the embankment model total
strain modulus reinforced and non-reinforced with geomaterials. The values of these
coefficients for a series of model tests are given in Table 4.

Analysis of this results showed that the presence of geomaterials in the embank-
ment model design leads to a decrease in its sediment under load in the range of
from 1.6 to 3.3 times, increases the total strain modulus of the embankment model
by 1.7–3.3 times and increases the embankment model bearing capacity by 1.6–2.1
times. The tests have shown that the geogrid type does not significantly affect on the
bearing capacity of the embankment model.

Laying the second layer of geogrid does not lead to a significant increase in the
bearing capacity of the subgrade. The effect of its application in comparison with
a single-layer structure is about 5%. Bearing capacity of the embankment model
reinforced by geogrid is 20% higher than when using geogrids.

7 Conclusions

The presence of geosynthetic material in the soil, absorbing tensile deformation,
prevents the formation of continuous sliding surfaces and thus increases its shear
strength. At the initial stage of loading in the phase of soil compaction, geosynthetic
layer has no effect on the process of embankment deformations. Further horizontal
deformation of the soil in the shear phase causes stretching of the geosynthetic
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material caused by friction, which limits the lateral displacement. Destruction occurs
when there is insufficient strength or stiffness of geosynthetics or if its adhesion to
the soil is overcome. The shear occurs over the surface of a geosynthetic material if
the adhesion of the geosynthetic material to the soil is less than the shear resistance
of the soil itself.

The reinforcing geosyntheticmaterialmust be placed in the zone of tensile stresses
in the direction coinciding with the main soil-strain rate of stretching.

A series of model experiments have shown that an increase in the number of
geosynthetic layers does not significantly effect on the roadbed bearing capacity.
Reinforcement in a single layer is sufficient if the geosynthetic has required strength.
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Abstract Mechanically stabilized layers have rather good potential for the appli-
cation in construction of transport structures in cold regions. But determination of
mechanical properties, which could be used in practice, remains still quite problem
both theoretically and practically. The paper describes a new approach how to solve
that problem. Presented method, it is a combination of laboratory experiment and
inversion FEM modelling. The approach is called mechanistic-experimental. The
experiment should be in scale 1:1 and should provide data of at least two indepen-
dent parameters so that FEM model could be calibrated by iterative inverse mod-
elling accordingly. Then mechanical properties like deformation modulus, Poisson
ratio and minimum initial shear resistance of mechanically stabilized layer (com-
posite like) could be determined. The real laboratory and FEM model are described
and discussed. The paper is a continuation of earlier published papers (Rakowski in
Procedia Eng 189:166–173, [1]; Horníček and Rakowski in Mechanically stabilized
granular layers an effective solution for tunnel project. Springer Nature America Inc.,
NewYork, [2]; Rakowski et al. in The applicability of recent mechanically stabilized
granular layer concept in ME pavement design. Springer Nature America Inc., New
York, [3]).
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1 The Structure of Mechanically Stabilized Layer

The key mechanism involved in the field of stabilization is the interlocking of aggre-
gates provided by a stiff geogrid structure [4, 5]. It was confirmed. Three different
zones were distinguished: the immobilized/stiffened zone hi, the transition zone
hT , the untouched zone ho [1–3]. Transition zone means transition from fully con-
finement zone to not confined stone at all. It is assumpted [2, 3] that changing of
properties in vertical direction through that zone has nonlinear character (Fig. 1).
At the moment we are not able to define the parameters of that curve properly. For
practical reasons and certain simplification, the transition zone can be divided on
the set of thin layers each with different parameters according to the position in the
zone (Fig. 1). Following this concept, mechanically stabilized layer has a vertically
layered structure. The performance of the whole mechanically stabilized layer is the
function of the intensity of confinement in the zone GGC and thicknesses of the other
zones [6, 7].

The approach according to Fig. 1 enables to construct amodel representing numer-
ically transition zone as shown in Fig. 2. This approach is then applied in inverse
FEM described in Chap. 3.

Another important consequence of the confinement is shown inFig. 3. The element
is loaded vertically by σ v and due to abutting to geogrid ribs confinement stress
component σ co is generated. By this resulting horizontal stress σ h is reasonably
smaller than in not confined granular material. The knowledge of this mechanism
can be used in further procedure in the laboratory and the following FEM [8, 9].

Fig. 1 Layered model of
mechanically stabilized layer

Zikmund Rakowski 2-2018/2

hGGC

hT

hNI
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Fig. 2 Approximate model
of the distribution of
properties in transition zone

Fig. 3 Reduction of
horizontal stress in the GGC
due to effective confinement

σh

σv

σco

9

2 Laboratory Experiments

Laboratory configuration (Figs. 4, 5, 6) was exactly the same as described in the
earlier work [3], crushed aggregates graded 0–31.5 layers and a triaxial geogrid
(rib pitch 40 mm). Model was formed by three granular layers (250, 250, 150 mm),
between which the geogrid was located. On both lateral walls vibrating wire pressure
cells were installed to measure horizontal pressure.

The load was applied through prefabricated circular reinforced concrete plate,
790 mm in diameter and 140 mm thick. Circular steel plate, 40 mm in height and
390mmindiameter,was placedon the concrete plate. Static loadof 100kN (0.20MPa
under concrete plate) was applied in 4 steps by 25 kN. The measurement of plate
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Fig. 4 Laboratory model—cross section—perpendicular

crosssection

Fig. 5 Laboratory model—top view

settlement and the pressure on sidewalls formed basic data. After t static loading, the
model n was exposed to cyclic loading with a force ranging between 3 and 100 kN
with a sinusoidal mode and a frequency of 3 Hz. The readings were done at 1000,
10,000, 100,000, 200,000, 500,000, 1,000,000, 1,500,000 and 2,000,000 loading
cycles.
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Fig. 6 Experimental box assembled with the actuator

3 Inverse FEM Modelling

FEM models are used to analyse pavement structures [10]. In our case, FEM model
was assembled exactly according to the geometry of physical laboratory model
(Fig. 7) [11, 12].

Modelling was executed in several iterative steps to find parameters of the MSL,
with which the model performs similarly to physical laboratory model. Vertical
settlement and soil pressures on box sides during vertical loading through concrete-
steel plate were measured as the performance parameter. The last model results fitted
to the measured ones almost perfectly. Loading plate was always modelled with E
= 26 GPa and ν = 0.2.

Figure 8 shows a very good agreement between measured and last FEM model
vertical settlement (Fig. 9).

Fig. 7 3D FEM model mesh assembly—linear elastic
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Fig. 8 Total final vertical settlement in FEM model comparing with measured value

Fig. 9 Horizontal stress field in FEM model

Table 1 shows the results of the calibration of the FEM model with the data
measured in the laboratory. In the level of MSL, the figures are exactly the same in
the non-stabilized layer and the similarity is satisfactory.

The results of FEM as described above were achieved by modelling with param-
eters shown in Table 2.

We can observe reasonably increased modulus for fully confined zone and ade-
quately higher values for transition zones. The last are different and difference is in

Table 1 Comparison of
measured and modelled
pressures on sidewalls

Position in model Physical
model/MPa/average

FEM/MPa

Lowest part of the
model

5.3 5.17

In MSL level 2.21 2.21
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Table 2 Parameters of FEM
by layers as used in the
best-calibrated model,
FC—fully confined zone,
T—transition zones

Layer E/MPa ν/–

1 T 500 0.2

2 FC 2000 0.02

3 T 500 0.02

4 T 250 0.1

5 T 750 0.02

6 50 0.4

the position of the layer against fully confined layer. Poisson number for fully con-
fined zone is very low and it explains well the reason for strongly reduced horizontal
pressure on the box sidewalls in the level of that zone [13–15].

4 Conclusions

Direct measurement of MSL mechanical parameters is recently impossible. The
mechanistic-experimental approachbasedon full-scale physicalmodel and its inverse
modelling by FEM using measured data was proven as satisfactory way for deter-
mination of basic parameters of the MSL. Parameters obtained as the results of the
process showed high elastic modulus and very low Poisson number. It confirms the
principle of mechanical stabilization as strong reduction of deformability of fully
confined layer. Such a low deformability agrees with some time used name for fully
confined zone as “quasi rock”. It is obvious that as that was one experiment with
certain type of used materials the results can not be generalized yet. For more general
conclusions more experiments as described should be done.

Acknowledgements Authors thanks Tensar International, Ltd., UK for sponsoring the research
and access to the technical library.
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Stamp Test of Railway Ballast, Stabilized
by Geogrids

Andrei Petriaev , Victor Ganchits , Maria Chetina , Ivan Kozlov
and Svetlana Petrenko

Abstract In accordance with the objectives of the study, the program of works
provided for stamp tests of ballast reinforced with geomaterials. The need for stamp
tests is primarily due to the lack of reliable data to assess the impact of geomaterials
on the stabilized railway ballast deformability. Thus, the main purpose of the stamp
tests was to study and evaluate the impact of different geomaterials types on the
crushed stone deformation properties in different reinforcement variants in a wide
range of operating loads.

Keywords Geogrids · Ballast · Stamp

1 Introduction

The soil moisture in the frozen layers is greatly increased in the process of subgrade
freezing. The load from the rolling stock during the thawing is perceived not by the
soil skeleton, but by the free water formed at the thawing boundary. This leads to a
significant reduction in the bearing capacity of the roadbed soils. The low bearing
capacity of the roadbed during thawing often causes a geometry violation of the upper
structure due to the deformation of subgrade top in the under rail zones. Laying the
geogrid in the ballast reduces these deformations due to the redistribution of pressure.

Previous laboratory researches and numerical simulation results have highlighted
the benefits of geosynthetics reinforcement [1–3]. As a result of stamp tests, it was
noted that with a thickness of the protective layer 10 cm above the geogrid, the
increase in the deformation module is relatively small, which was explained by the
fact that the specified layer thickness is not enough to activate the geogrid [4]. By
increasing the thickness of the protective layer up to 20 cm, the geogrid effect on
increasing the deformation module can already be clearly traced. In this case, it
increases by 31–70%.
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In a series of laboratory studies [5], it was determined that the effect of the geogrid
in the ballast layer is more obvious for soft ground than hard. The size of the geogrid
cell relative to the nominal size of the ballast particles is a very important parameter
for effective stabilization. For maximum ballast particles size up to 50 mm, the opti-
mal geogrid cell size is 60–80 mm. The more rigid geogrid gives a more significant
effect in the ballast.

The geogrid that placed on the boundary ballast base stabilizes part of its layer,
thereby reducing the degree of ballast lateral displacement [6]. The geogrid influence
zone in the ballast limited to the value of 16 cm. A stronger locking of the ballast
particles is observed during the laying of the geogrid in the ballast layer compared to
laying on the border of the ballast-subballast. This is because in the first case, crushed
stone particles can protrude through the holes of the geogrid due to the presence of
the same material both above and below the grid, thereby significantly increasing the
geogrid influence zone.

The present study focuses on the different parameters, such as the depth under
stamp foot of first and second geogrid layers, number of reinforcement layers, on
settlement and bearing capacity of the rectangular stamp resting on the ballast.

2 Experimental Setup

Model tests were carried out in a large test tray of the laboratory of soil mechanics.
The tray is a reinforced concrete tank with dimensions of 300 × 400 cm and a
depth of 203 cm. The tray eliminates the deformation of the base and, accordingly,
their additional impact on the value of deformation of stabilized and non-stabilized
crushed stone layer.

The pure crushed stone of 40–70 mm fractions was used for carrying out stamp
tests, which corresponds to the fractional composition of crushed stone used as
ballast on railways. Geosynthetics were laid at different depths (10–40 cm), in one
or two layers with layer-by-layer compaction. The compaction was made by manual
electric tamping. The tray was equipped with a system of metal beams that allow
you to transfer the load to the model up to 500 kN.

The stamp was loaded with the hydraulic jack with capacity 1000 kN. The load
value, which was transferred to the stamp, was fixed by means of dynamometer,
designed for a maximum force of 250 kN. The dynamometer was duplicated by
manometer on the jack to increase the reliability of the test load measurement.

A rectangular metal plate of dimensions 1200 mm× 700 mm× 25 mmwas used
as the stamp with the area of the stamp-working surface 8400 cm2. A metal ball
with a diameter of 8 mm was used in the center of the model to ensure a strictly
vertical load transfer. A plumb controlled the vertical position of the jack during the
installation and experiment.
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It is allowed to use any devices, the measuring system which allows the mea-
surement of the stamp settlement with error not exceeding 0.1 mm. In our tests,
the device for stamp settlement measuring consisted of four-deflectometer system
Maksimova with a scale measuring sensitivity of 0.01 mm, mounted on a reference
system. The stamp was connected to the deflectometer by means of a steel wire
in diameter of 0.3 mm. Immediately before the filling process, a steel wire with a
diameter of 0.3 mm was attached to each of the edges of the laid geomaterial with
the help of special carbines to control a horizontal displacement of the geomaterial.
The other end of the wire was connected to the deflectometer through the system of
blocks and carabiners. The wire was passed in a steel tube with a diameter of 20 mm
to prevent it jamming with ballast. The reference system consisted of four beams and
placed before each experiment on the tray walls. This ensured the immobility of the
reference system during the test.

3 Material Properties and Their Laying

Magmatic and sedimentary rocks are used as a source of ballast materials in various
countries because they tend to have high hardness and compressive strength and
resistance to weathering.

The tested ballast in this study is a sharp angular coarse particles of volcanic
granites crushing. The grain size distribution of fresh ballast is shown in Fig. 1. The

Fig. 1 Particle size distribution of tested ballast
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selected particle size distribution, which is used in laboratory tests, is typical for
railways of JSC “Russian Railways”.

Some characteristics of the used geosynthetics are given in Table 1.
The schemes of the subgrade reinforcement and layers dimension, investigated in

our experiments, are shown in Fig. 2 and Table 2.

Table 1 Tested geosynthetics

Characteristics of
the material

Type 1 Type 2 Type 3 Type 4

Structure Bi-oriented
geogrid

Bi-oriented
geogrid

Bi-oriented
geogrid

Geocells

Polymer type Polypropylene Polypropylene Polyester Polyethylene

Aperture size
MD/TD, mm

39/39 35/45 50/50 200/200

Strength at 5%
strain MD/TD,
kN/m

21/21 28/30 28/28

Peak tensile
strength MD/TD,
kN/m

30/30 40/40 80/80 29/29

Yield point
elongation
MD/TD, %

12 10/10 13/13 25/25

Fig. 2 Schemes of the subgrade reinforcement
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Table 2 Dimensions of test construction

Test number Geosynthetics type Geometric parameters in accordance with Fig. 2
B = 300 cm, b = 70 cm, h = 2.5 cm

ho, cm h1, cm h2, cm h3, cm

1 Crushed stone 120 – – –

2 Type 1 120 50 – 70

3 Type 2 120 50 – 70

4 Type 3 120 50 – 70

5 Type 4 120 50 – 70

6 Type 1 120 40 10 70

7 Type 1 120 30 20 70

8 Type 1 120 20 30 70

4 Test Procedure

The next main parameters were varied during the tests: the total ballast thickness,
geosynthetics type, the geomaterial depth under stamp, the number of geosynthetics
layers, and the distance between them.

The loading of stamp was carried out in steps of 0.048 and 0.06 MPa. The max-
imum load was 0.228 MPa. The value of the maximum pressure was established
based on the considerations that the actual pressure under the sleeper with rails P65
and axial loads up to 230 kN is about 0.2 MPa. The weight of the stamp and jack
was included in the first pressure step.

Each next stage of pressurewaswithstood to the conditional stabilization of ballast
deformation, and the speedof stamp settlement, not exceeding0.1mmfor 30min,was
taken as a criterion of deformation stabilization. The value of the total deformation
was determined as the arithmetic mean of the readings. When the maximum load
value of 0.228 MPa was reached, the investigated sub-base was fully unloaded.

In the final stage of each test cycle, the measuring system and used ballast were
removed, and geomaterial samples were inspected.

Design solutions variants implemented in the stamp tests are given in Table 2.

5 Results and Discussion

It should be noted that the dependences of the deformation on the load is nonlinear
(Fig. 3). This is especially noticeable in structures where there is a geosynthetic
reinforcing layer. On the first stage, there are a compression and compaction of the
ballast top layer, grinding in the stamp surface, which leads to a slightly larger value
of the total strain in comparison with the second step of the load in all variants of
constructive solutions. The absolute value of settlement is almost the same for all
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•- ballast; •- Type 1 two layers 10cm; •- Type 1 two layers 20cm; • - Type 1 two layers 
30cm; • Type 2 one layer; • Type 3 one layer; • Type 4 one layer.

Fig. 3 Dependence of settlement on stamp load

variants of structures after the first stage, except for the structure with three layers,
and is about 0.5 mm. Starting from the second stage of the load, the dependence of
deformation on the load for non-stabilized ballast becomes almost linear.

The calculated value of the deformation modulus in this case is 72 MPa. In the
further, the deformation process of reinforced and not reinforced ballast is different.
Structures with reinforcing layers have a slightly increased deformability in compar-
ison with the non-reinforced structure in the load range of 0.07–0.12 MPa. It is due
to the ballast compaction at the depth of geosynthetic laying, reorientation, and final
jamming of individual ballast grains in the geogrid cells. With a further increase in
the load, the geogrids are included in the work, which leads to a sharp change in the
deformation module at these stages. It should be noted that the inclusion of geogrids
in the work with one-layer structure occurs when the load on the stamp is 0.17 MPa.
For two layers reinforcement, this is also at the load 0.17 MPa, but there is a slight
decrease in the base deformability in the range of 0.12–0.17 MPa. The inclusion
in the work of geogrid in the three-layer structure occurs earlier, exactly when the
load on the stamp is 0.12 MPa. This is connected with the fact that the top layer in
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the three-layer structure was situated on the depth only 10 cm, and this led to the
inclusion of the top layer in the work at an earlier stage of loading.

The design with geosynthetic Type 4 in the load range of 0.12–0.23 MPa showed
a linear dependence of the total strain on the applied load, and the value of the defor-
mation modulus of such a structure does not differ from the value of the deformation
modulus of crushed stone. This means that in these conditions, there was no full
inclusion of geocells in the work of the reinforcement structure. This fact is related
to the impossibility of ballast normal compaction in the cells due to the relative size
of the material cells and the predominant fractions of crushed stone. It is most likely
that in fine crushed stone or sand, the inclusion of geocells in the work will occur at
a lower load.

When the load on the stamp is more than 0.23 MPa, the value of the stamp
settlement for reinforced structures becomes less than for crushed stone. This fact
allows us to predict that at the loads exceeding the specified value, the geomaterials
will contribute to the ballast deformation reduction.

A significant geosynthetic horizontal movement was not recorded from the action
of vertical load in all tests. This indicates that in this range of loads, the geometric
dimensions of the studied materials are sufficient to become anchored, and they
perceive the tensile forces without pulling out from the ballast. On the other hand,
this indicates that the geogrid does not work as a membrane in the ballast, which is
located on a sufficiently strong base, and the effect of blocking of gravel particles in
the geogrid is observed. The specified property of a composite material consisting
of crushed stone and a geogrid allows its use in the construction of the ballast prism
of railway tracks to decrease its deformability.

Inspection of geogrids after the experiments did not reveal any changes in the
geometry of the cells, such as breaks, geometric distortions, etc., which indicates the
normal operation of geosynthetics in the ballast under tested load up to 0.23 MPa.
The results showed that the stabilized ballast deformation properties are directly
dependent on the stamp load and the geosynthetics depth laying. Both of these factors
depend on stresses that are realized at the geosynthetics level. Thus, an important
task is to determine the stresses at the geosynthetics level, at which it is included in
the work. This stress may be determined in accordance with the known solutions for
the stresses attenuation under the rigid rectangular stamp [7]. For the stamp that we
used in tests, this value is 0.1 MPa.

The obtained results show a positive effect of geomaterials on the ballast deforma-
bility, but do not provide an opportunity for an objective assessment of geogrids
impact on the ballast deformed state in other design solutions. We have so far used
the value of the total deformation modulus, which, obviously, will largely depend
on the total thickness of structure. The greatest interest for us is only a layer of
soil, the deformation characteristics of which have changed during reinforcement
with geogrid. The fact that total deformation module increases in reinforced ballast
indicate the possibility to consider this construction as a sandwich structure, where
there is an additional conditionally homogeneous layer in crushed stone. This layer
equivalently replaces the geogrid impact on the ballast layer stress-strain condition.
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Fig. 4 The dependence of
the total deformation module
on the geogrid laying depth

■ – ballast;  ♦ - stabilized ballast

The series of experiments was carried out to determine the thickness and defor-
mation module of this layer. The geogrid Type 1 was consistently placed at different
depths from the surface of the stamp. The results are shown at Fig. 4.

The deformation module is 75 MPa when the geogrid was placed at the ballast
surface, under the stamp foot. This module slightly (4%) differs from the total defor-
mation module of unreinforced construction. This is because there is no geogrid
anchorage, and it works due to the friction forces in the contact zone of the crushed
stone and geogrid. Geogrid gradually activates with increasing laying depth from 0
to 12 cm under the stamp, and the total deformation module increases from 75 to
88MPa. A further increase in the geogrid depth from the stamp foot does not change
the total deformation module. This fact indicates that geogrid is fully involved in the
work with the layer thickness above it 11 cm. Therefore, it can be assumed that the
influence zone of geogrid Type 1 on the overlying layer of ballast is about 11 cm. The
geogrid Type 1 influence zone in this ballast type is 22 cm as the geogrid reinforces
both the overlying and the underlying layers.

The deformation modulus 480 MPa of this equivalent layer with thickness 22 cm
was determined analytically in accordance with [7, 8].

6 Conclusions

The stamp tests results analysis of ballast that was stabilized by geogrids allows us
to note the following. Inclusion geogrid in the work occurs at some external load
values, which are due to the achievement of certain values of stresses acting at the
geogrid laying level. The external load and the geogrid laying depth are factors that
affect the deformability designs.

These experimental studies have obtained the ballast stress value 0.1 MPa, at
which geogrid is included in the work. Geosynthetics horizontal movement was not
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occurring in ballast under the load up to 0.23MPa.When the ballast is reinforcedwith
a single-layer geogrid, the deformation modulus increases by 1.22 times in the load
range on a stamp of 0.12–0.23 MPa; when reinforced in two layers, the deformation
modulus increases 1.79–2.08 times.

The deformation properties of the crushed stone layer during the joint work with
geocells in the same load range slightly deteriorated by 22.4%. It is caused by impos-
sibility of fractions 40–70 crushed stone normal compaction in the cells. The depth
of geocells laying from the stamp surface in the range from 10 to 50 cm does not
affect the deformation of the ballast. The total deformation module increases in rein-
forced ballast that point on the possibility to consider this construction as a sandwich
structure. In this design, the reinforcing properties of the geogrids may be modeled
by the introduction of an equivalent layer with certain geometric and deformation
properties. The thickness and deformation modulus of this equivalent layer that are
determined by the ballast stamp tests results are 22 cm and 480 MPa.
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Relevant Properties
of PET-Geosynthetics in Cold Regions

Viktor Poberezhnyi

Abstract Nowadays, the use of the geosynthetics in infrastructural projects is awell-
known practice, which has shown its advantages worldwide.Market demands as well
as technical challenges have led to the development of a wide range of geosynthetics
made of different raw materials, in particular, polymer-based materials. This paper
focuses on the properties of geosynthetics, made of polyester-terephthalate (PET),
which are relevant to their performance in cold regions. In different researches and
publications, it has been concluded that some of the main mechanical properties of
polymeric geosynthetics, such as stress-strain behavior, including tendency to creep,
change if the same material is exposed to different temperatures. The awareness
of the properties alterations at different temperatures is indispensable for designing
geosynthetic reinforced structures safely and efficiently. With regard to design pro-
cedures which are generally calibrated for areas with moderate climate, it allows to
come up with more cost-effective solutions by taking into account the temperature
regimes of the geosynthetic reinforced structures. The paper shows the dependency
of the properties of PET-geosynthetics to different temperatures and indicates its
potential utility.

Keywords Temperature-dependent properties · PET-geosynthetics · Soil
temperature regimes

1 Introduction

The development of infrastructure, including rehabilitation or construction of new
roads, retaining walls, bridges, landfills, and other structures, is an intrinsic demand
of the economic growth also in the cold regions of the world. The utilization of
the modern construction materials, such as geosynthetics, in combination with the
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understanding of the working conditions of geosynthetic reinforced structures allows
to implement highly cost-effective solutions even in harsh conditions of the northern
regions.

Taking into account the alteration of the properties of polymeric geosynthetics in
different service conditions, it is possible not only to design safer structures, but also
to make them more cost-effective.

Polymeric geosynthetics are typically produced from polyester-terephthalate
(PET), polypropylene (PP), polyvinyl alcohol (PVA), aramid (AR), or high-density
polyethylene (HDPE). Each of them performs differently at different temperatures.
For instance, investigations on HUESKER products show that strength and tensile
moduli of the PET-geotextiles can increase with the temperature getting lower than
the standard reference temperature of 20 °C. At the same time, the creep and the
chemical sensitivity decrease. The existing data on HUESKER PET-geosynthetics
behavior reveal that the structures, which are designed with the properties of the
geosynthetics determined at 20 °C, but operated at the temperatures less than 20 °C,
can perform with a greater margin of safety and less deformations than designed.

2 PET Behavior at Different Temperatures

The mechanical properties of polymeric materials, including creep, depend not only
on type and morphology of raw materials, but also on the external physical and
chemical impacts.

As a rule, such physical processes as creep do not lead to the transformation of
the chemical properties of the material, i.e. the polymers can only move with respect
to each other until they fully disconnect, which is considered as rupture.

Chemical reactions, such as degradation due to hydrolysis or oxidation, in its turn
cause rupture or linking of the polymers. As a result, the average molecular weight
alters, which eventually leads to the degeneration of the mechanical performance.

The degree of impact of physical or chemical processes is determined by the
intensity of the mechanical stress as well as by the temperature at which they take
place.

A number of tests made with HUESKER PET-geosynthetics, such as woven geo-
textiles Stabilenka and geogrids Fortrac T, show an enhancement of the mechani-
cal performance at temperatures lower than the normative reference temperature of
20 °C. Tests performed in 2004, 2007, and 2018 in TRI/Environmental, Inc. (TRI)
allow to estimate the influence of the temperature on the character of creep and
hydrolytic degradation. Furthermore, in order to estimate the influence of strain rate
on tensile strength of woven geotextile in the selected range of temperatures, a set
of tests was performed in Warsaw University of Life Science.
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Fig. 1 Hydrolytic degradation curves for HUESKER PET-products at different temperatures

2.1 Hydrolytic Degradation

Figure 1 presents the rates of hydrolytic degradation of HUESKER PET-products at
different temperatures.

The results of the tests show that the design life of the material decreases to
1.5 years if it is tested at 50 °C considering a target value of the retained strength of
97.1%. This target value corresponds to the impact of chemical degradation on the
retained strength of HUESKER PET-products after 114 years of being exposed to
the neutral environment. The same tests indicate that the designed life increases to
more than 500 years if the material is tested at 10 °C with the same target value of
the retained strength.

2.2 Creep-Rupture

Figure 2 shows the creep-rupture curves of Stabilenka woven geotextile at different
temperatures.

It can be concluded from the graph that the design life drops to 0.23 years if the
material is tested at 50 °C at the target load level equal to 66% of the ultimate tensile
strength. The design life is expected to reach 114 years if the material is tested at
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Fig. 2 Creep-rupture curves of Stabilenka at different temperatures

20 °C at the load level equal to 66%. The data also confirm that the design life attains
about 900 years if the same material is tested at 10 °C with the same loading ratio.

2.3 Stress-Strain Behavior

The next set of laboratory data on Stabilenka and Fortrac T reinforcement prod-
ucts shows the stress-strain behavior alterations at different temperatures [1]. Both
products perform identically in terms of stress-strain behavior.

Figure 3 presents the ratio of the ultimate tensile strength determined at various
temperatures in relation to the ultimate tensile strength at reference temperature of
20 °C, which is set as 100.0%.

Figure 4 presents the ratio of the strain at rupture determined at various tempera-
tures in relation to the strain at the ultimate tensile strength at 20 °C, which is set as
100.0%.

It can be seen that the tensile strength of PET-geosynthetics increases with the
temperature getting less than 20 °C, whereas the strain at rupture decreases. At the
same time, this results in a higher tensile stiffness at temperatures lower than 20 °C.

3 Soil Temperature Regimes

Long-term observations of the soil temperatures in different regions give some
prospects for further investigation into the behavior of geosynthetics in geosynthetic
reinforced structures.
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Fig. 3 Ultimate tensile strength of Stabilenka and Fortrac T determined at different temperatures
in relation to the ultimate tensile strength at reference temperature of 20 °C

Fig. 4 Strain at rupture of Stabilenka and Fortrac T determined at various temperatures in relation
to the strain at the ultimate tensile strength at reference temperature of 20 °C

In accordance with the data provided by the United States Department of Agri-
culture, soil temperature regimes such as mesic, frigid, cryic, and gelisol prevail in
many regions [2]. Mean soil temperatures at a depth of 50 cm from the soil surface or
at a densic, lithic, or paralithic contact, whichever is shallower in those soil tempera-
ture regimes do not exceed 15 °C [3]. Such soil temperature regimes imply the need
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Fig. 5 The global soil temperature regimes map

for further investigation into the temperature regimes of the geosynthetic reinforced
structures. Figure 5 shows the global soil temperature regimes map.

Further investigations are required due to the apparent difference in the temper-
ature conditions of geosynthetic reinforced structures and soils, which are used for
agricultural purposes. Certain impacts of different temperature conductivities, water
content, presence or absence of snow cover, solar insolation, and other factors are to
be considered. In addition, a significant role of climate change and global warming
must be taken into account.

4 Conclusion

The paper describes the positive changes in the performance of PET-geosynthetics
at temperatures less than 20 °C. The results of the tests performed on HUESKER
PET-products at different temperatures show the decrease in the creep rate, higher
ultimate strength, and lower strain at rupture in relation to the values measured at the
reference temperature of 20 °C. The tested materials also showed less sensitivity to
the hydrolytic degradation at temperatures less than 20 °C. The results are valid for
the tested PET-products.

The enhanced performance of PET-geosynthetics can be developed in the geosyn-
thetic reinforced structures inwhich they are operated at temperatures less than 20 °C.
This can lead to better performance including a higher factor of safety, less deforma-
tions, or significantly increased allowable lifetime of already existing geosynthetic
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reinforced structures. It is also possible to design more efficient structures from tech-
nical and commercial points of view having sufficient amount of data on the behav-
ior of the geosynthetics in different temperature regimes of geosynthetic reinforced
structures.

Some regions of the world are of a particular interest due to the present soil
temperature regimes at which the improved properties of PET-geosynthetics can be
utilized.

Further investigations are required on this topic.
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The Technology of Mechanically
Stabilized Layers for Road Structures
in Cold Regions

Zikmund Rakowski and Jacek Kawalec

Abstract The paper describes the technology of mechanically stabilized layers in
road structures. Special attention is paid to weak soils extreme cold regions Theo-
retical approach to the application of MSL technology in such conditions supported
by practical experience is presented. Special attention is paid to the distribution
of load through the mechanically stabilized layer. There are described examples of
structures where the influence of parameters and structure of mechanically stabilized
layers are demonstrated. By proper selection of the structure, the performance of the
road can be essentially influenced. Recommendations for future development and
widen application are formulated.

Keywords Geogrids ·Mechanically stabilized layer · Interlocking · Road
structure ·Weak soil · Cold regions

1 Introduction

Roads over weak soils in cold regions meet several technical problems. Building of
the road in such conditions in the warm season is technically almost impossible due
to problems with machinery access on site. Layers of granular materials are typical
construction elements of paved and/or unpaved roads, railways and hard-standings
structures. The granular layers experience only the relatively insignificant permanent
load from the weight of the layers on top. When construction or in-service traffic
passes (vehicles, trains, etc.), these layers are under transient increased pressure
resulting in associated strain. Passing of the trafficking load induces both vertical
and horizontal stress components in granular layers, where the associated horizontal
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strains have a radial distribution. The stabilization is defined as the beneficial con-
sequence on the serviceability of an unbound granular layer via the inhibition of the
movement of the particles of that layer under applied load [1–3]. Load distribution
through different structures with and without mechanically stabilized layer (MSL)
is analysed and evaluated from the point of view of roads over weak soils in cold
regions. This paper describes continuation of earlier published results of the research
[4–6].

2 Actual Concept of Mechanically Stabilized Layer (MSL)

The interlock of aggregate is the key mechanism involved in the stabilization [5–
7]. During the placement and compaction of a granular layer over a geogrid, the
aggregate partially penetrates into the geogrid apertures. Abutting of grains against
ribs leads to their immobilization (Fig. 1) The inhibition of the movement of the
grains under load is the essential effect and the principle of mechanical stabilization.

When wheels are passing over granular layer, the rotation of loading forces is
observed in both interlocked and untouched grains. But in case of the presence of
the geogrid, their ribs are also involved in force distribution due to abutting of grains
(Fig. 2).

The difference inmechanismof loading in not interlocked and interlockedgrains is
shown inFig. 3. Shear displacements betweengrains are almost completely restricted.
The system is much stiffer and performs as quasi rock. The scheme on Fig. 2 shows
that the stone grain is properly locked in the aperture and when loaded abutting
forces are becoming active. It is not any more discrete system of granular material
and geogrid but a kind of composite performing like stiff continuum. By that the
system—composite—represents completely new quality which is not a simple sum
of properties of components. It is called grain-geogrid-composite (GGC).

         +

Fig. 1 Process of stone grains immobilization in geogrid aperture
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Fig. 2 Rotation of loads during wheel passing in interlocked (left) and not touched grains (right)

Fig. 3 Difference in mechanism of loading in not interlocked (left) and interlocked (right) grains
[5, 6]

Mechanically stabilized layer should be characterized, namely by its thickness,
deformation modulus and shear strength, namely in the vertical direction. It was
confirmed, e.g. [3, 8, 9], that fully immobilized zone can achieve the thickness hi =
7–10 cm. In case of hexagonal geogrid, it can be even up to 15 cm; it means few times
Dmax. According to [5, 6], the effect of interlocking is decreasing with the distance
from the geogrid.

The layer mechanically stabilized by stiff geogrid is vertically not homogenous
with different intensity ofmechanical immobilization of grains. Three different zones
are distinguished [5, 6]: immobilized/stiffened zone GGC, transition zone and not
influenced zone (Fig. 4).

Increasing the thickness of granular layer is a typical measure for traditional way
of improving the layer stability. In case of mechanically stabilized layer, simple
increasing of the thickness should be applied carefully as by this just not influenced
zone could be increased (Fig. 5) what may lead to worse mechanical properties of
the whole layer in fact.
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Fig. 4 Zonality of the MSL
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3 MSL Potential for Roads on Weak Soils in Cold Regions

Roads over weak soils in cold regions meet several technical problems. Building
of the road in such conditions in the warm season is technically almost impossible
due to problems with machinery access on site. Of course, then the final stability
of structure is next important one. Often the first problem is approached by shifting
construction period towinter seasonwhen frozen ground enables constructionworks.
But when the thawing period comes, the overall stability can be problematic. One
of the promising solutions could be the application of mechanically stabilized layer
(MSL) in road structure. The interlocking and resulting immobilization of grains
in stiff geogrid limit their vertical and horizontal displacements and so stabilize the
layer. Also, mixing of granular material with soft subsoil is prevented effectively [4,
10–13]. Other fundamental contribution of the MSL is effective load distribution.

Load distribution through standard (unconfined) crushed stone may be typically
considered by angle of 35°. Loaded zone on the base of the layer is d1 = 0.7 * h1
(Fig. 6) [4, 14].

Let us havemechanically stabilized layer of thickness h2 = h1/2. Load distribution
through MSL is more complex due to nonlinearity in transition zone. Generalized



The Technology of Mechanically Stabilized Layers … 67

Fig. 6 Load distribution
through standard layer
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angle of total distribution is considered as 70° [5]. Loaded zone on the base of the
layer is d2 = 2.75 * h1/2 (Fig. 7).

The next example shows combined structure when bottom half of the layer is
formed by MSL and upper one by unconfined standard granular material (Fig. 8). In
such a case, the width of load distribution zone is d3 = d2 + d4 (Fig. 8).

The last example shows the structure formed by double MSL (Fig. 9). The load
zone d5 = 2.75 * h1.

Fig. 8 Load distribution
through MSL+ unconfined
layer
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Fig. 9 Load distribution
through double MSL
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4 Discussion

Based on the results shown above, we can evaluate and compare the efficiency of
different presented types of structures.

• A comparison of the first two structures shows that the ratio is d2/d1 = 1.96. It
means that even just half thickness of the MSL is almost two times more efficient
than full thickness standard layer.

• The next ratio is d3/d2 = 1.25. It means that adding aboveMSL the same thickness
of unconfined granular material is relatively less efficient.

• Although comparing d3/d1 gives the ratio 2.4, so that structure, it is still very good
improvement.

• Comparing d5/d1 gives the ratio 3.92. It is the most efficient structure from all
presented ones.

In principle, there are two types of benefits from using MSL as follows:

1. Reasonable savings of granular material due to smaller thickness of MSL com-
paring with standard layer.

2. Reasonable increase of bearing capacity when applying the same thickness in
both cases can be important, e.g. when transporting of heavy equipment is con-
sidered.

Practical experience with the installation of stiff geogrids in the extreme cold
weather confirmed the possibility to use this technology already (Fig. 10).



The Technology of Mechanically Stabilized Layers … 69

Fig. 10 Installation of
geogrids in temperature −
53°. Yakutia, Russia
(courtesy of Tensar
International)

5 Conclusion

Mechanically stabilized layer confirms its high potential also for roads in cold
regions. All benefits provided by geogrid to aggregate known from other applications
are achievable in low temperatures.
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Numerical Simulation of the Work
of a Low-Settlement Embankment
on a Pile Foundation in the Process
of Permafrost Soil Thawing

Sergey Kudryavtsev , Tatiana Valtseva , Semen Bugunov ,
Zhanna Kotenko , Vladimir Paramonov , Igor Saharov
and Natalya Sokolova

Abstract The article presents numericalmodeling techniques, calculations, and rec-
ommendations for rational roadbed structures in the zone of permafrost and soft soils
in the independent railway line construction areas that are in the zone of influence
of the constructed reservoir in the Far East Federal District of Russia, taking into
account constructional measures that reduce the intensity and uneven deformation of
the defrost base. The usage of a geomaterials in the structure allows to lessen consid-
erably the volume of expensive hardmineral volcanic filling of high quality. Numeric
modeling of the structure behavior was done using a programming geotechnical com-
plex, an “FEMmodel.” This allowed to give a quantitative and qualitative assessment
of freezing and thawing processes in conditions of annual cycle construction.

Keywords Permafrost soils · Deformations · Integral grid

1 Engineering-Geological Structure of a Considered Site

The roadbedonpermafrost high-temperature soils of the reorganizationof a sectionof
the railway line that falls into the zone of influence of the reservoir of the Bureyskaya
HPP is designed according to the second principle—with the assumption of thawing
of the base from the weight of the embankment [1–3].
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The roadbed is designed for winter dumping conditions, with the soil of the
active layer completely frozen; therefore, the widening of the embankment for the
possibility of filling after full thawing is 1.5 total precipitation in each direction [4–6].

The width of the roadbed on the straight sections of the road is taken as 5.8 m
for embankments filled with rocky pebbles and rocky silt wood and low-strength
sandstone draining. The width of 6.5 m is taken in the level of the profile edge, and
5.8 m is the level of the design edge, which is 0.35 m (0.15 m drain prism +0.20 m
difference in ballast thickness) higher than the profile, and in the curves, the subgrade
is broadened from the outside according to SNiP 32-01-95.

Gentle flat watershed areas are mainly represented by peatlands.
Ground cover is formed by moisture-loving mosses. The surface of the peat-

lands is cut up by subtle sikes, frost knobs, thermokarst-collapsed funnels and lakes.
Approaches to the sikes are very swamped, overgrown with sedge and a thick bump.

The climate of the region is harsh, extreme continental, formed under the influence
of the Asian continent and the Pacific Ocean, thus preserving the monsoon character.
The influence of the continent manifests itself mainly in the winter, when dry and
heavily cooled continental air penetrates the study area.

Soil temperature, as well as air temperature, is determined by climate-forming
factors of a large scale: atmospheric circulation and radiation regime. In addition,
the thermal conditions of the soil, even more than the air temperature, are influenced
by local conditions: microrelief, slope steepness, the mechanical and chemical com-
position of the soil itself, vegetation, groundwater level, and human activity.

The actual depth of seasonal freezing of soils on the basis of a full-scale inspection
of soil samples during drilling varies widely from 0.6 to 3.5 m, depending on the
penetrated soils. The greatest depth of seasonal freezing is recorded in coarse-grained
soils and reaches 3.0–3.5 m.

The area of research is located in the zone of discontinuous distribution of per-
mafrost. There are taliks in the area, both of hydrogeological and hydrological origin,
as well as taliks of radiation genesis. The first are developed in the valley of the river
Bureya and in the floodplain parts of its tributaries Adnikan and Dublikan with the
river Soloni. The latter are confined to the slopes of the southern exposition and to
areas composed of rocks that well infiltrate rainwater. Taliks are developed not only
in the valleys, but also in the watersheds. The thickness of the permafrost soil varies
from 25 to 60 m. The temperature of the permafrost varies from −0.7 to −1.8 °C.

In the valleys of the rivers Adnikan, South Elga, Dublikan, and Soloni, marshes
of the lowland type are widely developed.

The length of the swamps along the bypass road reaches 30%, and the peat thick-
ness is 2–3 m, averaging 1 m. In terms of subsidence, permafrost peat belongs to the
W and IV subsidence categories.
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2 Deformations of an Embankment

As a result of the influence of the reservoir of the Bureyskaya HPP and the fact
that permafrost rocks with taliks are widespread in the study area, permafrost is in
unstable equilibrium and is subject to the formation of thermokarst and degradation.
The presence of high bogs developed on the aboriginal slopes and watersheds, as
well as the heterogeneity of the soil surface, and therefore its temperature can vary
greatly over a distance of even several meters, causing deformation of the railway
embankment [7–9]. Figures 1 and 2 show the sections of the railway embankment
on thawing permafrost with measures to stabilize deformations.

In this regard, it is necessary to develop structures of the railway embankment
and the roadbed to ensure the safety and uninterrupted movement of trains [6, 10].

3 Methodology of Geotechnical Modeling of the Subgrade
Thawing on Weak Grounds

This method of numerical modeling was used to determine the thermophysical pro-
cess of the ground. The FEM models can to model condition of structures in its
stress and strain state, the processes of freezing and thawing and any other nec-
essary parameters of structures. This complex was developed by the geotechnical

Fig. 1 Deformations of the railway embankment on thawing permafrost soil
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Fig. 2 Construction of anti-deformation measures of the railway embankment on thawing per-
mafrost

engineers. Module «Termoground» is one of the main parts of all complex of «FEM
models» software, which can define the thermophysical parameters of foundations
and structures.

The thermophysical processes described in the work are described in the work of
such authors as Ulitckiy et al. [11].

The main parameters are the air temperature and the heat exchange conditions. It
depends on the solar radiation, wind conditions, andmany other factors.Main param-
eters are taken in accordance with the SR 25.13330.2012—Permafrost Foundation
Engineering Standards [12, 13].

4 Heat-Engineering Calculation of Bulk on a Permafrost
Base

The transverse profile of the simulated embankment height H = 2.7 m is located on
a slope with a cross-slope of 64%.

At the base of the embankment, a moss-vegetative layer with a thickness of up to
0.3 m lies down; below, sandy loam occurs with a thickness of up to 1.2 m; below lies
soft plastic loam thickness up to 1.4 m; the loam of permafrost is layered below with
layered cryo-textures up to 1.2 m below; under it lies a sandstone of low-strength
permafrost massive cryo-texture. The design scheme of the embankment is shown
in Fig. 3 (3D model).
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Fig. 3 Calculation scheme of the embankment: 1—body of the mound (sandstone or pebble);
2—moss-plant layer; 3—sandy loam; 4—soft plastic loam; 5—permafrost loam of layered cryo-
texture; 6—sandy loam permafrost layered cryo-texture; 7—sandstone of low-strength permafrost
massive cryo-texture

Fig. 4 Diagrams of temperature distribution in the body of the mound and the basis for the month
of September: 1—thawed ground; 2—frozen soil

As a result of the heat-engineering calculation, it was established that during the
month of September, the thawing of base soils outside the embankment will be up
to 1.2 m (Fig. 4, 3D-model) [12, 13]. Under the embankment, the greatest thawing
ranges from 0.5 to 1.2 m. The temperature of permafrost varies from −0.80 to −
1.20 °C.

5 Calculation of Deflected Mode of Embankment
on Thawed Grounds

In the case of embankment construction on basis of principle II of the vertical defor-
mation of the body of the embankment and the grounds for the initial period of
operation will be at least 42 cm (Figs. 5 and 6, 3D models). At the same time, half
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Fig. 5 Diagrams of vertical deformations of the body of the mound and grounds for the initial
period of operation

Fig. 6 Isolines of vertical deformations of the body of the mound and the grounds for the initial
period of operation

of the sediment values fall on the compression of the moss-vegetative layer, sandy
loam, and soft plastic loam [14–16].

Due to the fact that the embankment is located on a slope, the basis of the slope,
especially in the moss-vegetation layer and sandy loam in the lower part, develops
horizontal deformations of more than 21 cm (Fig. 7, 3D model).

To reduce the vertical and horizontal deformations of this embankment, a con-
struction of a low-cage embankment (Fig. 8, 3Dmodel) is proposed, which includes:

1. Construction of a pile field of reinforced concrete piles 11.0 m long, 20× 20 cm
in cross section, 2 m in length, and 1.6–2.5 m in diameter across the embankment
for transferring train load and from embankment weight to a low-compressible
layer of low-density cryogenic sandstone;

2. To evenly distribute the train load and the weight of the embankment on the piles,
it is advisable to install two layers of a Tensar geogrid over the heads of the piles
over the entire width of 21.0 m and a height of up to 0.7 m. The length of the
transition section to the bridge should be at least 100 m finally determined by
local conditions.
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Fig. 7 Isolines and diagrams of horizontal deformations of the body of the embankment and the
bases for the initial period of operation

Fig. 8 Construction of a low-settlement embankment on the approaches to the bridges: 1—two
layers of Tensar geogrid; 2—reinforced concrete piles 11.0 m long and a section of 20 × 20 cm

The vertical deformations of the embankment with this design of the low-
settlement embankment device will be from 21 to 71 mm in the initial period of
operation, that is, the sediment reduction will be at least 92% (Fig. 9, 3D model).

With the given construction structure of a low-mound embankment, horizontal
deformations will reach up to 15 mm, i.e., the reduction will be up to 93% (Figs. 10,
11, 3D models).
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Fig. 9 Isolines of the vertical deformations of the body of the low-settlement embankment and
foundations for the initial period of operation

Fig. 10 Diagrams of vertical deformations of the body of the low-settlement embankment and
bases for the initial period of operation

Fig. 11 Diagrams of vertical deformations of the structure low-mass embankment for the initial
period of operation
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6 Conclusions

1. The actual depth of seasonal soil freezing on the basis of a full-scale inspection
of soil samples during drilling varies widely from 0.6 to 3.5 m, depending on the
penetrated soils. The greatest depth of seasonal freezing is recorded in coarse-
grained soils and reaches 3.0–3.5 m.

2. It is advisable to design the subgrade and foundations of artificial and transport
structures according to the principle—with the degradation of permafrost.

3. The software package “Termoground” allows to solve three-dimensional ther-
mophysical and stress–strain.

4. The heat-engineering calculation is performed in the annual cycle of freezing and
thawing. In subsequent years, the depth of thawing will increase due to changes
in the heat-engineering parameters of the base soils prone to compressive train
load and embankment weight.

5. Deflected mode calculation of the embankment in the process of thawing from
train load and embankment weight was made in the initial period of operation
and does not take into account the subsequent cyclicality of the trains. Therefore,
the final draft will be 20–30% more than calculated.

6. To exclude horizontal and vertical deformations of embankments on thawing
permafrost soils, it is advisable to build pile foundations on a grillage from a
biaxial integral grid on approaches to bridge crossings. The developed design
reduces the vertical and horizontal deformations of the embankment by more
than 90%.
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Experimental Evaluation
of the Deformational Calculation Method
of Foundations for Overpasses
of High-Speed Railways

Vladimir Ulitskiy , Sergey Alekseev and Stanislav Kondrat’ev

Abstract One of the most important issues of the foundation design for overpasses
of high-speed railways is consideration of soil strata heterogeneity (along the track
line) influence on differential foundation soil settlements. The possibility of their
limiting is directly related to the degree of conformity of predictable (calculated)
and actual (obtained) values of foundation soil settlement. The purpose of the article
is to optimality substantiation of using the predetermined soil settlement criterion
(deformational calculation method) for the design of foundations for overpasses of
high-speed railways, because this method allows decreasing the values of differential
soil settlements tominimum. The following research taskswere solved: experimental
studies on deformation of soil under the model of a shallow foundation (the model
tests); comparison of experimentally measured and calculated soil settlements using
the deformational calculation method and the numerical simulation; comparison of
experimentally measured and calculated soil settlements using the proposed method
and the most common approximate (“engineering”) methods; economic efficiency
substantiation of the deformational calculationmethod.Based on the obtained results,
the proposedmethod can be considered as promising for solving problems associated
with the design of foundations for overpasses of high-speed railways.

Keywords Soil settlement · Overpass foundation · High-speed railways

1 Introduction

The solution of tasks, related to transportation process, cannot be achieved without
railway infrastructure construction. In the construction of the high-speed railways
(HSR) on overpasses [1], the issue of foundation soil deformation becomes partic-
ularly important. Contemporary regulations (e.g., [2]), concerning the HSR design,
limit the values of soil settlement in the range of 2–3 cm.These strict limitations cause
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the development of foundation calculation method, which is based on the criterion
of soil deformation [3].

The proposed solution is connected with using the predetermined soil settlement
criterion, with reference to which an appropriate method for soil deformation cal-
culation (relating to “engineering” (approximate) group of methods) is developed.
Deformational calculation method prescribes the required values of soil settlement
at the initial design stage for a number of foundations and allows taking into account
the influence of soil strata heterogeneity along the course of track on differential
foundation settlements of overpasses (angles of break-in profile) and to minimize
it [4]. In order to set the value of soil settlement for a number of foundations, it is
necessary to consider the nonlinear soil deformation behavior. This circumstance
allows transferring greater pressure to the foundation soil or reducing foundation
sizes and, therefore, allows designer to make more cost-effective decisions.

An important aspect of the proposed method application is an assessment of
disagreement between predicted (theoretical) and obtained (actual) values of soil
settlement. Thus, the purpose of the article is to optimality substantiation of using
the deformational calculation method for foundations design with respect to high-
speed railways’ overpasses.

2 Experimental Studies on Deformation of Soil Under
the Model of a Shallow Foundation (The Model Tests)

In order to assess the reliability of the proposed method, it is necessary to compare a
variety of soil settlement values, which are obtained by different methods in specific
conditions. The theoretical (calculated) values of soil settlement are not informative
in themselves; therefore for estimation of their deviations, it is necessary to consider
the experimental data as a “standard of reference.”

Due to technical difficulties [5] (and often the impossibility) of in situ testing with
the desired degree of reproducibility, concerning foundation soil deformation in the
condition of reaching its limit state, it was carried out the test series in laboratory
trays (the models’ tests). A necessary condition for the tests is compliance with the
modeling conditions, which are presented in publications [6–9]. It is allowed the
identity of tray soil characteristics to their natural values; therefore, the scale factors
γ and ϕ are taken to be one. Consequently, in order to similarity of distribution
of stresses and shapes of the limit state zones in soil below the foundation model,
and in kind, it is necessary to provide the proportionality of the most characteristic
foundation dimension and an actual loading.

The tests were carried out in a cylindrical tray. The foundation soil in the tray was
represented by slightly wet fine sand (ϕ = 35°), which was compacted layer by layer
before each test on average to γ = 13.6 kN/m3. In the framework of the research,
round rigid foundation models with the diameter of 7.5 and 10 cm were used. The
size of the tray exceeded the diameters of the models by six–seven times. Details of
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Fig. 1 Actually accepted and averaged experimental dependencies S = f (p)

the tests are presented in the work [3]. After elimination of gross errors by Grubbs
outlier test [10], the experimental dependencies “soil settlement—pressure under
the foot of the model” (S = f (p)) were obtained for three test series with different
soil density. Actually accepted and averaged dependencies S = f (p) are presented in
Fig. 1.

3 Comparison of Experimentally Measured and Calculated
Soil Settlements Using the Deformational Calculation
Method and the Numerical Simulation

The conditions of the experiments were recreated for the numerical simulation of
the laboratory test series. The simulation was carried out in tridimensional statement
using theMohr–Coulombmodel [11–13]. The cylindrical shape of the tray was taken
into account using the equivalent square of the design area. The finite element mesh
qualitatively is described as fine. The foundation model was considered as a plate
element. The force transfer to it was carried out by means of step-by-step loading to
the limit load (the bearing capability of soil), which was established by the results of
the experiments. The dependencies of S = f (p) for different series of the soil tests,
obtained experimentally, as a result of numerical simulation and by the proposed
method, are presented in Figs. 2, 3, and 4.

Thus, as a result of comparison, the following is established: the deviation of
the proposed method from all experimental series averaged 6.3% (minimum—
4.3%maximum—7.6%), the numerical simulation—15.5%(minimum—8.2%,max-
imum—29.3%) in considering the pressure under the foot of the model p in the inter-
val from 1.1 · pin.cr. (pin.cr.—the initial critical soil pressure [6]) to 0.7 pult [9, 14].
Such deviations can be estimated as satisfactory, allowing to draw the conclusion
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about the reliability of the proposed “engineering” method of foundation calculation
with respect to high-speed railways’ overpasses.

4 Comparison of Soil Settlements Using the Proposed
Method and the Most Common Approximate
(“Engineering”) Methods

Approximate (“engineering”)methods, concerning the soil settlement calculation out
of the applicability limits of the linear theory of elasticity, are based on use, as a rule,
of the phenomenological dependencies. The dependencies reflect the change of soil
stress and strain state for the considered types of foundations in certain soil conditions
[15, 16]. Consider the comparison of experimentally measured and calculated soil
settlements using the proposed method and well-known approximate methods of
Vyalov and Mindich [17], Malyshev and Nikitina [18], and Kirillov [19].

The dependencies of S = f (p) for different series of the soil tests, obtained exper-
imentally, as a result of calculation using the approximate methods of other authors
and by the proposed method, are presented in Figs. 5, 6, and 7.
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Thus, as a result of comparison, the following is established: The proposedmethod
had the least divergence from the experiment (average 6.3% for all series), and in
doing so, the approximate methods of other authors also showed quite satisfactory
results. The deviation of soil settlement was from 7.1 to 28.6% in the series with
medium density soil and from 4.3 to 16% in the series with dense soil in the pressure
interval from 1.1 · pin.cr. to 0.7 · pult. The deviation of soil settlement in the series with
“weak” (loose) soil using the proposed method was an average of 7.6%, according
to the methods of other authors—from 25 to 47.4%—in this case, it is acceptable to
talk about their ability to qualitatively describe the process of soil deformation.

Thus, the comparison of soil settlement values showed that the resulting devia-
tions were generally acceptable for “engineering” methods and, mainly, comparable
with each other. It should be noted that the deviations of theoretical values of soil set-
tlement (calculated by the proposedmethod) from the experimental were the smallest
among other considered methods, which led to the conclusion about deformational
calculation method reliability.

5 Economic Efficiency Substantiation of the Deformational
Calculation Method

To assess the economic efficiency of the proposed method, it is necessary to com-
pare it with the alternative type—the traditional approach presented in the Russian
special technical regulations [2]. The main criterion is the consumption of construc-
tion materials, which are necessary to build the foundation during calculating it
by the corresponding method. Consider an example of calculation of the overpass
foundation for high-speed railway [20]. It is necessary to solve the following tasks:
Determine the dimensions of the foundations (F-1 and F-2) using the traditional
(regulatory) approach and the proposed method; determine the economic efficiency
of the proposed method relative to the traditional (regulatory) approach.
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Fig. 8 Initial data for calculation example

The initial data for the calculation example, including the actual loads, the
schematic representation of overpass structures and the soil characteristics, are shown
in Fig. 8.

The aspect ratio of the foundations is equal to one (width b= length l). According
to the requirements [2], the predetermined soil settlement of the overpasses founda-
tions is equal to 2 cm, the maximum allowable angle of break-in profile (dS/l)—1‰.
The calculation results are presented in Table 1.

Thus, the proposed method made it possible to obtain satisfactory and more cost-
effective solutions of the foundations with respect to the requirements [2]: The foun-
dation base width of F-1 was 1.1 m versus 1.4 m, for the F-2—1.4 m versus 1.7 m. It
should be noted that the obtained value of the soil settlement of F-1 (1.8 cm �= 2 cm)
by the proposed method was connected with the usage of type design of the founda-
tion. The assessment of the moment influence was carried out on the basis of limiting
the foundation tilt by its maximum allowable value according to the decisions out-
lined in the work [21]. Analysis of the calculation results showed that the actual
foundation tilt was admissible (F-1: 0.0045 < 0.0083; F-2: 0.00182 < 0.00606).

Taking into account the nonlinear soil deformation behavior allowed to make
less material-intensive decisions of the foundations. Design of foundations by the
proposed method allowed in this case to reduce more than 2 times the actual angle of
break-in profile (0.16‰ vs. 0.36‰). It should be noted that all calculation decisions
were satisfactorywith respect to the soil bearing capacity (p� pult) and had sufficient

Table 1 Results of the calculation example

Calculation
method

№ 1.1 · pin.cr.,
kPa

p, kPa pult, kPa S, cm dS/l,‰ b, m γ n

Traditional
approach [2]

F-1 217.5 301 1081 1.13 0.36 1.4 3.2

F-2 204.8 219 667 1.57 1.7 2.7

Proposed
method [3]

F-1 217.5 459 1064 1.8 0.16 1.1 2.1

F-2 204.8 302 658 2 1.4 1.96
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reliability, which significantly exceeded the requirements ([γ n] = 1.2) for buildings
of III geotechnical category [14, 22].

The calculation of economic efficiencywas based on an assessment of reduction of
concrete and reinforcing steel consumption, reduced to 1m3 and 1 kgof consumption,
respectively. This calculation is presented in [20].

Thus, on the basis of considered example it is necessary to note: Use of the
deformational calculation method allows ensuring the compliance with sufficiently
stringent regulatory requirements related to the absolute values of foundation soil
settlements and their irregularity. In addition, the use of the proposed method allows
reducing the cost of foundations. On the basis of the example, the consumption
reduction of concrete on average amounted to 35.2% and reinforcing steel—15.8%.
The presented values had generalized character because they were determined by the
conditions of the example. Mainly, the economic effect of the application of defor-
mational calculation method depends on the degree of risk of specific foundation
design. The greatest economic effect is possible with the smallest regulatory permis-
sible safety margin of soil bearing capacity [γ n]= 1.2 [14] or with the predetermined
soil settlement equal to 0.7–0.8 of its maximum permissible value.

6 Conclusion

As a result of comparisons of experimentally determined soil settlements, the numer-
ical simulation, the calculations by “engineering” methods of other authors and by
the proposed method it was established: The resulting deviations were generally
acceptable and, mainly, comparable with each other. The deviations of theoretical
values of soil settlement calculated by the proposed method from the experimental
were the smallest among other considered methods, which led to the conclusion
about deformational calculation method reliability.

The advantages of the proposed method are the following: minimization of differ-
ential foundation soil settlements, use of “standard” soil test results, low computa-
tional complexity, considering the nonlinear soil deformation behavior—the ability
to make the most cost-effective decisions of overpasses foundations. Thus, the pro-
posed method can be considered as promising for solving problems associated with
the design of foundations for overpasses of high-speed railways.
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Abstract In this article, we consider the problem of thermal response of the near-
surface ice-rich permafrost to the effects of linear infrastructure and current climate
change. First, we emphasize the scientific and practical significance of the study
and briefly describe permafrost conditions and related hazards in the study area.
Then we present a mathematical model which accounts for the actual process of
soil thawing and freezing and consists of two nonlinear equations: heat conduction
and moisture transfer. Numerical calculations were made to predict temperature and
moisture conditions in the railroad embankment, taking into account solar radiation,
snow cover, rainfall infiltration, and evaporation from the surface. The numerical
results indicate that moisture migration and infiltration play the primary role in the
development of frost heaving and thaw settlement. During winter, the frost-heave
extent is monotonously increased due to pore moisture migration to the freezing
front. Strong volume expansion (dilatation) is observed near the surface of the active
layer with the onset of the warm season and meltwater infiltration. Settlement of the
upper layers of the soil occurs in the summer months (June–August) when there is
intense evaporation due to drying. Autumn rains stop the process of thaw settlement
by increasing the soil moisture. The above processes are repeated cyclically every
year. A “frozen core” shifts to the shaded side of the embankment under the influence
of variations in the solar radiation. Over time, the total moisture content of the frozen
core is increased which increases differential heaving and negatively affects the
stress–strain state in the embankment. The quantitative and qualitative characteristics
of the processes of frost heaving and thaw settlement are obtained in the annual and
long-term cycles.
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1 Introduction

Routes of linear infrastructure (pipelines, railways, and highways) traverse areas
with different geocryological conditions. Ensuring the sustainability of engineer-
ing structures under current climate change requires predictive modeling studies.
Assessing the thermal condition of permafrost foundations during climate warming
is a high-priority research problem in geocryology [1–3].

This paper deals with the problem of adverse geocryological processes that may
develop during the operation of linear structures with account for climate change.
Thawing and freezing of ice-saturated soils are accompanied by the development of
thaw settlement or frost heaving.

Depending on the moisture regime, two types of frost heave, either migration or
injection, occur in the “open” (with moisture supply) or “closed” (without moisture
supply) systems. Thermokarst processes lead to various degrees of thaw settlement
depending on the ice content of embankment and foundation soils.

The Tommot–Nizhny Bestyakh Railway route traverses the areas with very ice-
rich permafrost (IV thaw susceptibility class), especially within the Pre-Lena Plateau
and the high terrace of the Lena River [4]. Based on the data from geotechnical
investigations along the route, various designs were used for the railroad embank-
ment to prevent deformation. Deformations of the road embankments on permafrost
are associated with degradation of underlying permafrost. The main factors caus-
ing degradation include solar radiation, infiltration of summer precipitation into the
embankment, snow cover on the embankment sideslopes, and toes.

The purpose of this study is numerical modeling of the heat and moisture regimes
in the railroad embankment for various conditions of temporary railway operation.

2 Embankment Description

The Tommot–Nizhny Bestyakh Railway crosses ice-rich permafrost terrain between
KP 692 and 734, where the total volumetric ice contents within the layer of annual
temperature fluctuations are as high as 0.7–0.8 (fractional) [4, 5]. Ice wedges occur
in the depth range of 1.5 and 12.0 m.

In 2007–2010, a monitoring site was established at KP 694 in sloping ice-rich
permafrost terrain to observe the thermal regime in the embankment, as well as in
the underlying and adjacent ground (Fig. 1). Right of way clearing was carried out
in winter of 2006 and a 7-m high rockfill embankment was placed continuously
during the period from April 2009 to September 2010. Boreholes for temperature
monitoring beneath the future embankment were drilled and instrumented in the fall
of 2007 after ROW clearing. Sites in the adjacent areas (ROW, larch forest, and bog)
were established during embankment construction.



Numerical Modeling of Railway Embankment Deformations … 95

Fig. 1 Changes in temperature isotherms and permafrost table beneath the embankment at KP
693.4 [6]: 1—number of soil layer: 1—moss-mountain cranberry cover, δ—0.10; 2—clayey silt,
soft-plastic, δ—0.10; 3—clayey silt, liquid, δ—0.27/3; 4—clayey silt, liquid (icy), δ—0.62/4; 5—
clayey silt, soft-plastic, δ—0.13/3; permafrost table: 2—in 2007, 3—in 2017; temperature contours:
4—23.09.2007, 5—30.08.2017; 6—rock with ≤10% fines; 7—temperature borehole. The layer of
massive ice is colored in blue and the icy soil layer is shown in blue hatching

The study site is located in the lower part of the east-facing gentle slope. The
0.1–0.15 m thick moss-cowberry cover of larch forest is characterized by high mois-
ture contents (42–62%), and the active layer consisting of clayey silts has moisture
contents of 24–29%. Permafrost soils consist of soft-plastic and liquid clayey silts
with moisture contents varying over a wide range, from 27 to 132%. Ground ice
bodies and icy soils of 2.3–3.5 m in thickness occur at a depth of 1.2–2.1 m. The
mean annual ground temperature at a depth of 10 m ranges from −2.4 to −2.8 °C,
and the thickness of the active layer in the forest is 0.8–0.9 m [6].

3 Problem Definition

The heat and moisture regime of the soil is described by the following system of
differential equations in the Cartesian coordinate system [7]:
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(x, y) ∈ �, τ > 0.

The system of Eqs. (1)–(2) is closed by the equilibrium function of the amount
of unfrozen water:

Ww = Wuw(T,W ) (3)

Equation (1) describes the soil freeze–thaw process with account for heat transfer
bymoisture.Watermovement and ice formation are taken into account by expressions
(2) and (3). To predict the moisture regime, we can use any of these equations. The
Richards Eq. (2*) is commonly used for saturated and unsaturated soils, while Eq. (2)
for unsaturated soils.

On the surface bounded above by atmospheric air:

−λ
∂T

∂n
= αef

(
Tw + Qc(1 − A)

αef
− T

)
, (4)

−k
∂WB

∂n
= qw(τ )

In the remaining sections, the heat flux is zero:

λ
∂T

∂n
= 0

k
∂Ww

∂n
= 0 (5)

(x, y) ∈ (E, F) ∪ (H, Q) ∪ (A, H)

Initial temperature distribution:

T (x, y, 0) = T0(x, y)

W (x, y, 0) = W0(x, y) (6)

(x, y) ∈ �

The mathematical model of heaving is based on the assumption that the volume
expansion of the soil occurs vertically (toward the ground surface) due to the increase
in the porematerial caused by the freezing ofwater, i.e. laterally confined condition—
an assumption applied to the problem of soil compression.

The frost-heave extent can be described, using the total volumetric moisture con-
tent θ, as follows [3]:
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S1 =
i∫

0

(θ − n) dz, M (7)

Similarly, a mathematical model of thaw settlement (compression) of frozen soil
is derived, taking into account the depth of thawing, compressibility and load on the
frozen soil:

S2 = k0ξ + α(Ps + 0.5ρd(1 + W )ξ)ξ, M (8)

The parameters θ , ξ in Eqs. (7)–(8) are determined by solving the system of
coupled heat and moisture transfer Eqs. (1)–(6). Other input parameters, P, n, α, are
set based on the physical and mechanical properties of the soil. The total volumetric
moisture content θ is expressed in terms of gravimetric moisture as follows [8]:

θ = ρdW

ρiρw
(ρi + (ρw − ρi ) · i(T )).

Here T—temperature, K; c, cw volumetric heat capacity of the soil and water,
J/(m3 K); τ—time, s; ρ, ρw, ρi—bulk density of dry soil, water and ice, respectively,
kg/m3; W = Wi + Ww—total gravimetric moisture contents in the form of ice and
water; λ—soil thermal conductivity, W/(m K); x, y—spatial coordinates, m; L—
volumetric latent heat of fusion, J/m3; V = (

Vx , Vy
)
—flow rate, m/s; k—diffusion

coefficient, m2/s; H = P − z—pressure, m; P—suction pressure, m; kh—hydraulic
conductivity, m/s; θ = θi +θw—total volumetricmoisture content, bulk ice andwater
content; ∂T

∂n —derivative along the normal line; i(T )—function of ice content (i(T ) =
Wi(T )/W ); n—porosity of the soil; ξ—thaw bulb, m; k0—thaw–strain parameter
(relative settlement under no pressure); αef—effective heat transfer coefficient on
the soil surface, W/(m2 K); α—compressibility coefficient, MPa−1; Ps—pressure on
thawed soil, MPa; Qs—net solar radiation, W/m2; and A—surface albedo.

The two-dimensional mathematical model presented here takes into account vari-
ations in atmospheric air temperature and effects of net solar radiation and surface
albedo, as well as variations in the air-to-ground heat transfer coefficient depending
on wind speed, vegetation, snow depth, and snow thermal properties. The math-
ematical model, which takes into account the actual process of soil thawing and
freezing, consists of two nonlinear equations: heat conduction and moisture transfer.
The heat conduction equation contains convective terms that can be represented in
non-divergent (non-conservative) and divergent (conservative) forms. In numerical
solution, the focus is on the approximation of convective components. In practice,
convective terms are widely used in the schemes with directed differences, taking
into account the sign of the filtration rate. The numerical implementation of this
system of nonlinear equations is carried out by an implicit finite-difference scheme
using iteration [7].
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Fig. 2 Cross-section of the modeled railway embankment

4 Numerical Experiment

4.1 Input Data

The cross section of the railway embankment on ice-rich permafrost used for mod-
eling is illustrated in Fig. 2. The rockfill embankment has the following dimensions:
height—7 m, crest width (CD)—8 m, and base width (BE)—30 m. The underlying
permafrost consists of ice-rich clayey silts (see Fig. 1).

The input values for air temperature, precipitation, albedo, and wind speed were
taken from weather records from the Pokrovsk, Yakutsk, and Amga stations.

Snow depths measured annually during the period of maximum snow accumula-
tion are presented in Table 1. The thermal properties of the soils are given in Table 2.
The initial distributions of temperature and total moisture content are specified on
the basis of field measurements [6].

4.2 Results and Discussion

Figure 3(I) presents the temperature and moisture distribution in the embankment
in 10 years calculated with no account for solar exposure. A frozen core is formed
in the center of the high embankment, due to the annual accumulation of moisture.
Snow depth on the sideslopes is significantly less than at the toe of the embankment.
Snow cover on the right and left toes of the embankment has a warming effect on
the ground during the winter.

Figure 3(II) shows the distributions of temperature and total moisture content in
the embankment in 10 years incorporating the effects of solar radiation. The left
sideslope exposed to the sun has a warming effect on the embankment, causing
the center of the frozen core to shift toward the shaded right side. As a result, soil
drying occurs at the base of the sun-exposed slope, while the opposite, shaded base
of the slope has favorable conditions for moisture accumulation. Uneven moisture
distribution leads to differential heave and distress in the embankment.
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Table 2 Thermophysical characteristics of soils

Soil type Depth
interval, m

Dry density,
kg/m3

Moisture
content, %

Thermal
conductivity,
W/(m K)

Specific
heat
capacity,
J/(kg K)Thawed Frozen

Embankment
fill

0.0–7.0 1300 5–10 2.73 2.90 690

Organic mat 0.0–0.1 970 15 0.46 0.64 950

Clayey silt,
soft-plastic

0.1–0.5 1300 10 0.75 1.03 775

Clayey silt,
liquid

0.5–3.0 1155 27 1.12 1.33 775

Clayey silt,
liquid

3.0–7.0 1055 62 1.36 1.76 775

Clayey silt,
liquid

7.0–… 940 13 0.62 0.84 775

I

II

III

(a) (b)

Fig. 3 Distributions of temperature (a) and total moisture content (b) in 10 years with no account
for solar radiation (I) and incorporating solar radiation in 10 years (II) and in 50 years (III), indicating
the size of the calculated region (in meters)
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The model predicts warmer embankment temperatures under the unshaded sides-
lope after 50 years of operation of the railway (Fig. 3(I, II)). The thermal regime of
the subgrade is stabilized till the year 50. The moisture regime of the embankment
during the first 50 years is characterized by more intensive soil drying under the
left, sunlit slope than below the right, shaded sideslope. Moisture migration to the
freezing front contributes to increased ice contents at the base of the active layer
(Fig. 3III).

The active layer freezes from above during the winter months (November to
March), and this process is accompanied by the migration of pore water. Frost heave
occurs due to the 9% volume expansion of pore water upon freezing and is enhanced
at moisture values above saturation. This process is a major factor in the develop-
ment of frost heaving. The frost-heave extent is monotonously increased during the
winter due to the migration of pore moisture to the freezing front. In May, meltwater
infiltration leads to a strong increase in the volume (dilatation) of the upper hori-
zons of the active layer. Intense evaporation is observed during the summer months
(June–August) which results in drying of the surface layers of the soil and subsequent
subsidence of the active layer. In Central Yakutia, evaporation exceeds precipitation
in the annual water balance. Autumn rains (August–September) stop the process of
thermal settlement induced by drying. All the above processes are repeated cyclically
every year.

Soil thawing is more intensive on the unshaded than on the shaded slope. The
shaded sideslope experiences greater heave, shallower thaw, and less settlement com-
pared to the unshaded slope. The long-term extent of migration-induced heaving is
5.2 cm on the sunny side and 4.6 cm on the shaded side (Fig. 4). The maximum
values of soil deformation occur in mid-May while the minimum ones occur in
late September. The results of numerical simulation are in good agreement with
the field measurements. Over the long-term cycle, “seasonal deformations” in the
embankment can contribute to the process of disintegration and lead to damage of
the embankment.

Fig. 4 Annual dynamics of surface heave: 1—unshaded ROW; 2—embankment; 3—shaded sides-
lope



102 P. P. Permyakov et al.

Fig. 5 Dynamics of embankment surface heave with time: 1—in 10 years; 2—in 25 years; 3—in
50 years

The moisture content in the embankment is considerably lower than saturation
moisture contents, and the roadbed is not exposed to heaving during seasonal freez-
ing–thawing in the annual cycle for the first 10 years. In the active layer, embankment
heaving up to 1 cm is predicted to occur in 25 years and settlement of up to 1 cm
in 50 years. Heave after 25 and 50 years is 2 and 3 cm, respectively, in the frozen
core of the body of the embankment near the border of the active layer (Fig. 5).
The calculated values approach the permissible heave value of 3.5 cm for speeds of
51–70 km/h after 50 years of operation of the subgrade [9].

5 Conclusion

We developed an algorithm for numerical prediction of frost heaving and thaw settle-
ment of a railway embankment on permafrost in Central Yakutia. The algorithm was
used to forecast changes in the temperature and moisture regime of the embankment
with account for changes in air temperature, snow cover, solar radiation, and infil-
tration of summer precipitation. The “frozen core” is shown to shift to the shaded
sideslope which experiences increased moisture contents and greater differential
heaving. Moisture migration to the freezing front will be increased as well as ice
contents at the bottom of the active layer.
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Calibration of PLAXIS Frozen/Unfrozen
Soil Model According to Results
of Laboratory Tests and In-situ
Monitoring

Alexey A. Korshunov , Sergey V. Churkin and Alexander L. Nevzorov

Abstract Frost heaving is a challenge for geotechnical engineers who deal with
transportation infrastructure in a cold climate. To make a frost heave forecast and
access reliability of soil masses engineers apply different numerical soil models
calibrated by results of in-situ and numerical simulation tests. The recently developed
frozen/unfrozen soil model by PLAXIS bv and NTNU was used for reproduction
of laboratory and field tests data. The model describes frost heaving as a function
of frost front moving rate and water migration rate from unfrozen zone and has
25 parameters: 7 general ones, 12 parameters that are responsible for solid strains,
3 parameters responsible for suction strains and 3 ones that account for coupling
effects between the variation of the solid phase stresses and the cryogenic suction.
The results of oedometer tests of silt in the unfrozen and frozen states and frost heave
tests, presented in the article, allow us to obtain such parameters as initial segregation
threshold value, elastic and elasto-plastic compressibility coefficients, rate of change
in Young’s modulus with temperature. But we have to apply backward analysis in
order to obtain a best-fit of simulated results with test results. Unfortunately, most
parameters is to be obtained by only calibration method. Additionally, to validate
the frozen and unfrozen soil model the results of geotechnical monitoring of the
cold-storage building are used. The frost heave phenomenon was appeared for 29-
years period of its operation. Results of in-situ monitoring and numerical simulation
showed good correlation with depth of frost penetration but unsatisfied results of
frost heave deformations.
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1 Introduction

Increasing activity in cold regions all over theworld leads to technological challenges
for geotechnical engineers. One of them is a frost heave phenomenon which has
impact on decision how to design, build and maintain roads, bridges, railways, low-
rise buildings to prevent negative effect or even a damage of structures. The prediction
of the freezing soil behavior is possible by making numerical simulation. However,
the prediction is to be make with applying only verified and calibrated numerical
model. It will be achieved by reproduction of laboratory tests and in-situ experiments
and comparison these results with outcomes of numerical simulation.

There are numerous soil models, which deal with thermo-hydraulic-mechanical
analysis but distinguishing feature of such models is a numerous input parameters.
Someof themaredeterminedby standard laboratory tests, the others require advanced
laboratory tests or using of iterative approach.

Recently developed frozen/unfrozen soil model [6] by PLAXIS bv and Norwe-
gian University of Science and Technology (NTNU) is an example of the advanced
models. It takes into account dependency of soil stiffness and shear strength from
temperature and simulates frost heave deformations and thaw settlements. Themodel
is available as a user-defined soil model in PLAXIS 2D. One of the crucial abilities
of the model is prediction of frost heaving as a function of frost front moving rate
and water migration rate from the unfrozen zone.

The main objective of this research is to determine the model parameters of silt
which was found under object of transport logistic system. Model parameters are
defined as the results of consolidation and frost heave tests. Additionally, the results
of geotechnical monitoring of the object of transport logistic system are used to
calibrate frozen and unfrozen soil model.

2 In-situ Verification Object

Cold-storagebuilding for fishingpreservationhas beennormally operated since 1985.
The refrigeration equipment installed in the buildingwas kept in the temperature from
249.15 to 251.15K inside the building. Floor of building consists of two layers: one is
heat-insulating, another is heated by electricity. Heated floor was operated normally
until 1995. From 1995 heated floor wasn’t work and by 2012 inner columns were
uplifted up to 130–184 mm. Cracks in the floor and walls were appeared. After 2012
building wasn’t operate. In 2014 to clarify geological conditions and to determine
the frozen stratum thickness two boreholes were drilled. In the middle part of the
building at the depth between 3.8 and 8.1 m, there were frozen soils—1.0 m of fine
sand and 3.3 m of silt [4]. The temperature of the frozen soil was between 272.85
and 272.65 K. The cross-section of the building with soil strata is shown in Fig. 1.
Physical and thermal parameters of silt (soil stratum № 3) are presented in Table 1.
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Fig. 1 Cross-section of the building

Table 1 Physical and
thermal parameters of silt
(ML)

Parameter Unit Unfrozen state Frozen state

Density of solids g/cm3 2.47 –

Dry density g/cm3 1.49 1.40

Total water
content

– 0.30 0.37

Void ratio 0.66 0.76

Ice content – – 0.05

Liquid limit % 40.5 –

Plasticity index % 14.4 –

Heat capacity J/kg K 730 –

Thermal
conductivity

W/m K 1.5 –

3 Model Parameter and Their Determination

3.1 General Description

The constitutive model for frozen and unfrozen (FU) soil is mainly based on
Barcelona Basic Model developed for expansive unsaturated soils, but adopted for
unfrozen/frozen states [3]. FU model is an elasto-plastic time-independent mechan-
ical soil model formulated within the framework of two-stress state variables. The
stress state variables are the cryogenic suction (Sc) and the solid phase stress or
effective stress (σ ′). The latter one is defined as [6]:
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σ ′ = σ − Suw pw (1)

where σ is the total stress, Suw is the unfrozen water saturation and pw is the pore
water pressure. The effective stress is able to reflect the effect of unfrozen water on
the mechanical behavior of soil.

Unfrozen water saturation Suw is defined as relationship of volumetric unfrozen
water content and porosity [3]:

Suw = θuw

n
(2)

θuw = ρw

ρb
exp

(
0.2618 + 0.5519 ln(SSA) − 1.4495(SSA)−0.264 ln|T |) (3)

SSA = 3.89 · d−0.905
g (4)

where ρb—dry density of unfrozen soil, T—temperature, SSA—specific surface
area, dg—geometric mean of the soil particle diameter.

The cryogenic suction, Sc, is used as the second state parameter. Cryogenic suction
allows to take into account ice content and temperature variation. By considering the
cryogenic suction, it is possible to take the effects of the ice content and temperature
variation into account. Sc is defined as [5, 10]:

Sc = pice − pw ≈ −ρiceL ln
T

T f
(5)

where pw and pice indicate the pore water and ice pressure, respectively; ρ ice the
density of ice and L is the latent heat of fusion of water. T represents the current
temperature and Tf is the melting/freezing temperature of ice/water for a given soil
and value of pressure.

Strain increments are defined as:

dε = dεme + dεse + dεmp + dεsp (6)

where dεme and dεmp are the elastic and plastic parts of strain due to the solid phase
stress variation (dσ ′) respectively; dεse and dεsp are the elastic and plastic parts of
strain due to cryogenic suction variation (dSc), respectively.

3.2 Model Parameters

The FU soil model has 25 parameters: 7 general parameters, 12 parameters that are
responsible for solid strains, 3 ones responsible for suction strains and 3 parameters
that account for coupling effects between the variation of solid phase stresses and
the cryogenic suction (Table 2).
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Table 2 Parameters of FU model

Parameter Description Unit

General parameters

T ref Reference temperature (T = 273.15) K

p*c Reference stress N/m2

Pat Atmospheric pressure (Pat = −105) N/m2

Kw Water bulk modulus (Kw = 109) N/m2

λr Parameter for fitting unfrozen water saturation curve –

pr Parameter for fitting unfrozen water saturation curve N/m2

α Parameter for the pressure dependency of ice thawing temperature –

Solid strains

Ef Ref Frozen soil Young’s modulus at reference temperature N/m2

Ef Incr Rate of change in Young’s modulus with temperature N/m2/K

νf Frozen soil Poisson’s ratio –

G0 Soil shear modulus in unfrozen state N/m2

κ0 Unfrozen Soil Elastic compressibility coefficient –

λ0 Elasto-plastic compressibility coefficient for unfrozen state –

γ Plastic potential parameter (0 ≤ γ ≤ 1) –

M Slope of critical state line –

M Yield parameter (0 ≤ m ≤ 1) –

(P*
y0)in Initial pre-consolidation stress for unfrozen condition N/m2

YRef Value of depth for pre-consolidation M

�P*
Y0 Rate of change in pre-consolidation stress Y < Y ref N/m2/m

Suction strains

Sc,seg Initial segregation threshold N/m2

κs Elastic compressibility coefficient for cryogenic suction variation –

λs Elasto-plastic compressibility coefficient for cryogenic suction
variation

–

Coupling effects between strains

β Rate of change in soil stiffness with cryogenic suction (N/m2)−1

R Coefficient related to the maximum soil stiffness –

κ t Rate of change in apparent cohesion with cryogenic suction –

Aukenthaler,Brinkgreve andHaxaire [2] proposedusing results of oedometer tests
to define pre-consolidation stress, (P*

y0)in, elasto-plastic compressibility coefficient
for unfrozen state, λ0. Other parameters such as β, κ0, r and pc* can be determined
by the calibration methods.

Simple shear test in unfrozen state are required to obtain the shear modulus G0

and slope of critical state line M. To determine the Young’s modulus of frozen soil
Eref, rate of change in previous one with temperature Ef incr, Poisson’s ratio νf and
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rate of change in apparent cohesion κ t unconfined axial compression test is to be
carried out.

Frost heave tests will allow determining initial segregation threshold value, by
determining the temperature, at which the frost heave phenomena start, and two
parameters—elastic (κs) and elasto-plastic (λs) compressibility coefficients.

Other parameters (κ t, m, γ , λr, pr, α) for FU model are determined by empirical
correlations and iterative calibration methods [3].

4 Determination of Input Parameters

4.1 Correlations and Default Values

To minimize efforts and to reduce time-consuming laboratory tests known corre-
lations equations were used for determination input parameters. Poisson’s ratio for
frozen soil is approximately equal Poisson’s ratio of ice (νf ≈ ν ice = 0.31).

Slope of critical state line (M) is defined as function from residual friction angle
(ϕ′). For low plasticity silt ϕ′ = 25°. So for triaxial compression M = 0.98 and for
triaxial extension M = 0.74.

Rempel [9] defines the temperature (T ice) when ice formation lens are to start, for
three types of soil: sand, Chena silt and Invuik Clay. Temperatures are equal 0.57,
1.27 and 3.48 °C respectively. Aukenthaler et al. [2] propose transforming the given
temperatures to obtain values of initial segregation threshold when no frost heaving
has been performed. It is proposed to define as function of |T ref − Tice| and for silt it
is equal 1.25 MPa for the first estimation. The value of initial segregation threshold
is recommended to calibrate in results of frost heave tests.

Other parameters should be defined as result of laboratory tests and their numerical
simulation to order to obtain best-fit combination of input parameters.

4.2 Oedometer Tests

Oedometer tests were carried out on a cylindrical specimens of silt in frozen and
unfrozen states. Dimensions of soil samples were 73 mm diameter and 20.85 mm
thick.

Consolidation test results for unfrozen silt are presented in Fig. 2. Elasto-plastic
compressibility coefficient, λ0, is defined as compression index Cc divided into ln10
and is equal 0.0249 ± 0.0173. Compression index Cc was determined as slope of
“e-lg P” straight line in the range from preconsolidation pressure to 300 kPa. The
elastic compressibility coefficient is generally ofminor importance for unfrozen soils
and it can be taken in 5 times less then λ0. At reference stress, p*c = 100 kPa, Young’s
modulus is equal 5.88 MPa and G0 is estimated 2.18 MPa.
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Fig. 2 “e-lg P” line for
unfrozen silt

Fig. 3 “Strain-stress” curve
of silt for frozen (a) and
unfrozen (b) state

At the beginning of the test for frozen silt, temperature was 271.15 K. The pres-
sure was applied in several steps: 12.5, 50 and 100 kPa. When pressure was equal
100 kPa, the temperature was uplifted to 275.15 K, dramatically thaw settlements
were observed. After finishing full consolidation of soil a pressure was continued to
apply up to 300 kPa. Results of tests are presented in Fig. 3. Initial pre-consolidation
stress for unfrozen soil is estimated as 150–190 kPa for given geotechnical situation.

According to Fig. 3Young’smodulus for frozen silt atT = 271.15K is estimated in
8.4MPa. So rate of change in Young’smodulus with temperature is equal 1.2MPa/K.

4.3 Frost Heave

Frost heave tests allow to determine the initial segregation threshold value and two
parameters: elastic (κs) and elasto-plastic compressibility coefficient (λs). Frost heave
test was carried out under applied pressure 50 kPa and in subject to keep up the rate
of frost front penetration equal to 10–12mm/day. Results are presented in Fig. 4. The
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Fig. 4 “Frost heave versus
time” curve

frost heave rate was 1.12–1.15mm/day that corresponds to medium frost-susceptible
soils [3].

We reconstructed the “frost heave vs. time” curve in “ν–ln (Sc + patm)”, where ν—
specific volume, to obtain input parameters Sc,seg, κs and λs. It should be noted that sc
is defined according to Eq. [5], where T represents the current temperature under bot-
tom of loading cap. Elasto-plastic compressibility coefficient is estimated as 0.246,
initial segregation threshold—2.1 MPa (see Fig. 5). Unfortunately, we obtained neg-
ligible value of elastic compressibility coefficient and accepted in 150 times less
than λs, κs = 1.64× 10−3. Other parameters are recommended to define by different
optimization methods to get best-fit of simulated results with laboratory test results.

Fig. 5 “ν − ln(sc+patm)”
curve
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Fig. 6 Model geometry and boundary conditions

5 Numerical Simulation and Calibration Procedure

5.1 General Settings

The frost heave and compression tests were simulated in axisymmetry model with
radius 50 mm and height 150 mm. Ground water flow and thermal flow boundary
conditions are presented in Fig. 6. Ten stages were simulated for frost heave tests
and additional five stages—to simulate compression tests. Duration of each stage
was 1 day and total—10 days.

Average temperature of sample was 275.15 K as a result of initial stage. Temper-
ature on the top of sample was a time-dependent function provided almost equal rate
of frost front in PLAXIS (11.5 mm/day) and in-situ (12.8 mm/day). On each stage
fully coupled flow-deformation analysis were carried out. On 2–10 stages excluding
initial stage line loads (50 kPa) were applied.

After finishing the frost heave test compression under load 50, 100 kPa started.
At 100 kPa load the sample was fully thawed. Average temperature was 275.15 K.
Then following loads 150, 200 and 300 kPa at each stage were applied to continue
compression test.

5.2 Influence of Selected Parameters

More than 100 numerical simulations of frost heave and compression tests were
carried out to calibrate the input parameters of model. For assessment of influence
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rate of input parameters on output results for silt (Table 1) and given boundary con-
ditions, we varied only one parameter, other characteristics were without changes.
We selected five parameters for calibration procedure: elasto-plastic compressibility
coefficient for cryogenic suction variation (λs), elasto-plastic compressibility coef-
ficient for unfrozen state (λ0), segregation threshold (Sseg), initial pre-consolidation
stress for unfrozen condition ((Py0*)in) and rate of change in Young’s modulus with
temperature (Ef,inc). The initial values of the above parameters were applied: λ0 =
0.0249 κ0 = 0.00498 λs = 0.246 κs = 1.64× 10−3; sseg = 2.1 MPa, Pyo*= 190 kPa,
Ef,inc = 1.2 MPa/K.

Effects of selected parameters on frost heave and compression tests are shown in
Fig. 7.

Fig. 7 Effects of most sensitive parameters on simulated frost heave and compression tests
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5.3 Results

Results of the numerical simulation showed that elasto-plastic compressibility coef-
ficient for cryogenic suction variation (λs) has major effect on result of simulated
frost heave tests. So increasing value from 0.25 to 1.2 leads to increasing frost heave
rate from 0.62 to 1.1 mm/day. Decreasing of segregation threshold (Sseg) from 2.1 to
0.7 MPa increases the frost heave rate from 0.29 to 0.5 mm/day.

Initial pre-consolidation stress for unfrozen condition ((Py0*)in) has aminor effect
on output parameters for the given soil properties, boundary conditions and applied
loads. So the increasing of pre-consolidation pressure from 100 to 190 kPa slightly
decreases consolidation displacement (from 0.3 to 0.2 mm) before frost heaving is
occurred.

Deviation of elasto-plastic compressibility coefficient for unfrozen state (λ0) from
mean on ±0.0173 gives us deviation of compression strains (from 0.012 to 0.025).
Unusual phenomenonwas occurred when the rate of change in Young’s modulus was
increased in 4 times and was become 4.8 MPa/K. Thawing displacements weren’t
observed on the compression curve (see Fig. 7e).

It should be noted that results of numerical simulation and laboratory experi-
ments have a good correlation. So slope of straight line of simulated consolidation
curve (Fig. 7e) is equal 0.077–0.079 MPa−1. The experimental results show that
slope of straight line of “e-lg P” (Fig. 2) is similar and is equal to �e/(1+e0)/�P
= 0.77 MPa−1. In addition, the slope of straight line of curve for unfrozen state
(Fig. 3B) is equal to 0.046–0.110 MPa−1.

Thus λs and Sseg have major effect on results of simulated frost heave test. The
study of influence rate of input parameters on results allowed to calibrate parameters
of the model. The frost heave and compression tests were simulated with these
parameters (see Fig. 8). Initial and calibrated parameters are presented in Table 3.

Fig. 8 Results of numerical simulation of frost heave (a) and compression (b) tests



116 A. A. Korshunov et al.

Table 3 Model parameters for silt before and after calibration

Parameter Before After Unit Parameter Before After Unit

Ef Ref 6 × 106 6 ×106 N/m2 M 0.74 1.2 –

Ef Incr 1.2 ×106 1.2 × 106 N/m2/K Sc,seg 2.1 × 106 0.5 × 106 N/m2

κ0 0.00498 0.00152 – κs 1.64 ×
10−3

8 × 10−3 –

λ0 0.0249 0.0076 – λs 0.246 1.2 –

6 Reproduction of Field Test Data

6.1 Geometry and Boundary Conditions

The next step of research was numerical modeling of process of freezing and thawing
soils under cold-storage building during its life cycle from 1985 to 2014 year.

The main input parameters were the following: geometry of building, soil strata,
thermal and physical properties of the soils, structure materials and annual air tem-
perature distributed on eachmonth. Properties of silt calibrated as result of laboratory
soil tests were applied. The cross-section of geometry model is shown in Fig. 9.

Two types of temperature conditions were applied: constant and time-dependent
temperature. The constant temperature was specified at the bottom of soil strata (T
= 276.0 K) and inside building (T = 249.0 K).

Fig. 9 Cross-section of
geometry model
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The time—dependent temperature was specified for simulating the climate con-
ditions which were presented by annual air temperature. Ground surface boundary
conditions were correlated with the air temperature using an empirically determined
coefficient called the “n-factor”. The n-factor (nf) was defined as the ratio of the
surface freezing index (Isf) to the air freezing index (Iaf).

For given geotechnical situation n-factor was equal 0.3 [1]. Soil and material
properties are shown in Table 4 and Sect. 5.

6.2 Simulation and Results

For simulation of temperature distribution the initial phase was applied with two
thermal boundary conditions. The temperature at the surface was equal to the average
annual temperature (T = 274.15 K). The temperature at a depth 21.5 m was set
276.15 K.

There were three stages for numerical modelling. The first stage simulated nor-
mal operation of refrigerator for the period of 10 years (April, 1985–April, 1995).
Temperature inside building was 249.0 K. The heated layer under the insulation in
the floor had been functioning normally for the 10 years. Temperature under floor
was set 278 K.

The results are presented in Fig. 10(left). Simulated height of frost front pene-
tration out of refrigerator (Hsim

f = 1.75–1.90 m) is approximately equal to the same
height in-situ (Hobs

f = 1.60–1.80 m). There were no ice lens in soil strata under the
building.

The next stage heated layer failure was simulated. For 16.5 years the heated floor
hadn’t been operating normally. The temperature inside the building was 249.0 K.
The temperature of the heated layer in the floor was ignored in the model. Frozen
soils were observed under building, simulated height of frost penetrationwas reached
up to 10.9 m. At the end of this period frost heave phenomenon appeared.

At the last stage (September, 2012–September, 2014), heated floor and refrigerator
failures were simulated. The temperature inside building was correlated to climate
conditions. During geotechnical survey ice lens were observed at depth from 4 to
8 m.

The results of numerical simulation are presented in Fig. 10(right). Ice lens were
located at depth from 5.2 to 10.1m, obviously, it’s rather good correlationwith in-situ
results. But model gives us unsatisfied values of frost heaving and as a consequence
thawing displacements. Thus, in-situ uplift displacements is equal 130–180 mm and
simulated displacements is only 50–60 mm.
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Table 4 Soil and material properties

Parameters Name Soil Material Unit

Silt Sand Concrete Light gravel

General

Material
model

Model FU model Mohr-
Columb

Linear
elastic

Linear
elastic

–

Type of
material
behaviour

Type Drained Drained Non-porous Non-porous –

Soil unit
weight
above
phreatic
level

γ unsat 19.4 × 103 16.5 × 103 20 × 103 8 × 103 N/m3

Soil unit
weight
below
phreatic
level

γ sat 19.6 × 103 19.9 × 103 20 × 103 8 × 103 N/m3

Initial void
ratio

einit 0.66 0.65 0 0 –

Young’s
modulus

E′ – 28 × 106 20 × 109 20 × 106 N/m2

Poisson
ratio

ν′ 0.31 0.30 0.15 0.15 –

Cohesion c′
ref – 2000 – – N/m2

Frictional
angle

ϕ′ – 30 – – °

Groundwater

Data set – USDA USDA – – –

Model – Van
Genuchten

Van
Genuchten

– – –

Soil type – Silt Sand – – –

Thermal

Thermal
conductivity

λs 1.50 2.70 1.40 0.16 W/m/K

Specific
heat
capacity

cs 730 700 504 938 J/kg/K

Soil density ρs 2710 2650 2000 900 kg/m3

Unfrozen
water
content

– Grain size
distribution

Grain size
distribution

None None –

Specific
surface area

SSA 100 5.58 – – m2/g
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Fig. 10 (Left) Seasonal frost depth in April from 1985 to 1995. (Right) Temperature distribution
after two years operation pause (September 2014)

7 Discussions

Results of numerical simulation and experiments showed that the laboratory frost
heave and compression tests allowus to define such parameters of FUmodel as elasto-
plastic compressibility coefficient for cryogenic suction variation (λs), elasto-plastic
compressibility coefficient for unfrozen state (λ0), segregation threshold (Sseg), initial
pre-consolidation stress for unfrozen condition ((Py0*)in). But it’s required to apply
calibration coefficients to get best-fit results. For instance, to obtain calibrated λs

the latter is to be multiply on coefficient equal 4–5. For segregation threshold, the
calibrated coefficient should be equal 1/4–1/3.5. For elasto-plastic compressibility
coefficient for unfrozen state the initial input value is to be multiplied on 0.3–0.5.
Elastic compressibility coefficient for cryogenic suction variation (κs) is too difficult
to define because the “v-ln(sc+patm)” approximation is close to horizontal line. To
define precise value of κs another test should be used, for instance, unconfined
compression test.

Numerical simulation of in-situ investigations showed that frozen and unfrozen
soil model is rather good in frost front rate within freezing and thawing process.
Deviation of depth of frost penetration from observed one doesn’t exceed 0.10–
0.15 m below undeveloped area and 0.5–0.85 m under building. But model gives
us unsatisfied values of frost heaving and as a consequence thawing displacements.
Thus, in-situ uplift displacements is equal 130–180mm and simulated displacements
is only 50–60 mm.

Values of three parameters (λs, κs, Sseg) which is responsible for suction strains,
have a huge gap between observed and calibrated input parameters. The gap can be
explained by peculiarity of determination of crysuction. In FU model crysuction is
varied from 100 kPa to 6 MPa. Actually, the crysuction at the frost front in frozen
fringe doesn’t exceed 80 kPa according investigation performed by Konrad andMor-
genstern [8]. Knutsson S. et al. showed that for highly frost susceptible soils suction
values also doesn’t exceed 9 kPa. Hohmann [7] obtained low value of cryogenic
suction, which vary from 10 to 400 kPa. So to get predicted input parameters FU
model should be modified according to result of laboratory experiments and in-situ
investigations.



120 A. A. Korshunov et al.

8 Conclusions

The paper presents the results of calibration procedure of frozen and unfrozen soil
model (FU model) developed by PLAXIS bv and NTNU according to outcomes
of laboratory test and in-situ investigations. The model describes frost heaving as a
function of frost front penetration rate and water migration rate from unfrozen zone.

Initial input parameters of the model obtained as result of lab tests and in-situ
are required to be calibrated. For silts with or without fine sand elasto-plastic com-
pressibility coefficient for cryogenic suction variation (λs) is to be multiplied on 4–5,
elasto-plastic compressibility coefficient for unfrozen state (λ0)—0.3–0.5, segrega-
tion threshold (Sseg)—0.25–0.29.

To get predicted results of numerical simulation according to laboratory and in-
situ tests FU model should take into account the peculiarity of determination of
cryogenic suction and its in-situ observed values.

The FUmodel has proven itself in the simulation of separate processes, for exam-
ple, frost heaving or thawing and consolidation processes. However, when all pro-
cesses are simulated consistently with using unified geometry and boundary condi-
tions, in some cases FUmodel works unstable. There is a good possibility to improve
and enhance the model.
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The Frozen Depth and Its Prediction
Affected by Shallow Phreatic
Groundwater by Modified Berggren
Equation

Xiaoqiang Liu, Jiankun Liu, Yahu Tian and Yupeng Shen

Abstract In order to study the influence of shallow phreatic groundwater on the
maximum frozen depth of the subgrade in the seasonally frozen region, this paper
verified the applicability of the modified Berggren equation predicting the maximum
frost depth based on the monitoring geotemperature and air temperature in stratum
whether the shallow phreatic groundwater does exist. The shallow phreatic ground-
water lowers themean geotemperature, delays it to the extreme value, and reduces the
maximum frozen depth in the cold season. The shallow phreatic groundwater lowers
the surface freezing index, which makes the average surface n-factor smaller. The
influence of shallow phreatic groundwater on the thermal diffusivity of the stratum
is small but has a significant influence on the thermal conductivity. The slope of the
modified Berggren equation is almost unaffected by shallow phreatic groundwater,
and the applicability of the equation predicting the maximum frozen depth is ver-
ified based on the thermal conductivity calculation, no matter the shallow phreatic
groundwater does exist.

Keywords Shallow phreatic groundwater · Temperature monitoring · Thermal
parameters · Modified Berggren equation

1 Introduction

The geotemperature is mainly determined by the thermal properties of soil, the heat
flow inside the earth, and the temperature of the air (surface). The thermal properties
of soil are affected bymany factors such as soil mineral composition, dry density, and
water content [1, 2]. The existence of shallow phreatic groundwater can significantly
influence the geotemperature, especially the line engineering crosses the seasonally
frozen region where the shallow phreatic groundwater is shallow, and the correlation

X. Liu · J. Liu (B) · Y. Tian · Y. Shen
School of Civil Engineering, Beijing Jiaotong University, Beijing 100044, China
e-mail: liujiank@mail.sysu.edu.cn

J. Liu
School of Civil Engineering, Sun Yat-Sen University, Zhuhai 519082, Guangdong, China

© Springer Nature Singapore Pte Ltd. 2020
A. Petriaev and A. Konon (eds.), Transportation Soil Engineering in Cold Regions,
Volume 2, Lecture Notes in Civil Engineering 50,
https://doi.org/10.1007/978-981-15-0454-9_13

121

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0454-9_13&domain=pdf
mailto:liujiank@mail.sysu.edu.cn
https://doi.org/10.1007/978-981-15-0454-9_13


122 X. Liu et al.

between the frost penetration in the cold season and the shallow phreatic groundwater
is strong [3, 4].

Many simplemethodswere tried to obtain the frozen depth in the seasonally frozen
region, and the air or geotemperature was essential. Based on the meteorological
data along the Moscow-Kazan high-speed railway, Liu et al. adopted numerical
simulation to analyze the temporal and spatial variation characteristics of the 0 °C
isotherm inside the embankment [5]. Liu et al. explored the influence of structural
type on the 0 °C isotherm in subgrade by analyzing the geothermal monitoring data
in different structure types along the Harbin-Dalian high-speed railway in China [6].
Li et al. compared the freezing depth with the frost heaving of Harbin-Dalian high-
speed railway in two freeze-thaw cycles and analyzed the interrelation between the
air temperature and frost depth [7]. The design frozen depth in typical embankments
of Moscow-Kazan high-speed railway was estimated by both the maximum freezing
index over the years and average aggregate particle size based on the railway subgrade
design code in Russia [8]. Zhang estimated the more accurate frozen depth modified
by the polynomial regression analysis based on the geothermal data and proposed
the frozen depth prediction equation according to the linear regression between the
frozen depth and air freezing index [9].

Numerical methods may be adapted to model complex geometrical boundaries
and time-dependent thermal properties. The two methods most often referred to
include the Stefan equation and the modified Berggren equation which assume that
the latent heat of soil moisture is the only heat that must be removed when freez-
ing soil [10]. Due to the insufficient in calculating the multi-layer soil freeze-thaw
interface based on the Stefan equation JL and NM algorithm, the XG algorithm can
determine the freeze-thaw interface more rigorously [11]. Gao et al. analyzed the
correlation between the maximum frozen depth of many meteorological stations and
the calculated values based on the Stefan equation in the Tibetan seasonally frozen
regions and then calculated the maximum freezing depth in other parts of Tibet [12].
The air freezing index and the semi-empirical method of modified Berggren equa-
tion were directly used to compare the frozen depth prediction value with the field
measured value of the high-speed railway subgrade in the seasonally frozen regions
and proposed the calculation formula of the frozen depth for the high-speed railway
subgrade design [13].Wang et al. discussed themodifiedBerggrenmethodwhich can
calculate the freezing depth of the multi-layer soil structure by using the air freezing
index, and the feasibility of the method to predict the frozen depth was confirmed
by comparing the calculated value with the monitored value [14]. Based on the sur-
face freezing index transformed from the air freezing index in eastern Turkey, Stefan
equation and modified Berggren equation were used to predict the frozen depth of
highway multi-layer structure and verify the superiority of the modified Berggren
equation by comparing with the measured values [15]. Ai calculated the maximum
frozen depth through the surface freezing index of five cities along the Harbin-Dalian
high-speed railway by using the modified Berggren equation, and the applicability
of the equation was verified [16].

The mean daily air temperature and the mean daily geotemperature of two typical
zero-section subgrades of the Shenchi section of the Shenshuo heavy-haul railway in
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the seasonally frozen region are monitored in the past two years. Firstly, the freezing
indices, the surface n-factor, and the thermal diffusion coefficient of the unfrozen soil
are obtained from the monitoring data. The thermal conductivity of the frozen soil in
the stratum is calculated based on the slope of the modified Berggren equation. Both
the thermal properties of unfrozen or frozen soil are compared to discuss influence
of the shallow phreatic groundwater. Then, the feasibility of the modified Berggren
equation in predicting the frozen depth is verified by comparing the estimated and
calculated thermal conductivity, no matter the shallow phreatic groundwater does
exist.

2 Geothermal Data Analysis

2.1 Monitoring Points

The geothermal monitoring points are located in Shenchi County, Shanxi Province
of China which has an altitude of over 1400 m. Monitoring point A is located 25 m
outside the left shoulder where the terrain is flat, and the vegetation cover around
point A is mainly grass. There was no apparent surface water in the vicinity, and
no shallow phreatic groundwater was found in the borehole. Monitoring point B is
located 10 m outside the right side of the subgrade. Although vegetation cover near
the borehole is grass, there are tall trees and thewaste bank blocking the sunlight from
the east or the south orientations. There is no surface water at this location. However,
it was found in the borehole that there is shallow phreatic groundwater at a depth
of 0.6 m in July 2017, which can be regarded as a research point for the influence
of shallow phreatic groundwater on geotemperature. Point C is the meteorological
station of Shenchi County in Shanxi Province, and the ground surface temperature
sensor is buried at a depth of 5 cm. The soils in the strata are the same at the three
monitoring points, and the detailed information and earth-surface appearance are
shown in Table 1 and Fig. 1, respectively.

Table 1 Information of monitoring points

Monitoring point Location Elevation (m) Shallow phreatic
groundwater
table (m)

Monitoring depth
(m)

A N39◦04′05′′
E112◦04′51′′

1433 N/A 10

B N39◦05′11.96′′
E112◦12′41.61′′

1530 0.6 10

C N39◦06′27′′
E112◦12′42′′

1525.4 N/A 5
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(a) Point A (b) Point B

Fig. 1 Earth surface appearance of the monitoring points

2.2 Geotemperature

During the two years from August 1, 2016, to July 31, 2018, geotemperature data
were collected every six hours from 0 o’ clock everyday, and the mean value was
taken as the average daily geotemperature. Figures 2 and 3 show the change of
geotemperature within two years in point A and B, respectively.

The curve form of the geotemperature over time can utilize sine wave. Except for
the curve fluctuation of the ground temperature measured by the shallowly buried
sensors, the geotemperature curves at other buried depths are the smooth sine wave.
The sinusoidal function is used to fit the ground temperature variation law at different
depths as shown in Eq. (1).

T = T0H + AH × sin(2π(t − tcH)/p) (1)

Fig. 2 Geotemperature of
point A
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Fig. 3 Geotemperature of
point B

0.0

6.0

12 18 1

14

6.0

1

12

14

12 112

8.0

10

6.

10

8.0
8.0

6.0

4.0 4.0

2.0

2.0

6.0

0.0
-1.0-1.0

2016/8/1 2017/2/1 2017/8/1 2018/2/1 2018/8/1
0

1

2

3

4

5

6

7

8

9

10

D
ep

th
 (m

)

Date

where T 0H is the mean annual geotemperature in buried depth H, AH is the geotem-
perature amplitude in buried depth H, p is the period equals to 365.25 days, and tcH
is the phase difference in buried depth H and represents the delay of the extremum.
The parameters in Eq. (1) are fitted and listed in Tables 2 and 3.

The relation between the mean annual geotemperature T 0H and the buried depth
H in Table 2 can be fitted by a linear function, as shown in Eq. (2).

T0H = a + bH (2)

where a is the annual geotemperature at the ground surface and equals to 9.60 °C,
and b is the gradient of −0.097 °C/m.

Table 2 Parameters of geotemperature in point A

Buried depth (m) T0H (°C) tcH AH (°C) R2

0 9.61 312.61 15.12 0.93

1.0 9.52 333.53 11.01 0.98

2.0 9.41 357.09 7.054 0.98

3.0 9.32 380.64 4.423 0.99

4.0 9.20 406.22 2.759 0.99

5.0 9.08 431.56 1.736 0.99

6.0 8.97 457.77 1.108 0.98

7.0 8.89 483.46 0.744 0.97

8.0 8.82 507.69 0.522 0.95

9.0 8.75 529.77 0.374 0.93

10.0 8.68 551.11 0.268 0.89
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Table 3 Parameters of geotemperature in point B

Buried depth (m) T0H (°C) tcH AH (°C) R2

0 6.93 273.29 10.34 0.97

1.0 6.76 294.66 7.076 0.95

2.0 6.60 314.73 4.777 0.94

3.0 6.49 335.10 3.180 0.93

4.0 6.42 355.85 2.151 0.93

5.0 6.37 379.27 1.443 0.94

6.0 6.32 402.95 0.970 0.95

7.0 6.26 427.08 0.617 0.94

8.0 6.25 449.75 0.449 0.91

9.0 6.27 471.50 0.274 0.81

10 6.26 492.26 0.185 0.68

While the relation between the mean annual geotemperature T 0H and the buried
depth H in Table 3 is not as simple as linearity and can be fitted by logistic function
in Eq. (3).

T0H = A1 + (a − A1)
/(

1 + (H/H0)
p
)

(3)

where a equals to 6.93 °C, A1 is the mean annual geotemperature when the buried
depth toward infinity and equals to 6.05 °C, H0 is the turning point where the mean
annual geotemperature increment approaches zero, the magnitude is about 3 m, and
p is a dimensionless parameter indicating the curvature of the logistic function and
equals to 1.315.

The amplitude of the annual geotemperature AH changing with the buried depth
H can employ Eq. (4) to fit the curves.

AH = ASexp

(
−H

√
π

/
(αu p)

)
(4)

where AS is the amplitude at the ground surface and au is the unfrozen soil thermal
diffusivity. Themagnitudes ofAS and au in point A are 15.11 °C and 0.05392m2/Day,
respectively. And, the values of AS and au in point B are 10.33 °C and 0.056 m2/Day,
respectively.

The depth-dependent phase difference tcH can adopt the linear equation in Eq. (2)
to fit the relationships. The magnitudes of parameter b in both point A and point B
are 24.60 and 22.18 m−1, respectively.

The mean annual geotemperature T 0H , annual geotemperature amplitude AH , and
phase difference tcH changing with the buried depth H and those fitting effect are
plotted in Fig. 4, respectively. The mean annual geotemperature T 0H decreases with
the buried depth H, which is a typically negative gradient geothermal curve. The
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Fig. 4 Parameters in Eq. (1) changing with depth

annual heat flowdirection is from top to bottom, and the annual heat dissipation is less
than the heat absorption. So, the stratum is an endothermic type whose temperature is
increasing. The geotemperature amplitude range within 10 m is greater than 0.1 °C,
which indicates that the depth of zero annual amplitude is deeper than 10 m. Phase
difference tcH increases with the buried depth, which indicates that the extremum of
the geotemperature will delay with the increasing depth.

The average monthly ground surface temperatures of point C in cold seasons
from 2011 to 2018 are given in Table 4. Any spring or autumn month that includes a

Table 4 Average monthly ground surface temperature of point C (Unit: °C)

Year Month

10 11 12 1 2 3

2016–2017 7.2 0.2 −3.6 −6.6 −3.2 2.2

2017–2018 6.7 −0.8 −7.0 −8.3 −6.3 7.2
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Fig. 5 Mean daily
temperature from 2016 to
2018
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seasonal maximum or minimum is called a changeover month. Namely, the Novem-
ber and March are the changeover month in autumn and spring, respectively. And,
January is the coldest month.

2.3 The Calculation of Air Freezing Index

Figure 5 shows the mean daily air temperature in Shenchi meteorological station
from 2016 to 2018. Based on the mean daily air temperature of the meteorological
station from 2016 to 2018, the air freezing index is calculated as −596.5 °C Day and
−883.0 °C Day, respectively.

3 Applicability of the Modified Berggren Equation

3.1 Ground Surface Freezing Index and Maximum Frost
Depth

The Lagrangian interpolation method is used to determine the 0 °C isotherm over
time in the stratum. The temporal and spatial variation of the 0 °C isotherm in the two
cold seasons of the monitoring points is obtained in Fig. 6. The maximum frozen
depth of monitoring point A in the first monitoring period is 1.08 m, while the
maximum frozen depth of point B is only 0.63 m. The maximum frozen depth of
point A in the second period is 1.36 m, while the maximum frozen depth of point B is
0.80 m. It is clear that the maximum frozen depth of the cold season is significantly
affected by shallow phreatic groundwater. The phase change of abundant shallow
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Fig. 6 Comparison of frozen depth

phreatic groundwater at point B releases a large amount of latent heat and inhibits
the development of frozen depth during the frosting process in the cold seasons.
Due to the high thermal conductivity of saturated soil, the much more heat in the
deep stratum can transmit to the ground surface which leads to a positive impact on
reducing the frozen depth.

Another significant feature in Fig. 6 is the difference of the freezing start dates
and the melting end dates of the two monitoring points. The freezing start date of
point B is about 20 days later than that of point A, and the melting end date of point
B is also posterior to the date of point A. It indicates that a large quantity of shallow
phreatic groundwater phase-change latent heat can delay the freezing of the stratum
and cause ice layers appearing in the stratum which will eventually lead to longer
time in melting process during the spring.

The ground surface freezing index (Isf) is defined as the cumulative degree-days
versus time when the temperature at the ground surface is subzero. The ground
surface freezing indices of the point A and B are obtained directly from Figs. 2 and 3
by summation of theminusmean daily ground surface temperature, while the ground
surface freezing index of point C can be calculated by the method based on Table 4
by Boyd’s method [17]. Surface n-factor is defined as the ratio of the ground surface
freezing index to the air freezing index, and the results are shown in Table 5.

By comparing the air freezing index with the ground surface freezing index of dif-
ferent monitoring points, shallow phreatic groundwater can significantly reduce the
ground surface freezing index, which makes the surface n-factor relatively smaller.

3.2 Parameters of the Modified Berggren Equation

The average value of the maximum frozen depth measured in a flat, bare, and open
site outside the city for no less than ten years is called the maximum frozen depth
of the area. In the deriving of the maximum frozen depth in modified Berggren
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Table 5 Frost depth and surface frost index

Monitoring
point

Monitoring
period (year)

Ground surface
freezing index
(°C Day)

Mean surface
n-factor

Maximum frost
depth (m)

A 2016–2017 −384.627 0.645 1.08

2017–2018 −659.847 1.36

B 2016–2017 −129.720 0.222 0.63

2017–2018 −199.629 0.80

C 2016–2017 −465.32 0.794 0.82

2017–2018 −714.26 1.13

equation, it was assumed that the latent heat is the only heat that must be removed
when freezing the soil. Thermal energy stored in the form of volumetric heat, which
is released as soil temperature drop to and below the freezing point, is neglected.
And, the heat released by the soil moisture at the frost line, as it freezes a depth dX
in time dt, equals the rate at which heat is conducted to the ground surface. So, the
modified Berggren equation can be written as follows.

X = λ
(
2k f Isf/L

)0.5
(5)

where X is the depth, t the time, L the latent heat of the soil, kf the frozen soil thermal
conductivity, Isf the ground surface freezing index, and λ the correction coefficient.

The frozen depthX has a linear relation with I0.5sf as illustrated in Fig. 7, and whose
gradient is λ(2kf /L)0.5. So, the gradients of point A and B are 0.0550 [m2/(M Day
°C)]0.5 and 0.0561[m2/(M Day °C)]0.5, respectively.
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3.3 Applicability Check of the Modified Berggren Equation

The correction coefficient λ, which is dimensionless, is a function of two dimension-
less parameters α and μ [10, 18].

α=T0 × t
/

(Isf)Thermal ratio (6)

μ = cv Isf
/

(1000 Lt)Fusion parameter (7)

where T 0 is the mean annual ground surface temperature, t the dates which daily
surface temperature below 0 °C, and cv (kJ/m3 K) the soil volumetric heat capacity.

Using the specific heat of a material defined as the ratio of its heat capacity to that
of water in degrees Celsius, volumetric heat capacity for unfrozen mineral soils can
be calculated as

cv = ρd
/

ρw
(
0.17 + 1.0 × w

/
100

)
cvw (8)

where cvw = 4.187MJ/(m3 °C), ρd and ρd are the unit mass of the dry soil and water,
respectively. The specific heats 0.17 and 1.0 correspond to mineral soil and water,
respectively.

For soils, the total energy involved in the phase change process will depend on
the total water contained in a given soil volume and the fraction of this water that
changes phase. For a given soil,

L = ρd L
′(w − wu)/100 (9)

where L′ = 33.7 kJ/kg is the mass latent heat for water, w is the total water content,
and wu is the unfrozen water content in frozen soil. For practical problems, the
assumption that wu is zero will give acceptable L values.

Based on the stratum information of themonitoring points in Table 6, the unfrozen
soil thermal conductivity can be calculated by the formula between the thermal
diffusivity and conductivity. Also, the thermal ratio and fusion parameter can be
obtained from the above monitoring and calculated values, and then, the correction
coefficient is determined in Eq. (5) [10] (Aldrich and Paynter 1966). Therefore, the

Table 6 Geological survey
of the monitoring points

Point Depth (m) Mean water
content (%)

Dry density
(g/cm3)

A 0–4 12.1 1.732

4–8 18.3 1.784

8–10 12.2 1.883

B 0–6 21.5 1.760

6–10 28.3 1.582
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Table 7 Calculated values of thermal conductivity based on monitoring data (W/(m °C))

Point Year Thermal conductivity of unfrozen
soil

Thermal conductivity of frozen
soil

A 2016–2017 1.19 2.30

2017–2018 1.21 2.13

B 2016–2017 1.74 3.83

2017–2018 1.88 3.93

only parameter unknown in the gradient λ(2kf /L)0.5, which is the frozen soil thermal
conductivity, can be calculated, as shown in Table 7.

The estimated thermal conductivity of unfrozen soil can be acquired by Eq. (10)
based on the water content w and dry density ρd .

ku = 0.1442(0.9 logw − 0.2)100.6243ρd (10)

As shown fromEqs. (11) to (14), the estimated thermal conductivity of unsaturated
frozen soil is the combination of the saturated frozen soil thermal conductivity ksat
and dry frozen soil thermal conductivity kdry, with Kersten number Ke related to
saturation [19].

ksat = k1−n
s kn−wu

i kwu
w (11)

kdry = (0.137ρd + 64.7)

(2700 − 0.947ρd)
± 20% (12)

Ke = Sr (13)

k f = (
ksat − kdry

)
Ke + kdry (14)

where, n is the soil porosity; ρd is the dry density (kg/m3); ks is the thermal conductiv-
ity of solid particles and ks= 5.2W/mK [20]; ki= 2.2W/mK and kw = 0.57W/mK;
and wu is the unfrozen water content in frozen soil and assumed as zero.

The estimated thermal conductivity by empirical equations from Eqs. (10) to (14)
and calculated thermal conductivity by monitoring data are demonstrated in Table 8.
The errors between the thermal conductivity are less than 10%, so the applicability

Table 8 Comparison between the calculated and estimated thermal conductivity (W/(m °C))

Monitoring point Unfrozen soil Frozen soil

Calculated value Estimated value Calculated value Estimated value

A 1.20 1.35 2.22 2.23

B 1.81 1.76 3.88 3.69
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of the modified Berggren equation can predict the maximum frozen depth affected
by shallow phreatic groundwater.

4 Conclusion

(1) The shallow phreatic groundwater lowers the mean geotemperature, delays it to
the extreme value, and reduces the maximum frozen depth in the cold season.
The shallowphreatic groundwater also lowers the ground surface freezing index,
namely reduces the average surface n-factor.

(2) The influence of shallow phreatic groundwater on the thermal diffusivity of
the stratum can be neglected, but it has an ignored influence on the thermal
conductivity of the soil.

(3) The slope of the modified Berggren equation is almost unaffected by shallow
phreatic groundwater, and the equation predicting the maximum freezing depth
affected by groundwater is effective verified via comparison of the thermal
conductivity.
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Calculation of Soil–Transport Structure
Interaction

A. G. Shashkin, K. G. Shashkin and V. M. Ulitsky

Abstract The paper considers soil–transport structure interaction. Soil deforma-
tions, completely defining deformations of a road embankment, require an accurate
prediction with a help of effectivemodels of soil behavior, which take into account its
non-linear and rheological behavior. There is given a visco-plastic model of behav-
ior of soil of small and medium degree of lithification, which allows predicting
development of deformations of transport structures in time. It is demonstrated that
settlements of structures are defined not only by deformations of consolidation but
also by deformation of form change. The authors implemented the soil model in the
software complex FEM models, which is an import-substituting domestic produc-
tion overtaking capacities of western analogs according to the speed of solution of
non-linear and rheological problems. The paper shows the results of verification of
the software for meeting the results of monitoring of a renown site of transport con-
struction—the dam for protecting St. Petersburg against floods, which test grounds
served for long-term investigations of the process of soil deformation under different
draining conditions.

Keywords Visco-plastic soil model · Soil–structure interaction calculations ·
Verification · Soft clayey soil · Embankment deformations · Glacial and
lacustrine-glacial deposits

1 Introduction

Transport construction in Russia is on the threshold of creating a new quality of
aboveground facilities—emerging high-speed railways and highways. High-speed
transit is associated with higher risks and, consequently, stricter requirements for
road deformations. Requirements for deformations, which are set for railroads, are
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unprecedentedly tough: according to the draft of the new Russian set of regulations
relative deformations should not exceed 0.00025 that is by order smaller than in civil
construction. Absolute settlements of railroad bed are limited to the value of 15 mm.
Evidently, it is impossible to meet these requirements using traditional approaches
of road construction to engineering investigations, calculations, design, and
construction.

One of the most important components of success is enhancing accuracy of cal-
culations of strains of line structures. Also the necessary conditions of it include
reliable initial data on engineering-geological and hydro-geological conditions of a
road and physical–mechanical soil properties. It is noteworthy that contrary to civil
and industrial buildings and structures, which have their own spatial rigidity allowing
to redistribute forces and even align settlements, railway bed is an absolutely flexible
structure, where strains are completely defined by soil deformations. Therefore, the
accuracy of prediction of soil deformations is determined by an applicable physical
model of soil behavior, which should reflect real behavior of subsoil. According to
the Federal Law “The Technical Regulations of Safety of Buildings and Structures”
calculation of soil–structure interaction should be made taking into account physi-
cal and geometrical non-linearity of soils and materials as well as their rheological
properties. St. Petersburg-based geotechnical school is the Russian and world leader
in the field of soilstructure interaction calculations.

For several decades, a special attention of St. Petersburg-based geotechnical engi-
neerswas drawn to saturated clayey soils of small andmediumdegrees of lithification,
which are briefly called soft clayey soils. These soils were formed in the conditions of
severe climate of the last glacial period and gradual retreat of the glacier accompanied
by alternation of fresh water and salty lakes on the place of the modern Baltic Sea, on
the bottom of which lacustrine-glacial and lacustrine-marine sediments accumulated
[1, 2]. These deposits are spread in the area of Fennoscandia and the adjacent territo-
ries of the Russian plain and near-Arctic area [3]. For them it is intrinsic to respond
to an external impact as a quasi-solid body at preservation of structural links and
turn into liquideous milieu at violation of natural structure, i.e. explicit non-linear
behavior.

2 A Model with Independent Strain Hardening

Nowadays many physical models of soil behavior have been developed in soil
mechanics [4–7]. A part of these models was implemented in software complexes
[8, 9]. We have conducted a critical analysis of these models [10], which showed
that they do not adequately describe real behavior of saturated clayey soils of small
and medium degree of lithification.

Stabilometrical tests demonstrate that at hydrostatic loading an area of strain
hardening does not develop in a deviator direction. Therefore, in order to create a
realistic model of soil behavior there is a need to make independent description of
hardening at volumetric and shear loading. This approach was partly implemented in
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hardening soil model of PLAXIS, developed by prof. Vermeer [11], gave it deserved
prominence and success in the market of practical calculations for design. However,
it is noteworthy, that separate description of volumetric and deviator deformations
was not completely consistent there [10].

In the model, proposed by the authors, the idea of independent description of
shear and volumetric hardening was brought to the logical end [12].

2.1 Making Dependencies of Volumetric Deformations
on Ball Tensor and Shear Deformations on Stress
Deviator

Dependencies of shear and volumetric deformations on a volumetric component and
a stress deviator γ p(p, q) and εvp(p, q) are made according to a number of tests.
Dependencies γ p(p, q) and εvp(p, q) can be drawn on the surface (p, q) in the form of
contours (Fig. 1). The form of dependencies γ p(p, q) is well known. It is evident that
approaching to the ultimate stress deformations increase, therefore, contours γ p(p,
q) concentrate along the line according to Coulomb law.

The dependency εvp(p, q) at q = 0 is defined based on the test on hydrostatic
compression. Providingdifferent values of stress deviator one canobtain the complete
form of these dependencies. Deviation of contours εvp(p, q) on the surface (p, q) from
the vertical defines the phenomenon of dilatancy. As the points located above the
ultimate line correspond to stress–strain behavior impossible for the soil stress state,

Fig. 1 Scheme of forming an elasto-plasticmodel with independent deformation hardening in FEM
models software
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there is a reason to draw the contours εvp(p, q) below the ultimate line according to
Coulomb law.

The set of dependencies γp(p, q) and εvp(p, q) completely defines the vector of
plastic deformation at the given increment of stresses.Using this approach composing
the model is free from any theoretical consideration on a shape of a “tent (marquee)”
and the necessity of application of the associated law of plastic flow, which was
already criticized with good substantiation by Iosilevich [13]. It allows to make
maximum approximation of the model to the experimental results. In fact differences
from the experiment are defined only by inaccuracy of approximation of the functions
γp(p, q) and εvp(p, q).

For non-cohesive soils, the given contours are enough to describe deformation
at any stress state as an increase of shear resistance in such a soil is explained by
increased inter-particle friction. At unloading of volumetric stresses normal forces
between particles decrease together with inter-particle friction forces and, conse-
quently, an integral value of shear resistance also reduces.

2.2 A Dependency of Shear Deformations on Stress Deviator
for Cohesive Soils

In cohesive soils, shear resistance at volumetric compression is explained by soil
hardening accompanied by contingence of particles and an increase of amount of
structural inter-particle connections. At unloading volumetric stress, there is no back
softening, and the formed structural links define preservation of a value of shear
resistance. Therefore, in case of cohesive soils it would be more correct in terms of
physics to depict not the dependencies γp(p, q), but the dependencies γp(εvp, q), i.e.
to define the dependency of soil behavior at shear based on an achieved degree of
hardening rather than on volumetric pressure.

The most general solution of this problem is to introduce an additional set of
dependencies γ ∗

p (p, q)(p, q) at the stage of unloading of volumetric stresses. Then,
for ideal non-cohesive soils γ ∗

p (p, q) ≈ γ(p, q), for ideal cohesive soils γ ∗
p (p, q) ≈

γ (pe, q), where pe is an achieved level of hardening stresses. Introduction of an
intermediate set of contours γ ∗

p (p, q) allows describing any degree of strength loss
at unloading of volumetric stresses.

This approach allowsdescribingmost of phenomena recordedduring experiments.
Curving of contours of equal volumetric stresses allows reflecting the phenomenon
of dilatancy without involvement of consideration on a shape of “tent” surface, etc.
As regards clayey soils of small and medium degree of lithification dilatancy is
understudied now, although there is some evidence of insufficiency of this effect.
Therefore, in the future, in order to facilitate the model, we will approximate these
contours by vertical straight lines (dilatancy is not taken into account).



Calculation of Soil–Transport Structure Interaction 139

2.3 Approximation of Dependencies

In order to approximate the dependency p–εvp, it is convenient to use the following
formula:

εvp(p, q) = εvp(p) = λ · ln
(
p + p0
p0

)
(1)

The parameters λ and p0, as it will be shown below, can be approximately obtained
from compressive soil tests.

Approximation of the dependency q–γ at q < τ lim can be made with a help of the
degree function:

γp(p, q) = Aqn, (2)

where n—a degree index,

A = γc

τ n
lim

, τlim = c + Mp, M = 3 sin φ

3 − sin φ
.

Inserting these values in (2), we will get

γp(p, q) = γc

(
q

c + Mp

)n

(3)

In expression (3) the parameter γ c defines a value of shear deformation achieved
before a sample failure. In soft soils, where a sample failure occurs without form-
ing a sliding surface, vertical deformation is usually limited by the value of 15%,
that corresponds to the deformation of form change γ c= 0.225 in unconsolidated
undrained tests of a saturated sample. The parameter n defines a form of a curve.

The contours γ ∗
p (p, q) at unloading of volumetric stresses can be also approxi-

mated by straight lines, which are directed at an angle and a coefficient M*. Then

τlim = c + Mpe − M∗(pe − p),

γ ∗
p (p, q) = γ c

(
q

c + Mpe − M(pe − p)

)n

(4)

For convenience, the parameter M* can be described analogous to the parameter
M:

M∗ = 3 sin φ∗

3 − sin φ∗

where φ* can be called an angle of internal friction at unloading.
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Dependency (4) describes soil behavior at stresses, which are smaller than the
ultimate ones. At stresses exceeding the strength limit and within the model of defor-
mation of form change aspires to infinity a sample fails.

3 The Account of Development of Deformations in Time

Certainly, the model with independent deformation hardening, which provides more
realistic description of soil behavior, is not sufficient to solve the problem of calcula-
tion of structure. Long-term in situ observations, which have been conducted during
150 years, show that there is no such a notion as “final settlement” for buildings and
structures constructed in saturated soils of small and medium degree of lithification
[14]. Therefore, in order to design line structures, it is very important to know a real
speed of development of soil deformation in time.

3.1 Development of Deformations of Volume in Time

The theory of filtration consolidation is traditionally used for calculation of deforma-
tions in time. There is distinguished primary consolidation associated with dissipa-
tion of pore pressure and secondary consolidation caused by creeping of a structural
frame of soil.

Creating the visco-plasticmodel,we implemented the effect of delay in volumetric
deformations due to water removal in the traditional way. The non-linear dependency
of a coefficient of filtration on a head gradient has been taken into account. The form
of this non-linear dependency iswell known due to research ofmany authors (Dashko
[15], Gor’kov [16], etc.) of the national school. An example of the dependency of
the coefficient of filtration on the head gradient is given in Fig. 2 [17]. According
to the practice of calculations, the account of real coefficients of filtration makes us
considerably revise the established opinion on a prevailing contribution of volumetric
deformations into settlements of structures in soft clayey soils.

3.2 Development of Deformations of Form Change in Time

A shear component makes quite a considerable contribution into development of
deformations. At the same time, today there are almost no models, which can ade-
quately describe shear deformations in time. The majority of models imply imme-
diate development of shear deformation that contradicts the whole experience of
construction accumulated by the mankind.

The national school of soil mechanics devoted a large amount of attention to the
phenomenon of shear creeping. The works of Maslov, Vyalov [18, 19] demonstrate
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Fig. 2 Approximation of a
coefficient of filtration on a
head gradient for
lacustrine-glacial deposits
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theoretical and practical premises of calculation of deformations in timewith account
of shear creeping. However, until recently, there has not been created a generally
accepted rheological model of behavior of soft clayey soil, which is convenient for
implementation in calculation software.

We have made an attempt to summarize the existing data on soil deformation in
time within a single visco-plastic model.

The proposed model utilized the simplest linear dependency: according to the
linear law, viscosity reduces with an increase of shear stress and approaches to zero
when reaching the strength limit:

η(τ) = η0
τlim − τ

τlim
, (5)

where η0—initial viscosity, τ lim—ultimate shear resistance.
Meanwhile, a speed of development of shear deformation is in non-linear depen-

dence on the acting stresses that is quite consistent with the existing research [20]
(Fig. 3).

As a result of using such a simple method, we have managed to unite different
soil behavior within one model: slow development of deformations at small shear
stresses and quick failure at stresses at the strength limit.

4 Comparison of Calculation Results and in Situ
Investigations

In order to test the work of the visco-plastic model, let us consider the results of
settlement calculation of test ground of the complex for St. Petersburg protection
against floods [20]. The calculation scheme of the problem for calculating test ground
#1 is shown in Fig. 4.
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Fig. 3 Dependency of the rate deformation of form change on deviator stresses at various soil water
content. 1—the water content of clayey soil W = 30%; 2—the water content of clayey soil W =
24%; 3—the water content of clayey soil W = 21%; 4—approximation of test by dependency (5)

Fig. 4 Calculation scheme of the problem for calculating settlements of test ground #1

4.1 The Initial Data for Numerical Modeling

At the initial step of the problem distribution of natural stresses was modeled.
Then loads exerted by the embankment were applied step by step. The eleva-
tion of the original embankment was +1.5 m from the water level of the Gulf of
Finland. Then incremental filling of the secondary embankment to the elevations
+2.15, +3.45, +4.75, and +5.8 m was modeled.

The following properties were accepted for the layer of soft soils: E = 5000 kPa;
c = 30 kPa; φ = 10; φ* = 0; η0 ≈ 100cu = 2000 kPa year, where cu is undrained
strength of soil [20].
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4.2 Simulation Results and Discussion

According to the calculations at small values of filtration coefficient of a bulk of soft
soils (10−8…10−9 cm/c), the values of settlements caused by filtration consolidation
are very small. The main role is played by deformations of form change. Figure 5
shows the contours of displacement rates after applying the last step of load. The
figure shows that soil is pressed out of the embankment, and the area of deformation
development is similar to circular–cylindrical surfaces alongwhich one can anticipate
the loss of slope stability. In the given case, maximum shearing stresses do not
reach the strength limit of soil; therefore, non-linear deformations are defined by
development of shear deformations in the initial part of the graph q–γp, which is
defined according to formula (2).

Therefore, expectedly, the main parameter for the problems of settlements calcu-
lation is characteristics of deformability at pre-limit stresses rather than strength limit
of soil. Unfortunately, due attention is not always devoted to these characteristics,
and many soil models [10] do not quite adequately describe this very initial step of
deformation. The settlements of test ground #1, which have been defined using the
proposed model, are in good agreement with observational result that is explained
by proper account of deformations of form change of the model under consideration
(Fig. 6).

The calculation scheme of the problem for calculating settlements of test ground
#2 [20] is given in Fig. 7. The elevation of the original embankment was +1.2 m
from the water level of the Gulf of Finland. Then incremental filling of the sec-
ondary embankment to the elevations+2.5,+3.65,+4.85,+5.69, and+6.12 m was
modeled.

Contrary to test ground #1, in test ground #2, implementation of drains initi-
ated settlement development without applying an additional load. The calculations

Fig. 5 Contours of rates of displacements after applying the last step of load
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Fig. 6 Graph of development of settlements in time in test ground #1: 1—observation results;
2—the results of calculation according to the visco-plastic model

Fig. 7 Calculation scheme of the problem for calculating settlements of test ground #2

according to the model under consideration show the analogous effect, as at imple-
mentation of drains (change of boundary conditions for solving the problem of fil-
tration consolidation) settlements start to be determined not only by deformations of
form change but also by deformations of consolidation. The dependency of settle-
ments for test ground #2 in time is also in good agreement with the results of field
tests (Fig. 8).

Therefore, the comparison of calculation results and the results of long-termobser-
vations of settlements in the test grounds demonstrates that the proposed model
provides adequate description of the process of development in time of both defor-
mations associated with soil consolidation and deformations of form change, which
prevail in test ground #1 without drainage.
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Fig. 8 Graph of development of settlements in time in test ground #2: 1—observation results;
2—the results of calculation according to the visco-plastic model

5 Conclusions

5.1. The visco-plastic model provides adequate description of the process of devel-
opment in time of both deformations associated with soil consolidation and
deformations of form change, which prevail in undrained soils; its use allows
to increase significantly the accuracy of geotechnical calculations.

5.2. Deformation behavior of a line structure (transport roadbed, embankment) is
completely defined by soil deformations. In saturated clayey soils of small and
medium degree of lithification without special drainage deformations of form
change prevail.
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Considering the Strength Soils
Variability in the Consolidation
by Numerical Modeling

Evgeniy Fedorenko

Abstract Representations in the field of mechanics of frozen and thawing soils
require joint calculations: both thermophysical and stress–strain in a single calcu-
lation scheme. One of the criteria for assessing the reliability of the structure is
to check the stability, the initial data for which are strength parameters. However,
the process of transition from the frozen state to the thaw state entails a significant
increase in moisture and, as a consequence, sharp decrease in strength, which grad-
ually increases in the process of consolidation. Thus, in the calculations of transport
facilities on thawing soils, it is necessary to take into account unstable strength param-
eters of soils in time and space. One of the methods of such accounting is the use of
the type of behavior of undrained A soil models in PLAXIS software, working with
the finite element method. The article describes an example of checking the design
scheme when using this type of behavior based on the results of laboratory tests.

Keywords FEM · Plaxis · Soil strength · Undrained behavior · Undrained A type

1 Introduction

The design scheme in the form of an embankment with the corresponding geometry
in numerical modeling allows to obtain a complex stress–strain state, the parameters
of which are determined by the selected soil model. When using constitutive soil
models, for example, soft soil or hardening soil, one of the modeling results is shear
strains [2].

The models reflect that the shear leads to an increase in the excess pore pressure,
and the analysis of the complete design scheme becomes very difficult. The calcula-
tion is based on the analysis of the effective characteristics, and in accordance with
the principle of K. Terzaghi value of the excess pore pressure affects the effective
stress and the resistance of soil against the shear. For visual analysis and simple
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perception, further reasoning is conducted for a column of soil cut from the design
scheme of the embankment on a weak base.

The height of the embankment is 5.2 m, below is IGE 40 (plastic sandy loam
2.4 m) and IGE 89 considered in the example (3 m), which is underlaid by crushed
soil [4]. In the example, loam was selected for the analysis (IGE-89). The soil is in
the stage of incomplete consolidation (IL = 1.05) and shows a slight hardening in
depth in the form of increased strength, i.e., refers to the normally consolidated soils.

The embankment soil and other layers (except for the considered one) are given
by a linear elastic model with γ unsat = 19 kN/m3 and ysat = 20 kN/m3. The stiffness
of the model is assumed to be conditional, and in this example this value does not
matter.

The soil of IGE-89 with the type of undrained A behavior is given by soft soil
model. The strength values of this model will be different depending on the selected
behavior.

Parameters of soil strength are taken from the analysis of laboratory and field tests.
In this example, we consider only triaxial tests: UU—unconsolidated-untrained and
CD—consolidated-drained to facilitate the perception of information.

Evaluation of strength characteristics is made for two soil states:

– unstabilized (UU testing) of the corresponding point in time before consolidation
(undrained state);

– stabilized (CD tests) corresponding to the moment of time after completion of
consolidation (drained state).

1.1 Unstabilized State

In geotechnical practice, the profile of undrained strength Cu with depth is based on
all available geotechnical engineering data: UU andCU triaxial testing, fieldmethods
(CPTu, dilatometer, vane tests), and so on [1]. In this example, profile with depth
(Fig. 1) is obtained according to the protocols of unconsolidated-untrained (UU)
tests.

The value of the undrained strength at the depth of the roof (−2.4 m) and sole
(−7.4 m) of the IGE-89 layer is Cu = 6.5 kPa and Cu = 10 kPa, respectively.

This line will be the lower limit of strength, i.e., it will characterize the strength
in the unstabilized state, which the model should not exceed.

1.2 Stabilized Condition

The parameters of the stabilized state are obtained from the data of triaxial tests
according to the consolidated-drained test consolidated-drained (CD). The results
are processed in the p-q space. The drained friction angle in effective stresses ϕ′
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Fig. 1 Profile of undrained strength with depth

Table 1 Strength parameters
for IGE-89 model

Unstabilized state Stabilized state

Su = Cu = 5 kPa
Incremental on deeps
Su, inc = Cu, inc = 0.65 kPa

ϕ′ = 12°; c′ = 0 kPa

is determined by the slope of the limiting envelope in these axes. With this test
processing, a drained friction angle ϕ′ = 12° was obtained.

The results of the analysis of the source data can be summarized in Table 1.

2 Numerical Modeling

The calculation is performed to estimate two states [3, 5]:

– unstabilized:

type of plastic calculation—activation of the embankment cluster, increase in
excess pore pressurewithout taking into account the influence of the filtration coef-
ficient and boundary conditions of the consolidation scheme (phase 1.1, Fig. 2);

– stabilized:

(1) type of consolidation calculation with a minimum pore pressure of 1 kPa
(after phase with the unstabilized condition)—full dissipation of excess pore
pressure with the definition of the consolidation time, which does not matter
in this calculation (phase 1.2 after phase 1.1, Fig. 2).

(2) type of plastic calculation—activation of ignore undrained behavior option,
which means the application of load (activation of embankment soil) without
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the formation of pore pressure (phase 1.3 after phase 0 initial, Fig. 2). This is
a separate branch to map to phase 1.2.

Using the undrained behavior type allows to evaluate both the unstabilized and
the stabilized state, i.e., it will show differences for the three selected calculation
types and will change the strength in the consolidation process.

Unstabilized condition is specified by the type of plastic calculation and generates
excess pore pressures, the value of which amounted to 98.08 kPa.

These values are related to laboratory tests as follows:

– at a depth of 2.4 m calculated Tmax = 4.5 kPa, laboratory Cu = 6.5 kPa;
– at a depth of 7.4 m calculated Tmax = 12 kPa, laboratory Cu = 10 kPa.

A geotechnician should decide on their own, how these values are acceptable. In
addition, one should take into account the impact such of factors on these values
as follows: parameter Skempton, type of calculation (plastic or consolidation), and
drained effective strength (adjustment ϕ′ = 12°).

The values of the calculated parameters (effective and total) at one point in the
lower part of the IGE 89 layer for the unstabilized state in the form of Mohr cir-
cles are shown in Fig. 3. This is the mechanism of undrained A type of behavior
when generating the calculated strength of the soil shear at a given effective strength

Fig. 3 Mechanism of undrained A behavior for non-stabilized state (phase 2.1)
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Fig. 4 Results of modeling with undrained A type

in the form of conditional untrained strength, determined by the parameter Tmax.
The displacement of the circles is made by the amount of active pressure: Pactive =
171.1 kPa.

Evaluation of the unstabilized state in the form of untrained strength when using
undrained A type of behavior is made in an effective “coordinate system,” i.e., the
safety margin is estimated in relation to the entered ultimate strength of the model
in effective stresses—ϕ′.

Comparison of control (obtained in the laboratory) values and calculated values
is shown in Fig. 4.

The selected strength parameters for undrained A type of behavior are as follows:
c′ = 0 kPa; ϕ′ = 12°. The results obtained indicate satisfactory behavior of the
model, the calculated strength values of which fall within the limits established by
the laboratory (upper and lower). In this way, the modeling of this soil layer can be
carried outwith undrainedA type of behavior. Themain parameters of the calculation
are shown in Fig. 5.

It should be noted that the considered version of the test is a conservative estimate,
since it does not allow filtration consolidation in the process of filling five meters of
soil (plastic mode). In fact, the filling will take place over a period of time and the
process of filtration consolidation will take place, and, consequently, there will be a
change in strength increasingly.

3 Conclusion

Whendesigning embankments of transport facilities onweak soils, including thawing
ones, a variable value of resistance against the shear plays an important role, both
in time (consolidation) and in space (under the axis, the slope of the embankment
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Fig. 5 Visualization of modeling results (strength values are taken for the middle of the layer)

and beyond it). Standards based on the use of calculations manually regulate the
assessment of only two states: initial (unstabilized) and final (stabilized), while the
ability to performstage construction is verydifficult. Theuse of geotechnical software
makes it possible to perform both a conservative assessment in accordance with
the requirements of regulatory documents (e.g., undrained B, C types of behavior)
and a more complete analysis taking into account the changes in strength in the
consolidation process and taking into account the influence of weak soil before the
beginning of filtration consolidation (undrained A type of behavior).

Using the possibilities of numerical modeling provides a solution for such prob-
lems as considering the existing embankment (e.g., when widening or construction
of the second track), the influence of hardening when using the system of vertical
drainage (PVD), and stage-by-stage embankment construction costs calculated on
the basis of excess reserves by conservative methods.
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Identification of the Emergency
Condition Reasons at Railway Lines
that Are in Difficult Geocryological
Conditions

D. N. Gorobtsov , I. K. Fomenko , V. V. Pendin and M. E. Nikulina

Abstract The quantity slope stability assessment is an organization based on the
engineering, geological, and geophysical investigations’ analysis. The geomechan-
ical slope’s models creation realized along with stability assessment for slopes in
natural conditions and in conditions of one estimated geological element soaking
and thawing. Morgenstern–Price, Bishop’s method, and Janbu’s method were the
main in stability assessment. The estimation analysis allows concluding that there
are two main mechanisms of sliding processes on the slope. In the first case, land-
slide dislocations occur in the embankment’s body. The second mechanism bases
on the assumption of one estimated geological element soaking and thawing. In this
case, sliding dislocations cover thewhole embankment. The embankment’s displace-
ment comes along frozen moistening loams (main straining horizon (MSH)). This
main straining horizon is the base for made ground. In addition, displacement may
occur because of infiltration of the surface water along well-filtering macadam in
warm period. The main sliding factors at the territory are significant relief energy,
low strength properties of soils during it soaking and thawing, artificial cooperation.
Fine probability sliding process activation predetermines the necessity of design and
engineering protection measurements organization.

Keywords Quantity slope stability assessment · Geomechanical models ·
Mechanisms of sliding processes

1 Introduction

Temperature regime and factors that caused it during engineering surveys in per-
mafrost areas were under much attention. In addition, the observation of the degree
of frost heaving, assessment of the depth of seasonal thawing and determination of the
types of cryogenic processes and areas of their distribution are also very important.
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The aim of engineering and geological investigations is complex study of natural
and technogenic conditions [1]. These conditions are necessary and sufficient for
the development of the main measures for drainage system (as the main factor that
influence on temperature regime) and strengthening sustaining capacity of railway
tracks soils to the loading rack of petroleum products. The sustaining capacity com-
plex assessment of permafrost soils is based on the engineering surveys. The main
objectives of the investigations were:

1. Organizing the quantitative assessment of slope stability.
2. Developing the measures for strengthening and/or sustaining capacity preserva-

tion.
3. Composing the recommendations for further safe operation of investigated area.

2 Engineering and Geological Conditions of the Territory

The investigated area situates at the junction of the West Siberian lowland and the
middle Siberian highland. The territory is extensive low hilly rolling plain with an
average absolute strength altitude about 120–130 m and maximum altitudes about
215 m. In this area, various and complex relief and all-round permafrost forms are
widespread. The oil base is located near the edge of Krasnoyarsk region.

Climate is arctic. It is characterized by abrupt temperature changes along the
day and the year. There are also cold winters and short cool summers. The dura-
tion of stable frosts is 214 days. The average temperature of the coldest month is
−28.0 °C. All year-round, strong winds widespread there. The number of them is on
average about a week in a month. Night frosts and snowfall are not rare in summer.
Precipitation here falls a little (about 380 mm per year). The permafrost and slight
evaporation of moisture from the surface cause strong quantity of bogs. The average
duration of the frost-free period is 67 days.

Continuous spread of permafrost soils with merging type is typical for this region.
The capacity is more than 100 m.

Modern technogenic, quaternary lake-alluvial, as well as quaternary marine and
glacial deposits compose the investigated territory to a depth of 40.0 m. Quaternary
sediments are represented by plastically frozen loam, with low ice content, icy. Such
sediments also consist of medium size sand, frozen, icy.

At this territory, the most distributed geological forms are mounds of swelling,
spot medallions, and frost-thaw subsidence.

According to thermometric observation in boreholes at the depth from 0 to 5 m,
the soils temperature was positive (from 7.08 to 0.01 °C). Above 10 m, temperature
hesitates from −0.02 to −0.26 °C. Temperature was from −0.37 to −0.93 °C from
10 to 20 m.

The soils of the seasonal thawing layer represent bulk soils. The seasonal thawing
and freezing layer depth was from 2.2 to 8 m along the investigations depth.
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The processes of permafrost soils degradation may occur within the study area.
Frozen soils’ thawing occurs because of technogenic water leakage. Permafrost soil
degradation appears as:

– formation and increase of technogenic unfrozen pockets;
– activation of dangerous cryogenic processes (especially thermokarst, thermal ero-
sion, and rheological processes);

– increasing the seasonal soils’ thawing depths;
– increasing the temperature in the frozen zone;
– decreasing the bearing capacity of soils;
– activation of cryogenic weathering.

In general, this territory is characterized by:

• high susceptibility of the natural environment to the technogenic impacts;
• widespread of permafrost;
• expand of cryogenic processes.

3 Slope Stability Assessment

There is a wide range of slope stability methods at present [2]. The choice of the
method is determined by two factors. The first is the type of landslide process. The
second is themechanism of possible landslidemasses displacement [3]. Eachmethod
is characterized by original force system [2]. The last one is obtained using one or
another assumption. It is associated with the statistical uncertainty of the problem
[4–8].

The preferred method of calculations was the class of limit equilibrium methods
designed for inhomogeneous slopes [4–6]. This class includes:

– Morgenstern–Price method;
– simplified Bishop’s method;
– simplified Janbu’s method.

The geotechnical model for stability calculations is based on the engineering and
geological survey’s results. The geomechanical models of slopes creation include
construction of the geometric model for stability quantifying. Geometric model is
schematic representation of the real object structure and its typical division into
separate layers and structural elements. The elastic–plastic model of the Coulomb–
Mohr soil behavior poses an adaptation in the calculations [3].

The slope stability calculations include the following variants:

1. Slope stability assessment in natural state. Strength properties (Table 1) of the
calculated geological element (CGE) 3 based on soil section tests on the ground.
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Table 1 Soils’ properties and the legend for geomechanical scheme (variant 1)

Material name Color Unit weight (kN/m3) Cohesion (kPa) Phi (°)

1 19 1 30

2 20 128 34

3 18 14.4 37

4 18 100

2. Slope stability assessment in forecast state (assuming soaking of CGE). Strength
properties (Table 2) of the calculated geological element (CGE) 3 based on soil
section tests on the moist soil.

3. Slope stability assessment in forecast state (assuming frost retreat of CGE).
Strength properties (Table 3) of the calculated geological element (CGE) 3 based
on soil section tests on the thawed soil.

Table 2 Soils’ properties and the legend for geomechanical scheme (variant 2)

Material name Color Unit weight (kN/m3) Cohesion (kPa) Phi (°)

1 19 1 30

2 20 128 34

3 18 31 2.4

4 18 100

Table 3 Soils’ properties and the legend for geomechanical scheme (variant 3)

Material name Color Unit weight (kN/m3) Cohesion (kPa) Phi (°)

1 19 1 30

2 20 128 34

3 18 6 10

4 18 100
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4 Slope Stability Assessment Results

The considered landslide refers to landslides slip. The analysis of the performed
calculations allows making a conclusion that there are two possible mechanisms for
activating the landslide process on the slope.

The first mechanism corresponds to the calculation of variant 1 (Fig. 1). In this
case, landslide displacements of soils occur in the embankment body. Calculations
performed by the methods of limiting equilibrium in the natural state and with the
external load application showed that the slope is in the state of limiting equilibrium
(1.00 < Sc < 1.25).

Probability analysis allows assessing the danger of sliding activation [9, 10]. It
was 0.2%. Sensitivity analysis of Sc is based on the soil heterogeneity in the mound
and its strength characteristics [1]. This analysis includes definition of the soil’s
internal friction angle composing the embankment (Fig. 2). The obtained relation
showed that with internal friction angle about 24°, the slope becomes unstable (Sc
< 1.0). The reduction internal friction angle may occur in the case of “clogging” the
crushed clayey material. The last one acts, in the case of hydration, as a lubricant.
In addition, sensitivity analysis allows assessing the impact of the external load on
the calculated Sc. The results showed that the slope loses stability when the external
load exceeds 175 kPa.

In this case, the landslide displacement captures the whole embankment. The
offset of themound occurs on the frozenmoist loam (main straining horizon (MSH)).
This is the underlying bulk soil (option 2). Thawing deformations (in the loams) occur
due to penetration of the warm surface waters at the well-filtered gravel in the warm
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Method: gle/morgenstern-price
Factor of Safety, mean: 1.234019
Factor of Safety, standard deviation: 0.089430
Factor of Safety, minimum: 0.975917
Factor of Safety, maximum: 1.505020
Probability of Failure: 0.200% 
Reliability index: 2.61678 

Method Name Min
FS

  Bishop simplified 1.243
  Janbu simplified 1.204

GLE / Morgenstern-Price 1.232

Fig. 1 Slope stability assessment with the results of probability analysis made by Morgenstern–
Price method (variant 1)
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season. The calculations performed on the second variant showed that the slope is in
the state of ultimate equilibrium (Sc < 1.25). On the third, the slope is unstable (Sc
< 1.0).

The second mechanism corresponds to variants 2 and 3 (Figs. 3 and 4).
The probability of activation of the sliding process for the second variant is 0.1%.

Therefore, in spite of the drop in the Sc value, sliding hazard has decreased. The

Method: gle/morgenstern-price
Factor of Safety, mean: 1.094560
Factor of Safety, standard deviation: 0.034953
Factor of Safety, minimum: 0.993154
Factor of Safety, maximum: 1.200820
Probability of Failure: 0.100%
Reliability index: 2.70532

Method Name Min
FS

  Bishop simplified 1.065
  Janbu simplified 1.006
  GLE / Morgenstern-Price 1.094
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Fig. 3 Slope stability assessment with the results of probability analysis by the Morgenstern–Price
method (variant 2)
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Method: gle/morgenstern-price
Factor of Safety, mean: 0.883892
Factor of Safety, standard deviation: 0.023134
Factor of Safety, minimum: 0.816219
Factor of Safety, maximum: 0.953424
Probability of Failure: 100.000% 
Reliability index: -5.01906 

Method Name Min
FS

  Bishop simplified 0.883
  Janbu simplified 0.842
  GLE / Morgenstern-Price 0.884
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Fig. 4 Slope stability assessment by the Morgenstern–Price method (variant 3)

Table 4 Results of the
calculation by various
methods

Estimation methods Computational methods

Morgenstern–Price
(M-P)

Bishop Janbu

Variant 1a 1.23 1.24 1.20

Variant 1b 1.135 1.17 1.11

Variant 2 1.09 1.065 1.01

Variant 3 0.88 0.88 0.84

probability of activation of the sliding process for the third variant is 100%. In the
case of the third variant, slope loses the stability on the base of deterministic and
probability analysis.

The estimation results are in Table 4.

5 Conclusion

The slope is generally stable (except for the results obtained by the third version of
the calculation). This conclusion bases on quantitative assessment the stability by
the methods of limit equilibrium.

The main factors of landslide processes’ activation are:

– significant energy of relief;
– low-strength properties of soils during their moistening and thawing;
– artificial interactions.
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The high probability of landslide process activation determines the designing and
implementation of appropriate measures for engineering protection. These measures
should be directed to exclude the situation with the third estimation variant. It is
necessary to:

1. Organize surface drainage, providing interception of surface runoff at the site and
(or) waterproofing of the slope. It happens to prevent the groundwater horizon
formation and thawing of MSH soils.

2. Develop the project of pile restraining structure that combineswith heat stabilizer.
This solution will prevent the thawing of MSH soils. It will significantly reduce
the risks of sliding process activation on the slope.

The implementation of proposed measures will ensure regular operation without
negative engineering and geological processes. It is necessary to create a system
of operational monitoring to ensure quality control. The system should monitor for
development of the negative engineering and geological processes. In order to clarify
the calculations and choose the optimal solution it is necessary to conduct thermal
logging of soils within the active zone and groundwater level measurements in the
spring-summer period.
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Experimental Researches in Defining
Deformations by Free Station Method
and Results Processing by Search Method

G. G. Shevchenko , M. J. Bryn , D. A. Afonin and D. A. Gura

Abstract This article proposes a method of monitoring the buildings stability with
free station positioning which includes a geodetic monitoring technique with a free
station. Processing and adjustment of data are proposed to be conducted with the
searchmethodby a specially designed software program.The sequence ofmonitoring
is as follows. The location of the stations is chosen in such a way that each of them
shows as many deformation and support points as possible and at least three points
should be determined from any other station. It is preferable to choose stations
approximately in the alignment of one pair of support points so that the planes
of the marks being defined are perpendicular to the line of sight. Measurements
of all horizontal angles, zenith, and slant distances to all visible reference points,
and deformation marks are made at each station with an electronic total station.
As a result, redundant measurements appear in the measurement scheme, which
in turn increase the accuracy of the final result. The coordinates determination of
the defining marks is performed by deducing the minimal sum of the measured
angles deviations squares and of distances squares calculated from the preliminary
coordinates of the marks taking into account the weights of the measurements. It is
proposed to search for the objective function minimumwith a search method using a
specially developed program in the form of a macro in the Microsoft Excel software
product which provides special features to accelerate the problem-solving process.
The buildings deformation monitoring technique mentioned above was successfully
tested at several sites.

Keywords Geodetic monitoring · Three-dimensional coordinates · Setting and
displacement · The search method of adjustment
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1 Introduction

When solving problems of determining the three-dimensional coordinates of defor-
mation marks located along the perimeter of a building under construction as a rule,
themeasurements are performed from geodetic points fixed on the ground from cycle
to cycle especially if such measurements are made by electronic total station [1–4].
However, there is often a problem to ensure the stability of such observation points
due to the continuous work on the construction site. In addition, in a city, the high
built-up density often complicates work arrangement [5]. This is especially evident
when it is necessary to determine the planned-high-altitude position of deformation
marks on the object.

The article describes issues related to the method of determining the displacement
and settings of buildings. A newly developed technique is confirmed by experimental
data.

The novelty of the proposed technique based on the fact that geodetic observations
of the buildings deformation are suggested to be carried out by performing angu-
lar and linear measurements of the reference points and deformation marks by an
electronic total station installed in any locations accessible for measurement without
fixing observation stations. So, it is not needed to center the device above the point.
In this case, the linking of stations with each other will be done at common points
captured at all stations. So, this method of an object observation can be compared
with shooting in scanning method. Thus, the linking of stations is carried out as well
as during scanning by common points visible from several positions.

The vertical and horizontal displacements themselves are determined relatively to
the stated reference points located in stable locations. The points used in the setting
out of the axes of the structure are also offered as reference points. The reference
points and initial geodetic points will be used to determine the location of the total
station points. The presence of reference points is prerequisite in an amount of at
least three pieces.

Thus, to monitor all three axes of the structure, it is proposed to measure the
following types of points fixed in the work area:

– reference points;
– deformation marks (located along the perimeter of the object under study).

By observing each of these points, data are taken to determine the value data of
horizontal angles, zenith, and slope distances.

Numericalmethods andmethods of comparative analysiswere used in the process-
ing of measurement results. Mathematical calculations were carried out in Microsoft
Excel using a specially created macro written in the programming language Visual
Basic. Processing and analysis of the measurement results are proposed to be made
on the basis of the least squares search method.
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2 The Sequence of Monitoring

Determination of three-dimensional coordinates of points, and displacements and
settings based on them are supposed to be carried out in the following sequence.

Stage I. Reconnaissance of the territory. Preparation of the territory and the
object under study for geodesic observations:

(1) installation of deformation marks;

(a) marks are located at a certain height;
(b) marks are located along the perimeter of the building;
(c) in this case, reflective films fixed in the required place substitute the marks

(Fig. 1). For the convenience of targeting deformation marks and to elim-
inate errors for the inclination of the collimating ray to the mark plane, a
special rotating reflective film was proposed at the Cadastre and Geoengi-
neering department of the Kuban State Technological University (Fig. 1c).
It is mounted on the wall and allows to be targeted at almost any position
due to the rotation of the mark without shifting the center. The usage of
this kind of marks has increased greatly [6].

(2) installation of reference points.
As reference points, the points on buildings nearby can be used, for example,
buildings that have been built for a long time, fence posts, pylons of electric
lines, etc.
Points received at setting out the axes of the structure can be used as reference
points. The minimum number of reference points is three pieces. Theoretically,
the reference point can be used to determine the location of standing points of
the total station (stations) by linear–angular ticks.

(3) Determination of the stations location.
Since this method of measurement is suggested to be carry out without fixing
stations on the ground, the method to conduct observations of the location of
the instrument is selected based on the following requirements:

Fig. 1 Reflective film fixed on the object
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– stations are selected in such a way that as many deformation marks, auxiliary
marks, and reference points as possible can be observed from each of them;

– it is preferable to choose stations aligned to one pair of reference points so
that the planes of the observed marks are perpendicular to the collimating
line. The collimating ray and the plane of the reflective film should make an
angle of at least 45° [7];

– every station is chosen to target at least three points detected by the previous
station or some other one. This is necessary to ensure “rigid” connection
between stations.

If the deformation marks and reference points are not enough to link the stations
with each other, auxiliary points could be set.

Stage II. Conducting field work. Measurements are taken at all reference points
and deformation marks visible from each station. To make these measurements, an
electronic total station is used. At first, only reference points are measured thus
creating a reference points network. Then, integrated measurements are performed
on all deformation marks and reference points visible from the stated station. For
each deformation mark, measurements should be taken by two or more stations, and
however, the coordinates of the mark can be calculated by using only one station
measurements. As a result, redundant measurements appear in the measurement
scheme which in its turn increases the accuracy of the final result.

In order to determine the value of displacement or setting, it is necessary to carry
outmeasurements in several stages (cycles), each of them contains three-dimensional
coordinates computation of the observed marks. Positioning is carried out based on
the measured values of the horizontal angles, zenith, and slope distances for each
defined mark. That is, measurements for each determined point during field work are
performedwith a reciprocal observation. Sometimes the distance cannot bemeasured
correctly due to the acute angle between the mark plane and the collimating ray. In
this case, only two measured values will be processed—the horizontal angle and the
zenith distance. Subsequently, the differences in the X-coordinate and Y-coordinate
reveal the possible displacements of elements and the differences in the H marks
show the setting of the structure.

Stage III. Processing and adjustment of measurement results. Processing and
adjustment of data are proposed to be fulfilled by Microsoft Excel using specially
designed software. At first, all the measured values of angles and distances (β taken;
Z taken;Dtaken) from the instrument are exported to this software. Then, the coordinates
of the reference points are entered and the coordinates of the determined deformation
marks are arbitrarily indicated.

The coordinates positioning of the detected marks is performed by finding the
minimum of the squares sum of the measured angles and distances deviations v from
the calculated values using the previously entered coordinates of the detected points
taking into account weights p. The calculated values of βcalc, Zcalc, and Dcalc are
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deduced by a computer using the inverse geodesic problem formulas. The weight of
the measurement p is taken into account by multiplying the difference between the
measured and calculated values by

√
p [8]. As a result, the target cell contains the

calculated sum [pυ2].
To search for a minimum, a computer program is compiled as a macro in the

Microsoft Excel software product [9]. To operate the target, cell is given a name.
Then, the cellswith previously entered coordinates of the detectedmarks are selected.
To search for aminimum, it is needed to indicate the appropriate value of� to change
arbitrarily entered values of X, Y, and H. The technique of finding the minimum is
that the computer for each unknown calculates three values of y0, y1, and y2 in the
target cell which correspond to the three values of the selected unknown x0, x1, and
x2. A parabola is constructed at three points, the parameters of which provide an
allowance to go to the parabola vertex.

The program makes consequent calculations for all unknowns then proceeds to
the second cycle of iterations over all unknowns and so on until the value in the target
cell stops decreasing. Sometimes, it is useful to reduce the value of � at the end of
the iterations.

3 Study Value

This software program is a useful addition to the well-known universal minimum
search programs in Microsoft Excel and Math Cad software products. However, the
studies show that the built-in functions of such search programs do not always give
correct results, as calculations are made with gradient method. It is hard enough
to deduce derivatives in the form of analytic functional relations as the problems
have fairly great number of variable data [10–12]. As a result, the mentioned above
minimum search program has been written.

When solving monitoring tasks, one of the two mentioned above programs is
used first, and then the final adjustment to the minimum is made by the algorithm
developed by the authors. Some special features are introduced into the program. So,
in addition to automatically stopping the calculations when the minimum is reached,
the calculations could be continued by setting the desired number of iteration cycles.
The order of transition from one unknown to another in a cycle can be changed that
sometimes speeds up the process of solving a problem.

4 Testing of the Technique

This technique was tested at several construction sites. So, four cycles of measure-
ments of displacements and settings of three buildings under construction were per-
formed. These buildings include a swimming pool, a hotel, and a house of athletes.
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The measurements were made with the Nikon NPL-332 total station № 043256.
The accuracy of the instrument is: 5′′ when measuring angles of standard deviation
and 3 mm + 2 mm · D · 10−6 when measuring distances.

For processing all measurements, a left system of spatial rectangular coordinates
was used, where were given the coordinates of the marks for the setting out of the 3
buildings axis were given.

4.1 The Location Coordinate of Marks Along the Perimeter
of the Objects

To monitor of buildings, measurements were made on reflective films placed along
the perimeter of the objects.

So, 18 marks (B1–B18) are fixed at a height of 3–4 m from the ground along the
perimeter of the basin. Along the perimeter of the hotel complex, there are 15 marks
(G1–G15) at the floor level of the fourth floor at a height of about 17 m. Also, four
marks (D1–D4) are fixed at a height of 3 m along the perimeter of the sports center.

Nine marks previously fixed and intended for superimposing down the axes of
structures and nine aligning marks located along the perimeter of the sanatorium
mainly on metal fences were used as reference and initial geodetic points. The view
of both mark types is similar to the deformation marks (Fig. 1). Aligning marks are
used to determine the standing points’ coordinates of the total station (stations) with
a linear–angular tick. The stations are selected approximately at the alignment of
one pair of aligning marks in so that the plane of the marks to be perpendicular to
the collimating line which gives the minimum error in the measured distance.

Measurements are made from 14 stations. Measurements were made on all the
above-mentioned marks visible from this position from each station.

When targeting the marks, horizontal angles, zenith, and slope distances were
measured and recorded in the memory of the total station. Measurements from one
to two and up to five stations were made for each deformation mark.

The coordinates were calculated using the least squares method by means of a
specially designed software program. The program changes one-by-one the coordi-
nates of all points previously entered into the computer so that the sum of squared
deviations of the measured values differ from the values calculated from the coordi-
nates in minimum. The processing took into account the weights of measurements
and errors of the initial data.

Table 1 shows the adjusted coordinates of all marks and deviations in the fourth
cycle from the coordinates in the first and third cycles . Coordinates of stations,
reference, and aligning marks are not given.

Comparing the deformation measurements between cycles shows the following.

1. The height difference for the five points of the sports center does not exceed
2 mm, which indicates the stability of the building in height over the observation
period.
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2. For a universal pool, there is a slight setting in average for all marks by 2–3 mm
comparing to the 1st cycle.

3. The height difference for a hotel complex between four and three cycles (48 days)
is from−6 to−14mm, and between four and one cycles (126 days), it constitutes
from −15 to −36 mm, which is apparently due to the increasing weight of the
building during construction. For clarity, settings are shown in Figs. 2 and 3.

Analysis of the uneven setting of the hotel complex shows that the northwestern
part of the building has a less setting. The unequal setting of the opposite parts of
the building leads to a tilt of the hotel complex. The difference in settings over the
observation period between the northwest and southeastern parts of the building is
in average 18 mm, which at a distance of 60 m gives a tilt in relative units of about
1:3300.

-13

-12

-12

-12

-9

-7

-14

-13

-8

-6

-7

-8

-13

-11

Fig. 2 Settings (mm) of the hotel complex in 48 days
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-34
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-26

-36
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-29

-33

Fig. 3 Settings (mm) of the hotel complex in 126 days

4.2 Determining the Coordinates of the Pools Corners

Sixteenmarks arefixedon thefirst story of the universal pool. Eightmarks (B1b–B8b)
are placed in the upper corners of both bowls of pools and eight marks (B1a–B8a)—
on the floor of the first story at a distance of about 1 m from the first one so that
both marks overlap the gap between the bowls of the pools and the ceiling of the
ground floor. Marks are placed on a horizontal surface. In this case, the marks are
not reflective films but have the shape of a cross with a dot in the middle for which
all three coordinates are defined. The cross is patterned using red auto-enamel on a
white circle with a diameter of 16 cm. The diameter of the center point is 6 mm.

The measurements were made with an electronic total station from one station,
the coordinates and heights of which are determined by linear–angular tick of the
reference points visible from the station. The coordinates of all points are calculated
by the measured distances, horizontal and vertical angles (Table 2).

Discrepancies in the X-coordinate and Y-coordinate (columns 5, 6, 8, and 9 of
Table 2) indicate deformations. Meanwhile, there is a slight setting of both the floor
of the first story and the pool bowls of about 4–6 mm in the last 48 days.
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5 Summary of the Results of the Deformations
Determination

The results of measurements performed in the fourth cycle compared with the results
of measurements in the first cycle showed the following:

1. Displacements and settings were not found in the building of the sports center.
2. There is setting of marks along the perimeter of the building on average 3–4 mm

in a universal pool. Settings close to them of 4–6 mm were detected on 16 marks
on the first story of the pool.

3. Marks around the perimeter of the hotel complex had uneven setting from 15 to
36 mm. The northwestern part of the building had less setting. As a result, there
was a slight tilt of a building of about 1:3300.

4. Experimental studies have confirmed that the time spent on processing measure-
ments is proportional to the cube of the number of unknowns. So, if the number
of unknowns is about 10, the program calculatesminimum in a split second, but if
there are 200 unknowns like in this example, it takes several hours. In this case,
the program performs calculations without operator intervention. Therefore, a
large amount of computation time is not a significant drawback of the method.
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The Use of Terrestrial Laser Scanning
for the Development and Control
the Design Documentation
of Reconstruction Projects

A. A. Kuznetsova

Abstract Reconstruction of buildings is a complex engineering task, and the cli-
matic conditions of cold regions further complicate and increase the cost of solving
this task. Therefore, the delay in construction due to poor-quality design documenta-
tion leads to large financial losses. This article provides an analysis of results for four
projects, where the main task was clash detection between the designed and existing
engineering constructions. Each project used a combination of the technology of
terrestrial laser scanning (TLS) and CAD. The article describes two ways to apply
this methodology. At one of the projects, a point cloud obtained by terrestrial laser
scanning was combined with a design three-dimensional model to identify devia-
tions from design documentation. For other projects, BIM of existing structures and
communications were developed based on point cloud. Then, BIM based on point
cloud were combined with BIM based on design documentation for clash detec-
tion between structures and communications. The detected clashes allowed making
changes to the design documentation before the start of installation work at the facil-
ity. The results showed the effectiveness of the joint use the TLS and CAD systems
and identified the causes that affect the accuracy of the results at each stage of the
work carried out.

Keywords Terrestrial laser scanning · BIM · Clash detection · Control results

1 Introduction

During the reconstruction of engineering structures, located in cold regions, special
attention should be paid to the technical requirements for observing the durability
and safety of operation of structures after reconstruction. An important condition
for solving this problem is to obtain relevant data on the geometric parameters and
technical characteristics of structures and equipment at the reconstruction site. One
of the common problems during reconstruction is the lack of reliable information
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about existing construction in the as-built documentation. Recently, in connection
with the transition to three-dimensional design in CAD systems [1, 2], it becomes a
topical task to obtain data on existing construction in three-dimensional form.

A modern method of obtaining these source data is TLS. The main advantages
of TLS are high detail and speed of shooting compared to traditional measurement
methods [3]. TLS data can be further exported to CAD. The combined use of these
technologies allows the analysis of design solutions to clash detection with existing
structures and provides adjustments to design documentation in time.

This article provides an analysis of the results of four projects for objects located
in cold regions. The main task was clash detection between the designed and existing
engineering structures. On the basis of the obtained results, it was possible to show
the effectiveness of the joint use of TLS and CAD technologies and to identify the
causes affecting the accuracy of the results at each stage of the work.

2 Methodology

To carry out the projects, two methods were used to clash detection between the
designed and existing structures. In the first method, the following work was carried
out:

Step 1. Terrestrial laser scanning;
Step 2. Cloud registration and export to CAD;
Step 3. Create BIM based on design documentation;
Step 4. Create BIM based on point cloud;
Step 5. Clash detection between BIM.

In the firstmethod, clash detectionwas carried out betweenBIM, and in the second
method, clash detectionwas carried out betweenBIMbased on design documentation
and a cloud of points.

It should also be noted that in all projects, the laser scanning, registration and
alignment of the point cloud were carried out in the same methodological way and
the same settings in the laser scanner measurement program.

Accuracy control of the laser scanning results, the registration results and align-
ment of the point cloud, and the results of creating BIM based on point cloud were
carried out in all projects.

3 Construction Characteristics

Engineering construction differed in their size, purpose, and industrial environment.
These factors influenced the performance of TLS and create BIM based on point
cloud. In the first project, work was carried out on open technological site, with a
three-tier shelf consistingof technological equipment, pipelines, andmetal structures.
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Table 1 Characteristics of the studied objects

Object name EAVT AD GSP UGS

Climatic conditions −5 15 15 15

Object location 54°38′25′′ North
39°42′18′′ East

69°21′12′′ North
88°12′09′′ East

Industrial
environment

Vibration Gas content Vibration Dust

Dimensions X (m) 81 63 161 91

Y (m) 24 102 63 80

Z (m) 17 47 20 38

In other projects, the work was carried out in closed industrial buildings with large
equipment and high spans between tiers of the shelves. Characteristics of the studied
objects are shown in Table 1.

4 Measurements with TLS

Measurements at all sites were performed using a Leica ScanStation P20 terrestrial
laser scanner (see Fig. 1). Measurements were carried out in an industrial environ-
ment during operation of the facility without stopping production with operating

Fig. 1 View of object point cloud: AD (top left), UGS (top right), GSP (bottom left), and EAVT
(bottom right)
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equipment. Scanning was performed with maximummeasurement overlap from two
neighboring stations to exclude shadow zones. Considering the high density of struc-
tures and equipment at sites of construction, as well as the unfavorable industrial
environment, all scans were taken with 5–10 m spacing at 6.3 mm/10 m resolution
[4].

With such a resolution and large overlap of the point cloud, objects surfaces were
covered with a 3 mm measurement grid, and this allowed as accurately as possible
to identify small objects in the point cloud when creating BIM. To set a cloud of
points to the coordinate system, targets were fixed on the reconstruction sites, the
coordinates of which were determined using a Leica TS06 2′′ total station.

5 Experimental Results

5.1 Cloud Registration

Registration of point clouds was carried out in Cyclone software using the «Visual
Registration» tool [5–8]. In the case of using this tool, the software provides two
parameters: «Error» and «Error vector» that give an indication of the registration
accuracy [9]. The «Error» value for cloud connections represents the value of the
variation connection between the clouds relatively to the global alignment and local
alignment of two stations. Table 2 illustrates that in all the objects studied the mean
«Error» does not exceed 3 mm, given the large number of connections between
stations, possible to talk that the registration was done very accurately. The «Error
vector» value for cloud connections represents theRMSEalignment of two individual
scans. Table 2 illustrates that all the objects studied «Error vector» for is close to
1 cm. The increase in the value of the «Error vector» may involve to measurements
in an industrial environment. High dust, gas content, and vibration could affect the
accuracy of measurements.

Table 2 Registration diagnostics

Object name Point clouds Cloud constraints Mean error (m)a Mean error vector
(m)b

EAVT 197 196 0.003 0.008

AD 238 6421 0.002 0.011

GSP 57 541 0.001 0.010

UGS 87 1031 0.001 0.011

aMean «Error» for all connections
bMean «Error vector» for all connections
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5.2 Control Laser Scan Results

To control the accuracy of laser scanning results, the coordinates of the centers of the
targets, determined using a total station, were taken as the standard. The coordinates
of the same centers of the targets were obtained from the registered cloud of points.
The results of the comparison of the obtained coordinates are presented in Fig. 2
which shows that the errors of the height (z) values are small, while the errors of
the values of the coordinates (xy) increase and are scattered. In projects EAVT, GSP,
and UGS, error in coordinates does not exceed 10 mm. In the AD project, the high
gas content of the reconstruction site could affect the measurement accuracy of the
target centers. This factor could affect both the measurements of laser scanning
and the measurements of the total station. Therefore, these measurements require
additional control.

Fig. 2 Comparison of coordinate values: EAVT (top left), AD (top right), GSP (bottom left), and
UGS (bottom right)
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5.3 Creating BIM

To create a BIM in CAD, catalogs of structures were developed based on the speci-
fications of design documentation. In the further, the structures of the catalogs were
located in space in accordance with the data specified in the drawings of the design
documentation. Thus, as-designed BIM was created for design documentation. To
create as-built BIM using a point cloud, TLS data were imported into CAD. Sub-
sequently, a group of points in a cloud of points describing structures and com-
munications (reinforced concrete foundations, metal columns and beams, pipelines,
equipment, elements of electrical networks, etc.) were identified in CAD. Three-
dimensional solid-state structures from CAD catalogs were aligned by the identified
groups of points [10].

Taking into account the technology of creating a three-dimensional model over a
point cloud, an additional control of the accuracy of the three-dimensional model was
carried out. For this, a number of areas in the three-dimensional model were defined,
which are clearly defined edges and corners of building structures. At each site, five
points were randomly selected, and a comparison was made of the coordinates of
these points with the coordinates of similar points in the point cloud. In each three-
dimensional model, points located on 20 different building structures were tested.
The analysis of the obtained results showed that the average value of the modeling
error was 12 mm.

5.4 BIM Clash Detection

For projects AD, GSP, and UGS, clash detection was carried out between the as-
designed BIM and the as-built BIM. The algorithm of the automated clash detection
implied the search for intersections between the elements of the BIM. For the EAVT
project, clash detection was carried out sequentially between different types of struc-
tures of the as-designed BIM and a cloud of points. In this case, the algorithm of the
automated clash detection tool analyzed the intersection of three-dimensional model
objects with each point of cloud data.

As a result, reports were generated containing data on the number of detected
clashes, their locations and the structures involved in clash. Based on the obtained
results, an analysis of the identified design errors was carried out. The main errors
were the discrepancy between the design heights of metal structures relative to the
existing foundations and the intersection of the designed pipelines and metal bonds,
ensuring the stability of the supporting structures. Table 3 shows the results of the
clash detection.

From the data in the table, it can be seen that the number of clashes is directly
proportional to the square of objects. However, for the GSP object, this dependence
is broken in relation to the low saturation of the object with building structures.
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Table 3 Results of clash detection

Object name EAVT AD GSP UGS

Object square (m2) 1944 6426 10,143 7280

Number of clashes 64 211 56 239

6 Discussion and Future Work

Analyzing the results of work, we can say that at each stage of the work there are
errors, and the total error can be expressed through the formula:

M = m ts + mhds + mreg + mxyz + mbim (1)

where

mts the measurement error of the total station to determine the coordinates of
control points taken as a standard;

mhds the measurement error of the terrestrial laser scanner;
mreg point cloud registration error;
mxyz the error of set of a cloud of points in a coordinate system;
mbim BIM creation error

To reduce these errors, restrictions should be placed on the technology and algo-
rithms for carrying out work when implementing such projects:

– When conducting a laser scan on engineering construction with an unfavorable
industrial environment, it is recommended to introduce a limit on the scan range.
This will help reduce the number of inaccurate measurements of surfaces that are
far from the station where the scanner is installed and whose visibility is hampered
by heavy gas or dust.

– To reduce the error of set of a cloud of points in a coordinate system, it is rec-
ommended to increase the number of reference targets, the coordinates of which
should be measured and equalized with the help of high-precision measuring sys-
tems. Their location on the object ofwork is also very important, it is a priority if the
targets are located, evenly covering the entire area of the engineering construction.

– To control the accuracy of creating three-dimensional models, an urgent task is
to create an algorithm in CAD for checking the conformity of the location of
structures in the model and in the point cloud, since manual comparison is subject
to human error.
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7 Conclusion

As the results of thiswork showed, the joint use ofTLSandBIMtechnologiesmakes it
possible to identify errors in the project of reconstruction. The identified clash makes
it possible to change the design documentation before the start of reconstruction and
reduce the risk of financial losses at the time of the reconstruction.

However, it should be borne in mind that the application of these technologies
imposes a certain error on the final result. Therefore, further research is required to
develop algorithms and methodology for reducing errors.
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Three-Dimensional Laser Scanning
for Safety of Transport Infrastructure
with Application of Neural Network
Algorithms and Methods of Artificial
Intelligence

D. A. Gura , Y. V. Dubenko , G. G. Shevchenko , E. E. Dyshkant
and N. I. Khusht

Abstract Modern transport infrastructure is the most difficult and centralized sys-
tem which influences all spheres of life. It can be divided into two broad categories:
external (intercity) and internal (in-city). In this context, the importance of trans-
fer hubs should be emphasized as they assist in redistribution of passenger flows in
between different types of transport, thus optimizing the transportation process. It is
worth mentioning that the safety of transport infrastructure is critical in preserving
the stability of the transportation system as any disturbance to it might cause not
only severe economic losses but most importantly deaths of civilians due to terrorist
attacks, car crashes or other related accidents. Current paper focuses on description
of methods to provide the safety of transport system utilizing technologies related
to three-dimensional laser scanning that uses algorithms and artificial intelligence to
process data and aid in decision making.

Keywords Safety of transport infrastructure · Neural network technologies ·
Three-dimensional laser scanning

1 Introduction

According to the Federal Law No. 16 “About Transport Safety,” stable and safe
operation of transport network and the protection of citizens’ and society’s interests
are the main objectives in terms of transport security.

There are severalmechanisms to achieve the above-mentioned aims. It includes the
creation of safety zones around the key transport infrastructure facilities (including
development of security check systems that assist in identifying individuals and
materials that are allowed in transport network as well as formation of laws) to
engineering solutions that help prevent the disruption of normal passenger and cargo
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flows as well as provide safety of key infrastructure objects [1]. Although there are
many preventative measures already in place, they still need to be perfected and
improved in order to reduce risks associated with emergency situations in transport
routes.

2 Intellectual Systems of Support and Decision-Making
(ISPPR)

This paper presents alternative solutions to above-mentioned problems. These meth-
ods include development of intellectual systems of support and decision-making
(ISPPR) that process digital information received from various sources such as video
camera and laser scanner [2]. The analysis of data is executed by technologies that
utilize artificial intelligence and neural networks [3]. Based on the results obtained
from this analysis, the optimal decision is suggested.

It is also worth noting that in order to ensure adequate transport safety in cold
climate, both additional time and human resources are required [4]. The proposed
technologies aid in alleviating that problem as laser scanners and photo and video
systems can function in low temperatureswithout requiring any personnel be exposed
to severe weather conditions. To be more specific, the control of these systems can
be performed remotely from any location allowing to receive data about the object
in excess saving time and avoiding unnecessary field trips to the object [5].

As it was already explained above, the solution to the problemof transport safety is
the development of intellectual systems of support and decision-making (ISPPR) that
will manage the flow of information from various data collecting sources and provide
the practical recommendations to reduce the risks associated with transportation and
normalize normal traffic flow [6].

However, before the detailed description of the model is presented, it is necessary
to consider a number of important aspects that are listed below [1].

• classification of objects: the principle and method by which the system will dis-
tinguish objects (people, freights, transport and engineering constructions);

• principle system’s operation;
• system class (open, close and etc.);
• borders within which the system will operate (within municipality, region or the
whole country in general);

• risks (assessment of possible risks on system’s failure and determination of sys-
tem’s reliability—management of risks).
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3 The Design of the Offered System

As one of the important features of the proposed model is the use of neural network
technologies and artificial intelligence to process point cloud received as a result
of laser scanning of objects and construct 3D models of objects of interest [7].
Furthermore, the systems of photo and video observations are also used to identify
and classify the object with great precision [8].

The block diagram of the offered system is presented in Fig. 1.
In Fig. 1, the following elements are presented [9, 10]:

1. difficult engineering constructions (e.g., bridges or tunnels);
2. the cameras of photo and video recording, scanning systems installed on objects

1;
3. the sensors that detect slightest changes in conditions of load-carrying structures

of objects 1;
4. the cameras of photo and video recording, scanning systems installed on the

roads leading to objects 1;
5. road;
6. server part of a system.

The structure of a server part of a system is presented in Fig. 2.
In Fig. 2, the following elements are presented:
2, 3, 4—see Fig. 1;

Fig. 1 Skeleton diagram of
a system
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Fig. 2 Structure of a server part of a system

7. block of collecting and processing data;
8. decision-making block;
9. object recognition block;
10. operator;
11. data base.

The algorithm of the offered system includes the following stages:

1. The system in real-time mode receives images from cameras 2 and 4 and also
from sensors 3.

2. Block 7 carries out processing of the acquired information and redistributes it
between blocks 8 and 9.

3. Block 8 performs analysis of data that describes the basic elements of objects 1
and formulates recommendations that are transferred to the operator of system
10.

4. Block 9 carries out recognition and classification of the objects recorded by
cameras 2 and 4 and transfers the results to block 8.

5. Block 8 performs analysis of potential dangers emanating from the recognized
objects and transfers relevant information to the operator of system 10.

Camera 4 is placedon the roads that lead objects 1 to identify potentially dangerous
objects in advance.

Examples of situations when block 10 develops warning signal are the unautho-
rized stop of the vehicle and recognition of vehicles that have inadmissible dimen-
sions [10].

Themost important component of a system is the decision-making block (8) based
on INS (Fig. 3).
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Fig. 3 Structure of INS for implementation of the block of decision making

p1, p2, . . . , pN the parameters describing a problem situation on object (indicators
of sensors 3, results of operation of block 9);

r1, r2, . . . , rM assessment of proposed recommendations’ efficiencies for elimi-
nation of the problem situation.

Thus, the procedure to set INS presented in Fig. 3 can be described by following
expression:

pi → r j (1)

For optimization of decision-making block’s operations, the component imple-
menting decision making on the basis of the precedents can be added to its structure
[11]. We define the precedent as the similar problem situation that took place in the
past. In this case, the precedent can have the following structure:

〈
P = {pi }, Rc = {

rc j
}
, R = {r j }

〉
(2)

where

P = {pi } a set of the parameters describing a problem situation (i =
1, 2, . . . , N ),

Rc = {
rc j

}
a set of descriptions of the recommendations allowing to eliminate this
problem situation ( j = 1, 2, . . . ,M),
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R = {
r j

}
a set of estimates of recommendations’ efficiencies related to ( j =
1, 2, . . . ,M).

The recognition of objects can be performed on the basis of above-mentioned
algorithm.

4 Conclusion

In conclusion, it is necessary to mention that only the complex analysis of transport
infrastructure objects with the use of neural networks and artificial intelligence will
enable significant improvement of transport system objects’ safety. It should be noted
that creation of similar decision-making systems will have applied relevance not
only on safety of transport infrastructure, but also on optimization of the so-called
situational centers—the special rooms intended to control and monitor transport
ways, freight and passenger flows and also adopt necessary operational decisions for
traffic regulation.
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Use of Geoinformatics for Landslide
Susceptibility Mapping: A Case Study
of Murree, Northern Area, Pakistan

Menal Zaheer, Anoosh Zaheer and Ali Hamza

Abstract Landsliding is considered as one of the major natural hazards that endan-
ger human life and property, particularly in mountainous regions which have high
precipitation rate and are seismically active. This paper identifies landslide-prone
areas in Murree, a northern area of Pakistan and presents landslide susceptibility
mapping technique using Geographic Information System (GIS) and Remote Sens-
ing. The landslide triggering factors considered in this study are elevation, slope,
geology (lithology), land use and land cover, seismotectonic settings and vegetation
index. A spatial database using Geographic Information System (GIS) was devel-
oped. Slope was derived from topographical datasets; lithology and land use/land
cover from geological datasets and vegetation index are from Landsat 8 imagery.
Then finally, by using weight of evidence (WoE) method, landslide susceptibility
map was developed. The final landslide susceptibility map has five classes from very
low to very high landslide susceptibility. The results indicate that though only 8% of
the study area falls in very high susceptible zone, it has a high land use percentage.
This poses a serious threat to infrastructure and human life. Results of this study
would be helpful in disaster risk management, geohazard studies and construction
and regional planning.
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1 Introduction

Landsliding is a phenomenon of downslope movement of rock or soil. A landslide
susceptibilitymap is a cartographic representation of areas that are likely to encounter
landslide hazard in the future by correlating the key parameters that trigger landslides
with the historical pattern of landslide occurrences in that area [1]. There are several
qualitative and quantitative techniques to develop landslide susceptibility maps. The
accuracy of landslide susceptibility maps depends on the quality and amount of data
available and the selection of suitable method of analysis.

Quantitative approaches depend on the relationship between trigger-
ing/controlling factors and landslides expressed numerically. Statistical and deter-
ministic are the two types of quantitative approaches [2].Weight of evidence (WoE) is
a quantitative ‘data-driven’ statistical method which is used to combine datasets [3].
Originally, WoE method was developed to identify the mineral deposits. Recently,
this method has been applied for landslide susceptibility mapping [4–6].

According to Bonham-Carter definition of positive and negative weights,

W+ = log e
P{B|D}
P

{
B|D} (1)

W− = log e
P

{
B|D}

P
{
B|D} (2)

where

P Probability of landslide occurrence
B Presence of landslide predictive factor
B Absence of landslide predictive factor
D Presence of landslide
D Absence of landslide

W+ (positive weight) andW− (negative weight) indicate a positive and negative rela-
tionship between the presence of the predictive variable and the landslides, respec-
tively [2]. A detailed description of this modeling is mentioned by Bonham-Carter.

2 Study Area

Himalayas are vulnerable with reference to their geology, seismic activities and
climatic conditions. Murree, a hilly northern area of Pakistan having Himalayan
hill range, due to its geography and geotectonic settings, is prone to earthquake
activity and rainfall. Also, anthropogenic activities like deforestation, construction
of roads and infrastructure development make the slopes unstable, thus triggering
landsliding. The town of Murree lies 50 km to the northeast of Islamabad, the capital
city of Pakistan. Area of interest (AoI) in this study is a part of Murree town having
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Fig. 1 Location map of the study area

an area of 300 km2. Figure 1 shows the study area and stretch of its boundaries from
73° 20′ 22.32′′ East and 33° 53′ 53.80′′ to the North. The study area mainly consists
of sandstone, shales and loosely bound slope formingmaterial (locally calledMurree
and Chorgali Formation), thus providing a favorable zone for the geological faults
to traverse and cause failure. Owing to the tectonic stresses and active geological
faults, sedimentary rocks of this region are highly deformed, thus causing excessive
landsliding activities in the study area. Murree also lies in the seismically active zone
due to the presence of active Murree Boundary Thrust (MBT), and the slopes are
moderately steep to highly steep, varying up to 75°.

Many studies have been performed to predict the movement and failure of slopes
in advance and adopt remedial measures to avoid the loss of human life and destruc-
tion of infrastructure. Upper/Lower Dewal Landslide and Jhika Gali Landslide are
considered as some of the major historical landslides in Murree.

3 Objective

The objective of this study is to identify and categorize zones that are prone to slope
failure (landsliding) using Geoinformatics. Study also aims to develop a correlation
between landslide and several triggering factors inMurree area usingGeoinformatics,
i.e., GIS-based weight of evidence (WoE) method.
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4 Datasets and Methodology

The evidential themes considered for landslide occurrence in this study are digital
elevationmodel (DEM), slope, aspect and lithologywhichweremodeled inGIS envi-
ronment, and then analyzed. Thirty m Shutter Radar Topography Mission (SRTM)
DEM was used to extract slope gradient and slope aspect patterns; SPOT-5 (2.5 m
spatial resolution)was used as high-resolution satellite imagery to develop 3Dmodel.
Geological map from geological survey of Pakistan (GSP) was used as base map to
digitize lithology. General locations, topology and settlement data were digitized
from survey of Pakistan GT sheet. All these thematic maps were made digital using
GIS advance techniques.

5 Results

5.1 Slope Angle Map

The slope is directly related to the landslides and is one of the major contributing
factors in triggering landslides. The study area was categorized into nine (9) slope
angle classes. The analysis was performed in the ArcGIS to know in which class of
the slope angle most landslides happen. The results showed that those areas which
have slope higher than 45° are more susceptible to failure. Hence, slopes less than
20° are stable and less likely to fail (Fig. 2). The results also concluded that areas,
which are in the vicinity of Main Boundary Thrust (MBT)/Murree Thrust, are prone
to landsliding.

5.2 Geological Map

As per the stratigraphy, the study area was divided into eight (8) geological forma-
tions groups. GIS-based geological map showed that a major contributing factor of
landsliding in the study area is the weak rocks of Murree and Chorgali formation
(maroon shale rock in higher percentage and sandstone), located on steep slope areas
in the vicinity of active geological faults. Figure 3 shows the geological map of the
study area.

5.3 NDVI

NDVI indicates the areas that have vegetation. The values of NDVI range from
−1 to +1. −1 is assigned to water bodies while +1 is assigned to vegetated areas.



Use of Geoinformatics for Landslide Susceptibility Mapping … 195

Fig. 2 Slope map of the study area

Fig. 3 Geological map of the study area
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Fig. 4 NDVI map of the study area

NDVI map showed that the study area is partly vegetated, thus providing resistance
to erosion and maintaining stability (Fig. 4). The vegetation can be seen mostly in
the southern part of the study having slope range of 0–25°.

5.4 Land Use and Land Cover

The land use and land cover map were divided into four (4) groups, i.e., built-
up area, vegetation, roads and waterways. For the analysis, the maximum weight
was assigned to built-up area as anthropogenic activities (infrastructure and road
construction) destabilize the slopes, thus causing landslides. The results depicted
that the built-up area is in larger fraction in the north of the study area which has
steep slopes and is prone to landsliding (Fig. 5).

5.5 Landslide Susceptibility Map

All the weighted value maps of the factors considered in this study were combined
to get the final landslide susceptibility map. The final map shows five landslide
susceptibility classes, i.e., very low, low, moderate, high and very high, and these
classes cover 15%, 27%, 29%, 21% and 8% of the study area, respectively (Fig. 6).
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Fig. 5 Land use and land cover map of the study area

6 Conclusion

The results concluded that though, only a small area of 8% falls in highly susceptible
landslide class but, it has the high land use percentage which is a serious threat to
human life and infrastructure.

The finalmap indicated that the landslide areas that were predicted as hazardous in
the GIS Software are almost the same as observed during the field check (Figs. 7 and
8). These areas have varying slope, geological, vegetation andweathering conditions.

7 Recommendations

GIS and Remote Sensing techniques are the latest analytical tool for feasibility
studies and design of a project, and this technique has proved to be highly accurate
for landslide hazard mapping, ground surveys, topography and terrain assessment.
Moreover, it also endures much less cost as compared to extensive field surveys.

Thus, GIS-based baseline maps and satellite images are capable of undertaking
the engineering, social and resettlement and environmental studies. These studies
should be part of the survey and investigations for every project.
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Fig. 6 Landslide susceptibility map of the study area

Fig. 7 View of landslide along the road in Murree, Pakistan
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Fig. 8 Landslide due to erosion and reactivates after every rainy season in Murree, Pakistan
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Bridge Leveling Network Monitoring
in Construction on Highly Heaving Soils

Dmitry Afonin , Nikolay Kanashin and Andrey Nikitchin

Abstract Sometimes, there are deformations of the points of the geodetic network,
which are placed on the construction site, in the process of bridges construction on
heaving soils. Moreover, most points of the geodetic network are often removed
due to heaving soils that make monitoring of such geodetic network more difficult.
This article contains comparing and studying the results of the monitoring of the
vertical geodetic control network in constructing the bridge over the Verebushka
River, obtained by A. Kostechel method and by leveling relative to the bridge under-
truss sites. It is proved that the traditional A. Kostechel method in these conditions
does not fit because of false results. Consequently, it is suggested for geodetic network
monitoring to fasten additional referencemarks on the stable elements of the structure
in constructing bridges in similar conditions. Then, it is necessary to level their marks
regarding the existing benchmarks. It is also suggested to use the heights of these
points as control heights to save the common system of heights during constructing
in such conditions when traditional monitoring methods are giving false results.

Keywords Heaving soils · Network monitoring · Kostehel method

1 Introduction

Leveling network monitoring methods are sufficiently researched and described in
specialized literature nowadays [1].

It is shawn in these scientific researches that the more unstable points of the
network we have the more difficult it is to identify these points.

In this research [2], a rare case was considered and it was noted that when half or
more network points were displaced, the task of identifying them unequivocally was
not solved by any of the existing control methods, therefore when using the methods
considered in [1] proceed from the assumption that such an event is insignificant,
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especially if the network consists of a large number of points. Such an assumption
[3–10], as a rule, is justified, taking into account the requirement of laying the points,
taking into account their long-term preservation. However, in practice, there are cases
of construction on unstable foundations where the task of monitoring the control
network stability becomes uncertain. For example, let us take the geodetic control
network of the construction object “The bridge over the Verebushka River”.

2 General Information on the Construction Object

The bridge over theVerebushka River (hereinafter bridge) is a civil-engineeringwork
as a part of the high-speed toll road Moscow-Saint-Petersburg at 451–472.8 km and
is located in the Okulovsky district of the Novgorod region. The bride is classified
as a big out-of-class bridge about 270 m long. Bridge pillars are of pile and raft
slabs. The height of the pillars reaches 20 m. The static scheme of the bridge is a
temperature-continuous system with ferro-concrete beams 21 m long for extreme
spans and 33 m for intermediate spans. Engineering and geological conditions of
the construction site are of II complexity level. The soils at the depth of freezing:
semi-hard loam and sandy loam, hard loam and sandy loam, soft sandy loam, hard
clay, dusty sand and fine sand. Standard depth of seasonal freezing for these soils is
1.6–1.95 m. The waters of the first aquifer from the surface are opened at a depth of
0.3–1.6 m. Maximum levels during unfavorable periods of the year (periods of rain
and snowmelt) are 0.00–0.05 m.

The geodetic center network consists of eight points of forced centering, made
of metal pipes, equipped with centering devices, in which the centers of planned
coordinates and heights are combined (Fig. 1). The depth of the point and the design
of its anchor is unknown. Figure 2 presents the layout of the network points.

3 Geodetic Control Network Stability Monitoring

The significant mismatches of the reference mark location with their catalog heights
were noted during the construction of the object. To control the stability of bench-
marks, the method used by A. Kostehel was used, which is based on the principle
of the unchanged mark of the most stable network reference [2], which was derived
from the adjustment of a closed leveling route laid out by the Sokkia C330 level ref-
erence frames. The results of determining the most stable reference by the method
of A. Kostehel are given in Table 1.

As can be seen fromTable 1, themost stable point of the network can be considered
the benchmark RM47511, for which [υυ] = min and it is possible to take its mark as
the starting point when calculating the heights of the other benchmarks to determine
their displacements by the method of A. Kostechel (Table 2).
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Fig. 1 Point RM47512 geodesic center network for the construction of a bridge across the river
Verebushka on PK4751 + 14 highway Moscow—St. Petersburg

Fig. 2 Layout of the geodetic control network for the bridge construction

If the value of the vertical displacement is less than or equal to the limiting error of
its determination, then the change in the height of the reference does not exceed the
leveling error, and it is considered stable. Otherwise, it is assumed that the benchmark
is unstable. The marginal error of determining the offset is calculated by the formula.
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Table 2 Determination of benchmark offsets by the method of A. Kostehel

Name H , m H ′,m �H ′ =
H ′ − H ,mm

, mm t
= 2

Benchmark status

RM47511 77.484 77.484 0 – Control

RM47512 70.760 70.773 13 3 Unstable

RM47513 69.773 69.776 3 4 Stable

RM47514 81.507 81.506 −1 4 Stable

RM47515 74.767 74.772 5 4 Unstable

RM47516 67.174 67.176 2 4 Stable

RM47517 72.343 72.332 −11 3 Unstable

RM47518 79.922 79.912 −10 2 Unstable

where t—is the normalized factor taken to be 2; 2.5 or 3;mH ,mH ′—the mean square
errors of the heights of the frames determined from the adjustment, respectively,
cataloged and obtained after controlling the stability of the high-rise network.

As can be seen from Table 2, four out of eight benchmarks, i.e., half of the height
network points,may be classified as unstable, with two reference points characterized
by pro-landing in the period of frost heaving of the ground, which is beyond logical
explanation. This raises doubts regarding the compliance of the obtained reference
marks’ heights with their real location.

Then, based on the assumption that most of the benchmarks are biased, and not
one of the existing methods for monitoring, the height geodetic network will allow
obtaining reliable results, it was decided to use the points located on the structural
elements of the bridge itself as stable control benchmarks. As such elements, three-
support platforms were used (Op. 3, Op. 5, Op. 6), which at the time of monitoring,
the network were free of beams and, accordingly, were open for geodetic measure-
ments. Such a choice was justified by the following considerations: sub-platform
sites refer to the critical structures of the bridge, their heights are known, as reflected
in the executive diagrams and were determined during the stable network with high
accuracy, and for different supports executive surveys were carried out with vari-
ous combinations of frames; the bridge supports, on which sub-farm platforms are
located, from the moment of the performance survey and up to the moment of moni-
toring the stability of the high-rise network theoretically remained motionless, since
they are located on the pile foundation and were not loaded with beams.

On each pillar, there are 12 bridge under-truss sites. Consequently, as control
points, we used 36 points. To each of these points independently though one of the
reference marks (RM47511), we tied the leveling line run through the reference
marks, adjusted as free. Assuming that the heights of the under-truss sites taken
from the executive diagrams are equal-accuracy results, the arithmetic mean value
H∗ = 77.502m was taken as the final height of the RM47511 while its mean square
error was less than 1 mm. Then, relative to the benchmark RM47511, the heights H∗
of the other reference points were determined (Table 3).
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Table 3 Comparing vertical displacements of the reference marks measured by Kostechel method
and determined relative to the bridge elements

Name H , m H ′, m H∗, m �H ′ = H ′ − H , mm �H∗ = H∗ − H , mm

RM47511 77.484 77.484 77.502 0 18

RM47512 70.760 70.773 70.791 13 31

RM47513 69.773 69.776 69.794 3 21

RM47514 81.507 81.506 81.524 −1 17

RM47515 74.767 74.772 74.790 5 23

RM47516 67.174 67.176 67.194 2 20

RM47517 72.343 72.332 72.350 −11 7

RM47518 79.922 79.912 79.930 −10 8

Table 3 presents comparing vertical displacements of the reference marks mea-
sured by A. Kostechel method�H ′ and determined relative to the bridge under-truss
sites �H∗. The table shows that the network stability monitoring, carried out rel-
ative to the bridge under-truss sites, gave a completely different result than that of
A. Kostechel method and confirmed the assumption of the displacement of the most
reference marks.

This displacement can be explained by the fact that the soils, where the points
are placed, are classified as heaving ones. The force of frost heaving depends on
many factors [2], including those that took place during the construction: high level
of groundwater; temperature extremes; lack of snow cover in season of frosts.

The similar situation with reference to networks at the same period was found
on the other bridges nearby, which indirectly confirms the reliability of the findings.
After remeasuring the heights of “the bridge” points, they can be used as control
ones for checking heights of the “road” points located between them.

4 Conclusion

According to this research, it appears to be possible to recommend in construction
of engineering facilities to set auxiliary points on their conditionally stable structural
elements and measure their heights relative to the existing benchmarks.

In case of not having unambiguous results by using existing methods, one should
use them as control ones.

This approach provides the continuity of the height system of the object during
its construction and the link of the position of the construction parts built before and
after network monitoring.
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Determining the Refraction Coefficient
Based on the Differences of the Measured
and Known Zenith Distances
in Short-Distance Trigonometric Leveling

Yulia Lobanowa , Mikhail Bryn and Evgeniy Svintsov

Abstract This article provides a systematization of the main errors affecting the
results of determining relative heights by unilateral trigonometric leveling. The zenith
distance determination accuracy vs the height of the instrument, the known elevation
and the distance between stations has been pre-calculated. Refraction is the main fac-
tor preventing the use of the accuracy capabilities ofmodern electronic tacheometers.
The results of daily experimental studies to determine the refraction coefficient are
presented, and the results obtained have been analyzed.

Keywords Vertical refraction · Refraction coefficient · Trigonometric leveling ·
Electronic tacheometer

1 Introduction

At this stage, influence of the environment significantly limits the accuracy of angular
and linear measurements. Very low air temperatures (i.e., while working in cold
regions) result in instruments deformation and distortion of measurement results
[2, 4]. In these cases, it is necessary to introduce the temperature corrections to
the calculation during high-precision geodesic measurements. Violent temperature
changes lead to undesirable optical phenomena (e.g., increased refraction). In view
of this, we can conclude that it is very important to study the nature of refraction
occurrence, as well as to determine the correction for refraction and to introduce it
into the results of geodesic measurements.
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2 Determination of Refractive Indexes

Nowadays, electronic tacheometers are mainly used for geodetic surveys for con-
struction. Refraction—atmospheric density inhomogeneity—is the main factor pre-
venting the use of the accuracy capabilities of modern electronic tacheometers [9–
12]. In modern tacheometers, the refraction is taken account of by introducing the
refraction coefficient k in the instrument memory, and therefore, the calculation of k
remains a pressing issue [6].

This article provides a systematization of the main errors that affect the results
of determining relative heights by unilateral trigonometric leveling; the accuracy
of the effect of different arguments on the final result has been pre-calculated, and
the results of the field experiment to determine the refraction coefficient have been
analyzed.

In trigonometric leveling, the relative heights between geodetic stations are cal-
culated using formula [1, 5]:

h = d · ctgz + i − l + f, (1)

where d is the horizontal distance between stations; z is the zenith distance; i is the
height of the instrument; l is the height of the sighting target; f is the correction
for the combined effect of the Earth curvature and refraction. It is expressed using
formula [3]:

f = 1 − k

2R
· d2, (2)

where R is the Earth’s radius; k is the refraction coefficient. It is calculated using
formula [7]:

k = R

Rc
,

where Rc is the radius of the light curve.
The analysis of formula (1) shows that several arguments—one of which is the

zenith distance—influence the relative height determination accuracies. The zenith
distance measurement errors, in turn, are divided into errors of non-refractive and
refractive origin [3, 10].

The value of non-refractive errors depends on the instruments and the measure-
ment methods used. This group is fairly easy to study. The main sources of errors
of non-refractive origin are sighting errors, pipe horizontal axis inclination errors,
instrument rotation vertical axis inclination errors, zenith position changes due to
temperature effects, etc.

The values of refractive errors depend on the conditions in which measurements
are conducted and are usually calculated indirectly using arguments measured (tem-
perature, pressure, humidity, geodetic measurements, etc.) [8].
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The following describes an experiment that aims to determine errors of refractive
origin based on geodetic measurement results.

3 Field Survey and Pre-Calculation of the Accuracy
of Measurement Results

For field studies, an experimental polygon has been formed which included the
observation point and the selected point on the building (a reflective film RF has
been glued onto it at a height of 11.990 m).

Field experimental studies have been carried out during one day fromAugust 10 to
August 11, 2018. The territory, where the research was conducted, is a construction
site; the sighting beam was partially above the construction site fencing in a flat
area with asphalt for an underlying surface. Field studies included zenith distance
measurements and linear measurements from the observation point to the selected
point.

Studies of the instrument (Sokkia SET 5 electronic tacheometer) were carried out
prior to the field survey.

To identify the value and the nature of the effect of vertical refraction onmeasured
zenith distances, it is necessary to know their theoretical values that can be obtained
from formula (1) with l = 0:

ñtgz = h − i

d
− d

2R
,

The distance between the observation point and the RF was measured multiple
times (23 times) with an electronic tacheometer. The intrinsic convergence root-
mean-square error (RMSE) of the distance measurement was md = 2.8 mm, and the
relative error was 1/57,000. The relative height between the observation point and a
point at the wall of the building was determined from double geometric leveling with
a root-mean-square error of mh = 1 mm

√
2 = 1.4 mm using a Sokkia B30 level.

The height of the sighting beam to the selected point on the surface of the building
was determined multiple times (11 times) using a DISTO electronic tape measure
with an RMS of 1.7 mm. The height of the instrument was measured with a tape
measure (3 times) with an RMS of 1 mm. The RMS of the sighting target (ml) is not
considered because the measurements were conducted on the RF.

Thus, the total zenith distancemeasurement errorwas obtained taking into account
instrument errors (mh,mi ,md), for d = 161.290 m, z = 87°17´44”):

mz = ρ ′′ ·
√

m2
h + m2

i

(1 + ctg2z)2 · d2
+ (2R(h − i) + d2)2m2

d

4R2d4(1 + ctg2z)2
= 2.9′′ (3)
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Consider the effect of mh,mi ,md errors on the mz value by inserting the values
of all errors.

1. mz as a function of mh :

mz = ρ ′′ mh

(1 + ctg2z) · d = 2.5′′

2. mz as a function of mi :

mz = ρ ′′ mi

(1 + ctg2z) · d = 1.3′′

3. mz as a function of md :

mz = ρ ′′ (2R(h − i) + d2) · md

2Rd2(1 + ctg2z)
= 0.1′′

By analyzing the results obtained under these conditions, it can be concluded that
under these conditions, mz and md may be neglected.

One of the research objectives was to determine the effect of vertical refraction
on the accuracy of measuring zenith distances as a function of time. CL and CR
measurements of zenith distances were conducted for each measurement cycle, after
which the average values of zenith distances were determined. To determine the
values of the errors caused by the effect of vertical refraction (refractive errors), �z
differences were formed from the mean ñðz and theoretical òåîðz values of the zenith
distances.

The �z differences formed include more errors of refractive origin.
A diagram was built (Fig. 1) based on the �z differences for the observed point

to determine the nature of the daily variation of refractive errors.

Fig. 1 Nature of daily variation of refraction
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A diagram of fluctuations in the errors of refractive origin calculated based on the
refraction coefficients was built for comparison (Fig. 2).

The formula for the calculation of refraction coefficients is derived from (2)
through the �z′′ differences:

k = 2R · �z

d · ρ
,

where ρ is one radian in seconds.
During refraction coefficient calculations, it was assumed that the �z differences

are only caused by errors of refractive origin.

4 Conclusion

The diagram (Fig. 1) shows that there is no period during the day when the measured
zenith distances are not distorted by refraction and when the effect of refraction has
a pronounced daily variation.

During the day, the measured zenith distances are closer to the true values for
all points in the morning and in the evening and greater than the true values for the
rest—the greater—part of the day.

Refractive errors close to zero occur at sunrise and sunset, and the greatest values
occur around midday. The fluctuation amplitude of the errors of refractive origin is
+3” to +10”.

The diagram (Fig. 2) shows the refraction coefficients have positive values and
change over time within a wide range (from +0.38 to +2.67) throughout the day.

Fig. 2 Nature of the daily variation of the refraction coefficients k
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Features of Engineering Surveys in Areas
of Permafrost Prevalence by the Example
of the Project “Northern Latitudinal
Way”

Natalia Bogomolova , Yuriy Milyushkan , Sergey Shkurnikov ,
Nikolay Bushuev , Evgeniy Svintsov and Vladimir Anisimov

Abstract The Northern latitudinal way is a set of measures for the reconstruction
and strengthening of the existing and the construction of new sections of the rail-
way infrastructure “Obskaya–Salekhard–Nadym.” The construction of the railway
is associated with the natural and climatic features of the region: permafrost soils,
mainly sandstone and sandy loam unsuitable for the construction, losing bearing
capacity during thawing. For a rational design and construction of the transport com-
plex in permafrost conditions, detailed engineering and technical surveys have been
carried out. On the basis of the results of exploration work, the area grounds with
the most favorable engineering-geological and hydrogeological conditions as well
as heaving and snow-dumping sites were identified.

Keywords Permafrost conditions · Engineering survey · Northern latitudinal way

1 Introduction

The Northern latitudinal way (hereinafter NLW) is a set of measures for the recon-
struction and improvement of the existing sections of the Obskaya—Salekhard—
Nadym railway infrastructure, as well as the construction of new sections. The feasi-
bility of the project is due to the need to export oil and gas cargo; the Trans-Siberian
line cannot cope with, though operating at the maximum output.

Three participants are to implement the project, namely OAO Russian Railways,
OAO Gazprom, and PAO YaNAO [1].

For the first time in Russian railway construction, the newObskaya—Salekhard—
Nadym section will be engineered as part of a concession agreement.

TheNLWwill extend to about 1,255 kmof railway infrastructure, ofwhich 395km
is new construction. The total cost of the project is estimated at 471.9 billion rubles,
and the project implementation period is 2018–2022.
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The project “Northern Latitudinal Way” dates back to the 70s of the last cen-
tury. It was then that OAO LENGIPROTRANS performed a complex of design and
explorationwork under the title “Restoration ofRailways. Labytnangi—Salekhard—
Igarka lines. The Labytnangi—Salekhard—Nadym section for the exploration of
the gas field Medvezhy, the construction and operation of the Northern Lights gas
pipeline (Medvezhye—Nadym—Salekhard—Chum—Ukhta). In 1985, construction
began on the world’s northernmost railway Labytnagi—Bovanenkovo. Since 2003,
the need has arisen to create a fully featured highway; at the same time, the Yamal
Railway Company was established on the basis of Russian Railways and the Yamal-
Nenets Autonomous Area.

To date, there are two current approaches to the NLW, to be strengthened,
Konosha—Labytnangi and Korotchaevo—Tyumen; and two poorly functioning sec-
tions: Nadym—Pangody and Pangody—Novy Urengoy—Korotchaevo, which need
reconstruction [2]. The construction of the Obskaya—Salekhard—Nadym section is
unique because the available experience cannot be applied to the severe conditions
in the natural areas of Western Siberia. The NLW route extends in the latitudinal
direction and runs along the northern Arctic Circle, mainly from its southern side.
The climate of the territory considered is sharply continental, with a harsh long
winter (180 days) and short transitional seasons. The severity of the climate is com-
plicated by the proximity of the Kara Sea. The period with a steady snow cover
lasts for more than 220 days. Climatic conditions, an extremely extensive hydro-
graphic network of full-flowing rivers, numerous lakes and marshes showing their
worth during snowmelt season, while widespread permafrost and finely dispersed
sediments predetermine unfavorable engineering and geological conditions for any
type of construction.

For efficient design and construction of the transport complex in permafrost con-
ditions, detailed engineering and technical surveys have been carried out.

2 Geodetic Measurements

Engineering geodesic surveys were carried out in order to obtain information about
the topography of the NLW construction area, its geomorphological characteristics,
outlines of water bodies, and availability of existing engineering services, roads, and
other utilities.

The large-scale complex of geodetic works included ground reconnaissance; sur-
vey of the starting points of the State Geodetic Network (SGN) and State Leveling
Network (SLN); laying out the points of the geodetic control network (GCN) and
the points of the control network; satellite observations at the points of SGN, GCN,
and control network points; laying of leveling lines according to the class III method
between the points of SGN, GCN, and control network; laying out tachometric and
leveling lines to create geodetic control from the GCN and control network points;
topographic survey at a scale of 1 in 500 with a cross section of the relief every 0.5 m;
survey morphometric profiles; and cameral work.
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The area under consideration is located in the tundra and forest-tundra zones.
Since the study area is primarily swampy, the GCN points were fixed in pairs in
year-round access points outside the construction site. To perform engineering and
geodetic works on laying polygonometric and tachometric lines, and on creating a
linear-angular network, the nearest GCN points and points of the control network
were used as starting points.

As part of the performance of geodetic surveys, the maximum depth of thawing
in the field of permafrost was determined, using drilling and boring. The stability of
geodetic points was ensured by securing the lower part of the center of the points
with an anchor in permafrost. Places for laying the points were selected on elevated
landforms with a shallow melting depth.

A topographical survey of the territory was carried out using a combination of
methods of tachometric, horizontal, and vertical survey from the control network
points [3].

In the survey area, there aremore than 400 rivers with a length of 10 km and above.
The Ob River holds a special place in the river system of the region—the largest Rus-
sian basin. During the construction of the NLW infrastructure, it is planned to build
nine bridges. In order to compile morphometric profiles for the design of bridges,
field tracing on the terrain with bringing the picket points of morphometric sections
was performed. The coordinates and heights of the points of the morphometric pro-
files of the bottom of the river, water bodies, flooded areas, and land areas were
determined in 30 m increments using water transport in the summer period [3]. The
main hydrological characteristics in the design of bridges are the highest water levels,
which are most difficult to determine in the conditions of the studied area because
their dependence on the design expenses during the spring flood is broken. During
the flood period, up to 90% of the annual runoff occurs, and maximum water levels
are recorded, which results in rather restricted methods of determination of high
water levels in the territory under consideration, i.e., only on the rivers with a catch-
ment area of more than 100 km2. To establish reliable parameters in determining
the maximum runoff from unexplored catchments will need any, even short-term
observations on the rivers of the region [4].

Following the results of engineering and geodetic surveys, topographic plans at a
scale of 1 in 500 with a vertical interval of 0.5 m, and morphometric profiles were
drawn up, a survey was carried out and the location was agreed with the owners of
utilities and artificial structures.

3 Geological Measurements

Engineering-geological surveys of the area were carried out in order to obtain a
comprehensive assessment of the natural and man-made conditions of the work site,
necessary for the development of optimal, reasonable, cost-effective, constructive,
and engineering solutions.
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The fieldwork was started with the reconnaissance survey of the study area and
drilling of wells to determine the lithological composition and mode of occurrence
of the soils. In total, more than 1,500 wells were drilled during the survey period. At
the laboratories, a comprehensive analysis was performed to determine the physical
and mechanical characteristics of the soil, the chemical composition of the soil and
groundwater. Their aggressiveness toward structures made of concrete, reinforced
concrete, and carbon steel was determined.

On the bridge crossing sections, with the base of the approach fills composed of
thawed soils, static sounding was carried out to the depth of the studied section in
order to assess the bearing capacity of the soils.

The wells that have exposed permafrost soils were subjected to thermometric
work to study the natural temperature behavior of the soils.

According to [5], the survey area represents the area of the noncontinuous per-
mafrost occurrence. Permafrost is of island nature and has a heterogeneous structure,
both in plan and in section. The surveys have established that the exposed thickness
of permafrost within the site reaches 39.5 m [4]. Throughout the studied area, the
negative soil temperatures are rather low in absolute value. This suggests that any
slight change in temperature resulted from the construction can contribute to the
degradation of permafrost and the development of frost-thaw processes [4].

The territory features a large number of swamps. According to the results of
surveys, heaving areas were revealed in the extensive frost-thaw depressions and in
the areas of high bogs. Peat occurs on the mineral base of lithological composition
that varies, often on the clayey low-permeable soils [6]. Field studies showed that if
it is impossible to remove or replace peat at the base of the structure completely, it
can be used only if the piles of the peat stratum are cut through to full capacity and
peat remains in the hard rock condition during the entire period of operation of the
structure.

4 Geophysical Measurements

Geophysical studies at the facility were performed to study the parameters of geo-
electric sections and their homogeneity for design, determine the specific electrical
resistance of soils in natural occurrence and assess their corrosive aggressiveness
with respect to carbon steel, determine the presence and magnitude of the potential
difference created by “stray” currents in the ground.

The presence of “stray” currents in the earth at the object under study was deter-
mined by measuring the potential difference between two points of the earth. The
observations were carried out in two mutually perpendicular directions with the
spacing of the measuring lines of 100 m (58 measurements).

Cameral processing of the results of determining the presence of stray currentswas
reduced to the determination of the difference between the minimum and maximum
readings of the natural electric field strength in soils at each measurement point.
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Fig. 1 Electrical resistivity
measurement circuit by the
method of vertical electrical
sensing

According to the results of work at the facility, no stray currents were detected in
the earth of a dangerous size.

To study the geological features of soils, geophysical surveys were conducted on
the object using the method of vertical electrical sounding.

In the course of the work, a Schlumberger symmetrical four-electrode installation
was used according to the AMNB scheme (Fig. 1) with the line length ABmax equal
to 300 m, MN equal to 1.0 and 5.0 m at the “gate” transition. The choice of such
spacing allowed us to explore the geological section to a depth of 40 m. In the further
construction of geoelectric sections, surface heterogeneities and deviations from the
logical distribution of the curves were taken into account.

The equivalence principle was evaluated to determine the minimum number of
geoelectric layers. The obtained quantitative dependences were used to build the
depths of changes in the specific resistances taking into account the principle of
equivalence of the number of geoelectric layers. Cameral processing of electrical
resistivity measurements consisted in the calculation of numerical values with the
subsequent determination of the corrosiveness of soils with respect to carbon steel.

Geoelectric sections, constructed as a result of interpretation, have a two-layer,
three-layer, and four-layer character since geological sections are represented by
seasonally frozen and thawed soils, as well as by permafrost soils.

5 Conclusion

As a result of the work performed in the construction area, 76 engineering-geological
elements were identified, a chemical analysis of groundwater was performed, the
degree of corrosive soil was established, an analysis of the temperature condition of
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the soils of the bridge bases was carried out, and geophysical works made it possi-
ble to refine the data on the engineering-geological and geocryological structure of
the route. Calculations and experience of field surveys showed that under the con-
ditions of the region under consideration, it is possible to ensure the formation of
permafrost. Integrated engineering surveys carried out on the territory of the NLW
construction will form the basis for the design of a unique railway line. Identified
important aspects of the design: the presence of permafrost, the spread of karst,
poor hydrological study of the area, prolonged freeze-up, peat formation and much
more. Created a digital terrain model. The results of the engineering surveys allow
us to make recommendations for ensuring the stability of the subgrade base, predict
the magnitude of the expected vertical deformations, and also prevent the occur-
rence of unacceptable elastic deformations of the embankment during rolling stock
movement [7–14]. The survey materials will allow organizing effective geotechnical
supervision and deformation monitoring during the construction and operation of
the infrastructure.
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The Study of Railway Embankment
Deformations in Cold Regions

Natalia Bogomolova , Mikhail Bryn , Andrey Nikitchin ,
Alexey Kolos and Andrey Romanov

Abstract Concerning the need for railway capacity increase, the trains marshaled
of innovative cars with 27 t axle load are being tested at the test sites. At one of
the sites of Sverdlovsk Railway, 100 km Kachkanar—Smychka, the works have
been organized to provide geodetic monitoring of the permanent way and the high
embankment formation deformations. The geodetic surveys were carried out for
eight months from December 2017 to July 2018 at four test sites. The analysis of the
measurements shows an intensive frost heaving of the soils at two test sites in winter
period. The permanent deformations of the main site of the formation were observed
at these sites in summer period.

Keywords Permafrost conditions · Geodetic monitoring

1 Introduction

Growing exports of minerals of the Russian Federation necessitates the development
of railway transport infrastructure, which is the major land carrier of the extracted
raw materials. Promising Asian markets cannot be provided with Russian miner-
als without increasing the capacity of the railways of the Eastern Polygon, which
operational length is more than 17 thousand km. To remove the restraints of JCSRus-
sian Railways infrastructure, since 2013, a program has been implementing for the
development of the Trans-Siberian and Baikal–Amur Highways (Eastern Polygon).

One of the possible alternatives for improving the efficiency of the transportation
process in the transport corridor allowing for cargo traffic to the Asia-Pacific region
is to increase the axial load to 27 ton-force [1]. The experience of introducing heavy-
weight traffic to the world practice shows a significant economic effect. However,
the use of innovative cars with increased carrying capacity is expected to increase
the vibration dynamic effect on the subgrade and result in greater deformations. At
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the same time, high railway embankments employed for a long time (with levels of
at least 6 m) are the most susceptible to the development of deformation processes
(washouts, slope failures). It should be noted that the Eastern Polygon of the railway
network is located in the Siberian and Far Eastern Federal Districts, where harsh
climatic conditions contribute to the deformation process.

2 Evaluation of the Impact of Heavy Traffic on the State
of High Railway Embankments

To assess the effect of the passage of trains formed by the cars with an axle load
of 27 ton-force on the state of high railway embankments, a research work was
organized on monitoring the condition of the superstructure and the roadbed on the
Kachkanar—Smychka railway line [2].

In accordance with the technical design assignment and the test program, three
experimental sites and one control site were selected that qualify for the following
criteria: at the experimental sites, the railway embankments height is 6.0m andmore;
each experimental site is located on a double-track running line; at each experimental
site, two section lines were selected, with the first one in the middle part of the string
(link), the second one at the rail joint; geotechnical conditions within the same range
are of the same type (according to the data of the geotechnical survey of the site).

At each site, one of the tracks is a continuous welded rail on reinforced concrete
cross ties, and the other is a link rail on wooden cross ties. All sections are charac-
terized by a stable condition of the rail track according to the data of the geometry
car passages.

The area where the objects of study are located is described by a moderately con-
tinental climate with hot summers and cold frosty winters. Temperature in different
seasons varies from +28° to −25°, with high humidity.

Climatic conditions of operation of the railway track contribute to the deformation
of the subgrade. The reasons for the development of deformations are associatedwith
excessive wetting of the subgrade in the autumn, heaving (raising the subgrade as a
result of freezing of water in the pores of the soil) and its lowering accompanied by
destruction, during thawing in spring.

To identify the geotechnical conditions at survey sites, it is necessary to know
the nature of the bedding of the subgrade soil and its foundation and their physi-
comechanical characteristics. Considering the depth of pro-freezing in this region,
the minimum depth of excavation was not less than 3.0 m. In terms of age and
genesis, two types of soils were distinguished at survey sites: modern quaternary
technogenic undifferentiated mid-upper quaternary deposits. According to the com-
position and physicomechanical properties, five engineering-geological elements are
distinguished in the studied areas.
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Engineering-geological element number 1: It is represented by bulk soil, followed,
in the form of crushed granite rocks. Crushed stone is a ballast material of a railway
track. The dimension of rubble is from 50 to 70 mm.

Engineering-geological element number 2: It is represented by bulk soil, followed,
in the form of crushed granite rocks. Crushed stone is a material of ball-prism of a
railway track. The dimension of crushed stone is from 10 to 30 mm.

Engineering-geological element number 3: It is represented by loose soil, followed
by, in the form of sandy brownish-yellow sandy solids with plastic layers with rare
gravel.

Engineering-geological element number 4: It is represented by sandy loams
brownish-yellow sandy hard with gravel up to 25%, with rare pebbles, in the upper
part with rare plant residues.

Engineering-geological element number 5: It is represented by heavy, silty, soft-
plastic loam with an admixture of organic matter up to 4%.

No groundwater was found while drilling.
To determine the residual deformations of the subgrade, the experts of the FSBEI

of HE Petersburg State Railway EngineeringUniversity designed a geodetic standard
elevation by laying a closed leveling line alonggroundwith referencemarks. Leveling
was carried out using the TrimbleDini 03 level and Inv12LD12 control rod according
to the program of class I high-precision leveling according to [1]. Ground reference
marks (three marks per each section) were laid at a distance of at least 50 m from
the axis of the track within the railroad precincts.

Themain areas of the subgrade of the studied areaswere equippedwith soilmarks,
which serve to assess deformations.

The marks were fixed in the directions along and across the rail axis (Fig. 1).
In the transverse direction, the marks were fixed in two sections corresponding

to the zone of the rail joint and the middle part of the link. The leveling technique
for determining the grade of ground marks was focused on maximizing the effect of
various sources of error. Leveling was carried out according to the program of class
III high-precision leveling according to [1]. To determine the soil marks, a closed
leveling line was laid at each experimental site from the initial benchmark; each soil
mark was determined with two instrument horizons; the deviations in the resulting
values did not exceed 0.8 mm.

Geodetic observations were made for eight months, from December 2017 to July
2018. The dynamics of the deformation processes is reflected in Figs. 2, 3, 4, and 5.

Dynamics of deformation processes is presented in Fig. 6.
Analysis of the geodetic observations findings indicates intense frost heaving of

soils in two experimental sites in winter (sites No. 1, No. 2). During the summer
period, residual deformations of the main subgrade area were revealed at these sites.

At experimental site No. 3, intensively growing residual deformations were
recorded, which accelerated during the period of subgrade thawing.
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Fig. 1 Marks scheme

Fig. 2 Deformations along the axis of the track in Sect. 2
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Fig. 3 Deformations along the axis of the track in Sect. 2

Fig. 4 Deformations along the axis of the track in Sect. 2
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Fig. 5 Deformations along the axis of the track in Sect. 2

Fig. 6 Dynamics of deformation processes of the subgrade for the period December 2017–July
2018

3 Conclusion

As a result of evaluating the impact of rolling stock on the way, it was experimentally
established that during soil freezing and thawing of the main site of the subgrade,
and partial soil freezing and thawing of the working area of the subgrade, increased
axial loads do not have a significant effect on the development of subgrade defor-
mations. At the same time, the results of geodetic survey confirm the relevance of
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the research activities related to the development of geotechnologies that contribute
to the stabilization of soil deformations of the railway fill and its base in northern
latitudes [3–10]. Effective control of frost heaving in cold regions will reduce the
cost of maintaining and repairing railways, as well as ensure their safe operation.
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Compression Curves’ Extrapolation
to High Pressures for Soft Clay Soils

Peter Klemyatsionok , Svetlana Kolmogorova and Sergey Kolmogorov

Abstract One of the features of modern construction is the increase of loads on
foundations and basements of buildings. Therefore, high-pressure soil compressibil-
ity has become a topical issue. However in production conditions tests have been
performed at pressure no more than 0.4 … 05 MPa. The article deals with com-
pression curves extrapolation to high pressures for different genetic types of clay
soils. The dependence of coefficient of compression Bk and pressure of void ratio at
plasticity limit (pp) on the soil condition was analyzed. Two segments are displayed
on compression curve: initial segment and the main segment.

Keywords Compression · Clay soils · High pressures

1 Introduction

One of the features of modern construction is the increase of loads on foundations
and basements of buildings [1–3]. Therefore, high-pressure soil compressibility has
become a topical issue. However in production conditions, soils have been tested at
pressure no more than 0.4 … 0.5 MPa. The article deals with compression curves’
extrapolation to high pressures for several genetic types of clay soils.

Compressive tests were tested according to standard methods under water at pres-
sures 0.125; 0.25; 0.5; 1; 2; 3; and 4 kg/cm2. The object of the research is fluid loam
of marine and lake glacial deposits. The similar character of compressibility of these
genetic types of clay soils made it possible to analyze them together [1, 2, 4–7].
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2 Main Part

Physical properties of soils are presented in Table 1.
The average compression curves for marine loam and lake glacial loam are shown

in Fig. 1. Two segments are displayed on compression curve: initial segment and the
main segment. The initial segment is characterized by the influence of structural
bonds. On the main segment, there are the following factors: mineralogical and
granulometric compositions and the destruction of structural bonds, but this is offset
by the increase of the initial soil adhesion due to compaction. On the both segments,
the influence of natural location indicators is shown. The boundary between the
segments can be taken (for researched soils) as P = 0.5 … 1 kg/cm2.

Compression curve at pressure, higher than some initial pressure, often can be
described as the following ratio [8]:

ei = eH −
lg

(
pi
pH

)

Bk
(1)

where pn = 1 kg/cm2 is initial pressure, en is air-void ratio at initial pressure, and Bk

is coefficient of compression.
The values of coefficient of compression (Bk) were calculated at pressures higher

than initial pressure and respective values of air-void ratio using formula (1). The
results of calculations are given in Table 2.

Figure 2 shows the results of compressive tests which are presented in semi-log
coordinates, where the test data is solid curve and extrapolation data is dashed curve.

Table 1 Physical properties of soils

Sample
№

Clay
particles
Mc, %

Particle
density
ρs ,
g/cm3

Soil
density
ρ, g/cm3

Water
content
w,%

Lower
liquid
limit
wL ,%

Plasticity
limit
wp,%

Degree
of water
satura-
tion
Sr

Void
ratio e0

Loam, mQIV

1 37 2.70 1.83 38 30 19 1.00 1.030

2 41 2.70 1.87 35 31 20 1.00 0.942

3 48 2.72 1.88 35 31 20 1.00 0.957

4 32 2.72 1.88 34 30 19 0.97 0.943

5 46 2.73 1.82 39 34 21 0.98 1.084

6 44 2.72 1.85 36 32 20 0.97 1.001

Loam, lgQIII

1 43 2.72 1.89 34 28 18 1.00 0.929

2 44 2.73 1.85 37 34 21 1.00 1.022

3 51 2.73 1.82 41 35 21 1.00 1.116

4 45 2.72 1.85 36 31 19 0.98 1.000

5 44 2.71 1.84 38 33 21 0.99 1.038
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Fig. 1 Compression curves for marine loam and lake glacial loam

The compression curves’ extrapolation makes it possible to determine pressure at
water content of soilwi = wp, when the soil turns into solid form. At water saturation
of soil ep = ρs · wp and using formula (1), pp was calculated:

• lake glacial loam pp = 74.1 kg
cm2 = 7.41MPa

• marine loam pp = 56.0 kg
cm2 = 5.6MPa

The pressure pL at water content of soil wi = wL is of interest for fluid soils. This
pressure reflects the impact of structural strength—soil cohesion. It is determined by
calculation of void ratio eL and compression curves.

For the average compression curve, pressure PL is:

• lake glacial loam pL = 1.78 kg
cm2 = 0.178MPa

• marine loam pL = 0.86 kg
cm2 = 0.086MPa

The results of the same calculations of pp and pL values for the researched soils
are given in Table 2.

In this paper, the dependence of coefficient of compression Bk and pressure pp on
the soil condition was analyzed. The dependence on water content (Fig. 3), content
of clay particles, plasticity index, lower liquid limit was established for to coefficient
of compression Bk and pressure pp.

According to Fig. 3, the dependence of Bk on water content is observed quite
clearly. The regression equation was found as Bk = 20.4− 0.41w at the correlation
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Table 2 Calculation results

Sample № Void ratio
at initial
pressure en

Void ratio
at lower
liquid limit
eL

Void ratio
at
plasticity
limit ep

eL
pressure
PL ,
kg/cm2

Coefficient
of com-
pression
Bk

ep pressure
Pp, kg/cm2

Loam, mQIV

1 0.855 0.810 0.513 2.0 5.5 76

2 0.827 0.837 0.540 0.8 6.3 64

3 0.850 0.843 0.544 1.2 6.0 69

4 0.798 0.816 0.517 0.63 7.4 120

5 0.928 0.928 0.573 1.0 4.1 28.5

6 0.796 0.970 0.544 0.32 5.2 20.4

Indices of the average compression curve, mIV

0.842 0.851 0.538 0.86 6.0 56

Loam, lgQIII

1 0.796 0.762 0.49 1.7 6.0 69

2 0.934 0.928 0.573 1.2 5.5 97

3 1.024 0.956 0.573 2.4 3.7 47

4 0.910 0.843 0.517 2.6 5.0 92

5 0.928 0.894 0.569 1.5 5.0 62

Indices of the average compression curve, lgIII

0.918 0.877 0.544 1.78 5.7 74.1

index r = −0.88. However, the dependence of pressure pp on water content is
lower, with the regression equation PP = 287.7 − 6w at the correlation coefficient
r = −0.68. The reason of data variability is the influence of other factors; one of
them is the method of calculation of the pressure pp using the formula (1). Therefore,
the pressure pp depends not only on Bk , but also on the void ratio en and ep, which
in turn depends on soil compressibility.

The dependence on content of clay particles, plasticity index, lower liquid limit
shows the similar character of relations with the increase of data variability for
pressure pp.

The dependence of pressure pL on relative water content w
/
wL and structural

bonds �CB is clearly observed (Fig. 4). Structural bonds �CB were evaluated by
the method [9].

3 Conclusions

Two segments are displayed on compression curve: the initial segment and the main
segment. The initial and main segments are different in intensity and character of
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Fig. 2 Compression curves’ extrapolation

Fig. 3 Dependence of coefficient of compression Bk and pressure pp on water content

deformations: structural deformations at the initial segment and structural adsorption
ones in the second segment.

The dependence of coefficient of compression Bk and pressure of void ratio at
plasticity limit pp on the soil condition was analyzed. The dependence on water
content, content of clay particles, plasticity index, lower liquid limit was established
for coefficient of compression Bk and pressure pp.
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Fig. 4 Dependence of pressure pL on w
/
wL and structural bonds �CB
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Experimental Study on Pore Water
Pressure and Microstructures of Silty
Clay Under Freeze-Thaw Cycles

Dan Wang , Chengsong Yang , Guodong Cheng, Wei Ma
and Lianhai Zhang

Abstract The variations on physical properties and microstructures of soils are
essential to explore the freeze-thawmechanisms.We do some experiments on freeze-
thaw test of Qinghai-Tibet silty clay and cryo-scanning electron microscope (cryo-
SEM) observing after freeze-thaw test and monitoring the changes of temperature,
pore water pressure, and displacement. The results showed that the change of pore
water pressure was closely related to soil particles rearrange, particle size redis-
tributing, and then develop a new arranging tendency of soil pores during freeze-
thaw cycles. During the period of soil freezing, the pore water pressure decreased
gradually, and the particles became more gathering from point to point (P–P) form
along with freezing rate decreasing, the relevant microstructures had changed from
the matrix structure to gel structure, and pores became more simplex. During soil
melting, the pore water pressure rose to stability, and the soil mainly experienced a
consolidation process. In our study, we also quantify cryo-SEM images by Image-
pro Plus (IPP) software. The results reflect the change of pore water pressure had a
certain correlation with structural parameters under freeze-thaw cycles. These find-
ings substantially contribute to understand the freeze-thaw mechanism and assist in
upscale the microscale physical characteristic of frozen soil.

Keywords Frozen soil · Freeze-thaw mechanism · Cryo-scanning electron
microscope ·Microstructure · Pore water pressure · Structural parameters
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1 Introduction

In cold regions, soils are commonly exposed to freeze-thaw cycle every year [1].
This phenomenon has a significant effect on the service performance of engineering
facilities [2, 3]. As a specific form of temperature change, the freeze-thaw cycle
is a strong weathering process that can remarkably change the physical properties
and microstructure of soil [4]. During freezing, soil typically subjected to frost heave
which involves the phase change ofwater, watermigration, and ice segregation. Also,
consolidation of soil typically develops in the thawing process [5]. Fine-grained soils
influenced by freezing and thawing show changes in volume [6], in strength and com-
pressibility, dry density, densification, unfrozen water content, pore water pressure,
bearing capacity, and microstructure [7–11]. Virtually, when considering soil phys-
ical behaviors and microstructural transformations due to freezing and thawing, the
balance of pore water pressure in the soil had a significantly affects to reveal these
phenomena [12].

Investigation of the pore water pressure during soil freezing and thawing is essen-
tial when exploring themechanisms of freeze-thaw cycle, which revealing the driving
force of water migration, the mechanisms of frost heave, the validity of the Clausius-
Clapeyron equation, and the consolidation phenomenon of soil [13]. In particular,
the consolidation phenomenon in the freeze-thaw cycle is a result of an increase in
effective stress due to a decrease in pore water pressure [14, 15]. And in an attempt to
reveal this variation, researcher focuses on the consolidation pattern in the different
stages of soil freezing based on the observed pore water pressure and its numerical
simulations, proposes that consolidation in the unfrozen zone during soil freezing
includes compression-induced consolidation which results from an increase in frost
heaving stress, also vacuum induced consolidation which results from a decrease
in pore water pressure [12]. Typically, the growth of ice lenses results in substan-
tial decreases in pore pressure and ultimately dewatering and unsaturation in the
unfrozen zone during closed system tests without an external water supply [16].
Moreover, pore water pressure during freezing was measured and could be corre-
lated to the subsequently observed volume and water changes [17]. The changing of
pore water pressure shows that the water moving is an important influencing factor
on soils by its action on structure development, deformation, particle translocation,
and consolidation under the freeze-thaw cycle.

Meanwhile, the frozen soil microstructure analysis has been more important [18,
19]. During the freeze-thaw consolidation, the soil became fissured and jointed [20],
and ices in various sizes and shapes tend to segregate in soils resulting in the for-
mation of a characteristic in micro- and macroscales [21]. After the melting of soil
or thaw consolidation, the inter-fissures are still open, leading to gel or closed-cell
macroscopic soil structure [22]. In the condition of alternating freezing and thawing,
the frost heave and consolidation occur togetherwithmore or less developed particles
and aggregate broken, leaded to compaction, displacement, rotation, and formation
of the soil microstructure, further affect the shape and size of the aggregates and
pore distribution [23–26], giving rise to different types of microstructure formation
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Table 1 Physical properties
of silty clay

Soil property Liquid limit,
LL (%)

Plastic limit,
LP (%)

Plasticity
index, PI

Value 24.8 15.0 9.8

[10, 27, 28]. The resulting change in a microstructure, in turn, affects the water
moving on soil during frozen frost and thaw consolidation.

Although the significance of porewater pressure andmicrostructure changeduring
freeze-thaw cycle has been widely acknowledged, few information has been reported
on the relationship between pore water pressure and microstructure under the freeze-
thaw cycle. Therefore, we examined the pore water pressure during freeze-thaw
cycles of the silty clay in the Qinghai-Tibet of China, after that, investigated the
microstructure of each layer of soil. By clarifying the variation in the pore water
pressure and microstructure under freeze-thaw cycles, we expect to found a certain
relationship to provide a reference to understanding freezing and thawingmechanism.

2 Experimental Study

2.1 Materials and Specimen Preparation

In this study, silty clay obtained fromQinghai-Tibet Plateau is subjected to do freeze-
thaw tests. The main physical properties of this type of silty soil are given in Table 1.
It was classified as CL (Low liquid limit Clay) per Unified Soil Classification System.
The grain size distributions of the silty clay are presented in Fig. 1. The uniformity
coefficient and the coefficient of curvature of the silty clay is 1.24.

The soil samples were prepared and tested at the State Key Laboratory of Frozen
Soil EngineeringCAS. Beforemaking soil specimens, the soils were air-dried, sieved
with an aperture of 2 mm. And then, the soils were slurry mixed with certain water
content (21.4%) and left 24 h in a sealed plastic bag to ensure adequate water redis-
tribution. The samples were compressed into a cylindrical Perspex cell with an inner
diameter of 101 mm and a height of 140 mm, witch initial density was 1.69 g/cm3.

2.2 One-Dimensional Freeze-Thaw Test

The one-dimensional freeze-thaw test system consists of an insulated environmental
chamber, a specimen cell, two cryostats with the temperature accuracy of ±0.1 °C,
and various sensors necessary for measuring soil temperature, pore water pressure,
displacement, andwater intake (Fig. 2).A cylindrical Perspex cellwith lateral thermal
insulation was placed in the test machine box. Two columns of holes were drilled in
the wall of the cell. One column contained night holes for installing the temperature
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Fig. 1 Grain size distribution of silty clay

Fig. 2 Sketch of the one-dimensional freeze-thaw test system
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probes at intervals of 15mm, the high-sensitivity temperature probes with a precision
of 0.05 °C and a valid temperature range of ±30 °C, and was manufactured by the
State Key Laboratory of Frozen Soil Engineering [29]. Meanwhile, the other side’s
holes of the specimen cell for inserting the pore water pressure transducer into the
soil at different depths (see Fig. 3), which has a measuring range of ±100 kPa with
a reference pressure point and an accuracy of ±0.1% full scale [12]. Moreover, the
freeze-thaw tests were performed in the open soil-water system, using a Marriot
bottle that monitored changes in water volume in real time.

To obtain conventional laboratory testing data, the specimens with test conditions
were set for the freeze-thaw cycle. First, the prepared sample was placed into the
cylindrical Perspex cell of the freeze-thaw cycling test machine. Next, the sensor of
the temperatures, pore water pressure gauges, and water supply gauge were installed.
And, all installed sensors were set to take measurements at 30 s intervals. Finally,
the freeze-thaw experiment was conducted by controlling the top and bottom plate
temperatures, as shown in Table 2.

Fig. 3 Holes arrangement of
the sample T1

Pw1

T9

T6

T5

T4

T3

T2

T7

T8

Pw2

Pw3

Table 2 A single freeze-thaw cycle test conditions

Soil type Temperature at
the cold end,
°C

Temperature at
the warm end,
°C

Duration of
freezing, h

Thawing
temperature, °C

Duration of
thawing, h

Water supply

Silty clay −5 1 13 Room
temperature

13 Yes
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2.3 Cryo-SEM Technique and the Microstructure
Observation

Cryo-SEM technique makes it possible to examine wet samples and to preserve their
natural characteristics for further testing, which is an obvious advantage compared to
conventional SEM [30]. Such direct imaging, in which, can transform the water into
ice whose crystalline domain dimensions do not exceed those of the finest details
that can be observed, and thus do not modify the morphology of the samples at the
observation scale.

The samples of microstructure observation from laboratory tested specimen sub-
jected to freeze-thaw cycle, which was layered every 15 mm. Given that the specific
samples of cryo-SEM observation were stuck to a 5 mm hollow copper column.
The sample was then hand-plunged into a nitrogen slush using sample holder. The
plunge-frozen sample was then retrieved with a pre-cooled vacuum-cryo-transfer
shuttle and transferred to a freeze-fracture system, where it was maintained at −
140 °C and a pressure of 1.7 × 10−5 Pa. A layer of surface ice was removed by
allowing the sample temperature to rise to −90 °C and holding the temperature at
−90 °C for 5 min before returning the sample to −140 °C. Finally, the sample was
coated with gold under cryogenic conditions, and transferred sample to a cryo-SEM
using sample holder. Then, the sample was imaged at−140 °C using an accelerating
voltage of 10 kV and secondary electron detector.

3 Typical Results and Analysis

3.1 Redistribution of Water

There are some evidences thatmoisture redistribution continueswithin the frozen soil
in the open soil-water system. Figure 4 presents thewater content profiles of silty clay
after the freeze-thaw cycle. It is apparent that the moisture significantly redistributed
during freeze-thaw cycle. For example, water content at the bottom of the soil sample
was 16.4% and at the top was 23.1%. Especially, it can be noticed that the gap at the
height of 75 mm became bigger and with much higher moisture content than initial
water content. It can be recognized that movement of water during freezing of this
region soils causes the development of channels with provided water to the frozen
regions and the system of channels benefits to remove water from the soil during
the thawing process. In general, when a sudden negative temperature was applied to
the top surface of the soil sample, unsteady heat flow is initiated. The freezing front
progresses into the soil as a function of the imbalance of the heat and pore water
freezes in situ. At the same time, a suction gradient develops in the frozen zone in
response to any temperature gradient and water migrates from the unfrozen soil into
the frozen zone. And the freezing-induced suctions further consolidate the unfrozen
soil since its water content decreased from21.4 to 16.4%.With the increase of sample
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Fig. 4 Water content
profiles after freeze-thaw
cycle
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temperature, the ice of soil was melting, and the pore volume decreased as the self-
weight of overlying soil, thus also caused water migration and the consolidation of
the sample.

3.2 The Change of Pore Water Pressure

Figure 5 illustrates the changes in the relationships among the pore water pressure,
temperature, and time during the freeze-thaw cycle. Similar variation trends of pore
water pressure with different soil sectors may be found in the silty clay at the same
moment. When considering the freezing process, pore water pressure was generally
divided into three stages: during the first stage, the pore water pressure increased as
the temperature decreases.During the second stage, the porewater pressure decreased
at first and then increased. During the third stage, the temperature quickly decreased
from 5.65 to−2.26 °C, the pore water pressure became to the negative value. It was
also noted from Fig. 5 that the pore water pressure tended to 0 kPa from negative
value as the temperature increased during thawing process. Based on the results, we
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Fig. 5 Variation of the pore water pressure of silty clay during freeze-thaw cycle

concluded that the changes in pore water pressure were attributed to the influence of
the phase change of water. At the beginning of experiments of silty clay, the lower
temperature made the capillary water first turned into ice, causing a change in the
capillary hydrostatic pressure. And then, the thickness of the unfrozen water film
and adsorption potential in the soil sample changes because of adsorbed water is
transformed into ice. During the process of ice melting, the radius of curvature of the
ice–water interface increased, which changed the capillary and adsorption potential
causing the pore water pressure increases.

The Pw1, Pw2, and Pw3 pore water pressure probes were located at different
soil heights during the freeze-thaw experiment of the silty clay samples, as shown
in Fig. 5. Although the pore water pressure at different heights presented similar
tendency, it was clearly found that the dissipation of the Pw1 pore water pressure
occurred earlier and faster than that ofPw2andPw3porewater pressure. For example,
the Pw1 pore water pressure decreased to −34.2 kPa from 19.7 kPa during the
freezing process and then increased to −2.7 kPa along with temperature increased.
While the Pw3 pore water pressure changed from 24.7 kPa to −21 kPa, and finally
increased to −9.1 kPa. So, we concluded that the more rapid dissipation of the pore
water pressure occurred near the freezing front, and the dissipation of the pore water
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pressure proceeded from the top to bottom as the water migrated from the unfrozen
to frozen zone.

Therefore, the differences in the pore water pressures may result from a combi-
nation of two factors. First, the change of pore water pressure during the freeze-thaw
cycle due to the transformation of the ice–water phase. Second, the dissipation of
the pore water pressure resulted from the migration of water in the soil sample.

3.3 Analysis of Microstructure

Freeze-thaw cycles also have been shown significant influence on soilmicrostructural
transformations. Commonly, the change in soil structure due to freezing and thawing
is basically caused by the phase transformation of pore water and water distribution.
Therefore, structural form following freeze-thaw was dependent on both tempera-
tures of the top sample and the water migrating at the time of the freeze-thaw cycle.
Indeed, when considering soil deformation, soil samples that have been subjected to
unidirectional freezing are generally divided into three zones: the frozen zone, the
frozen fringe, and the unfrozen zone [12]. And according to the tested temperature
and pore water pressure, such zones correspond to the 105, 75, and 45 mm heights
of the specimens.

At the top of the specimen subjected to fast freezing conditions, the restricted
water flow and resultant in situ growth of ice crystals are usually considered to be
structurally destructive, can strongly affect the type of ice forms and structure in
the soil. Besides that, the water content at the time of freezing is also an important
control in determining the effects of pore ice formation, shown in Fig. 6, which was
the cryo-SEM image at the 105 mm height of silty clay after freeze-thaw cycles.

In this region, because of the strong temperature gradients, upward moisture flow
is minimized as the rapid advancement of the freezing front does not have suffi-
cient time for appreciable pore water moving, leading to frozen in situ. As such,
the approximately 9% volumetric expansion resulting from ice formation has been
credited with rupturing existing aggregates and increasing the proportion of fine

Fig. 6 Cryo-SEM image at the 105 mm height of silty clay
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Fig. 7 Cryo-SEM image at the 75 mm height of silty clay

material [17]. Meanwhile, the ice crystal growth would tend to shatter aggregates
into smaller particles and increase the size of inter-aggregate pores, resulting in the
formation of a loose structure on the soil. With the further dropping of temperature,
ice would eventually invade the successively smaller intra-aggregate micro-pores.
Immediately the following thaw, large decreases in pore ice alter the pores on soil
through an alteration of the particle connection, and leading pores between particles
have good connectivity. Cryo-SEM shows that the volumetric expansion due to the
phase change of water increased the pore volume on the soil.

Under these conditions, analyses of the frozen zone have noted a typical matrix
structure. In which, the freeze-thaw cycle commonly results in point–point (P–P)
form mostly consisting of smaller aggregates and particles. And, less continuous
intra-aggregate micro-pores are separated by inter-aggregated macro-pores devel-
oped more complex pore system.

As the moving of the freezing front to higher temperature bottom, a weaker tem-
perature gradient usually occurs at deeper levels within the sample. It is thus highly
like that consolidation occurs in front of the 0 °C isotherm and in the unfrozen or
partly frozen regions between ice accumulations in freezing clay [31]. So, the min-
eral skeleton adjacent near this area underwent appreciable compression, shown in
Fig. 7, which was close to freezing front, represents the structural characteristics
of the frozen fringe regions. The whole system shows the flocculent structure of
this area which were more complicated, individual particles and smaller aggregates
arrange in a random orientation rather than matrix structure by face–face (F–F) and
face–edge (F–E) contacts. These results indicate that the presence of a pre-existing
soil structure provides intra-aggregate and inter-aggregate pathways for thermally
induced water flow and zones of weakness in which ice can form. At the boundary of
freezing on soil of this region, coupled heat and moisture flow generate a tension to
draw porewater toward the point of ice nucleation, resulting in a drastic phase change
of water, as the inter-aggregate pore plays an important role in the water migration.
As the films of bound water around the particles become thinner, the particles draw
closer and their interaction increasing, their structural bonds become stronger, result-
ing in bigger aggregate happens. Meanwhile, if unfrozen pore water can continue to
slowly migrate toward frozen zone through this area, it may contribute to weak the
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Fig. 8 Cryo-SEM image at the 45 mm height of silty clay

connection between particles. As Leo [32] noted that as a dramatic region of ice and
water phase transition, many small crystals associated with pore ice destroyed the
microstructure of the soil by destroying the micro-pores and increased aggregation
through compression.

Figure 8 shows the gel structure at the 45 mm height of silty clay, which typically
represents the unfrozen region after freeze-thaw cycles. The structure on unfrozen
region commonly subjected to compaction because of overburden pressure and pres-
sures induced by growing ice crystals, which have been characterized as hardening
and curing. At the hardening and curing, the water migration is thought to be a major
controlling factor through its influence on particle rearrangement. During rearrange-
ment, this close proximity between soil particles is also thought to promote the
colloids and face–face (F–F) form development. In the freezing process, pore water
is drawn toward growing ice crystals, leading particles gathering and stacking on
unfrozen zones. While water transfers from the unfrozen to the freezing region, the
mineral skeleton of the unfrozen part becomes shrunken irrespective of the rate of
water inflow to the soil sample. Desiccation by the removal of moisture from within
the clay inter-layer during the growth of pore ice which stable aggregates may be
formed during the freezing and thawing process. Moreover, on unfrozen regions
lying rather far from the freezing boundary, the pore characteristic does not change
much, and inter-granular pore most development.

3.4 Relationship Between Macroscopic Phenomena
and Microstructure

It is commonly hypothesized that the freezing-induced volumetric expansion of pore
water is responsible for aggregate breakdown [31] and it has also been confirmed
that the freeze-thaw cycles had a significant effect on microstructure on soils. We
further provided a quantitative analysis of microstructure to explore the relationship
between porewater pressure and structural parameters, to understand the freeze-thaw
cycle mechanism.
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Cryo-SEM images of different heights of sample were presented in Figs. 6, 7
and 8. A view magnification of ×1000 was selected, and the image was employed
to quantitative analysis using Photoshop and Image-pro Plus(IPP) software. Images
were all converted a 2-bit, a black-and-white image format for examination of particle
distribution and pore characteristics in the soil sample (shown, e.g., as Fig. 9). Par-
ticles were turned white, and the pores were colored black. After that, the structural
parameters were extracted, and the pore areas also be calculated.

Figure 10 shows the particle properties, including clay content and accumulated
fractal dimension of particle distribution. Generally, the higher fractal dimension
means the more dispersed of particle distribution, the lower gathering of particles,
and themore complex of distribution pattern,which reveals the particle distribution in
the plane. For the height of 75 mm on specimen which has higher fractal dimension
and the highest clay content. For example, the fractal dimension of the particles
was 1.24, and the clay content was 30.33% of this region. Obviously, the effect of
freeze-thaw cycle on the behavior of the particle is very significant. Comparing the

(a) (b) (c)

Fig. 9 A cryo-SEM image of the 105 mm height that was used for the analysis of example section
a cryo-SEM image; b cryo-SEM image after thresholding by the Photoshop; c quantitative analysis
using by IPP
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Fig. 11 Area of pores at different heights of sample

change of pore water pressure in this region during the freeze-thaw cycle, a positive
relationship between structural parameters of particles and pore water pressure can
be defined. More specifically, when there is a bigger gap variation of pore water
pressure in this region during the freeze-thaw cycle, the structure is more chaotic and
the structural parameters become larger. It is quite obvious that the clay content and
fractal dimension present lower and the variation amplitude of pore water pressure
is smaller on the else height of soil.

The change of pore has reflected an alteration of the arrangement of mineral
particles within the soil. Figure 11 shows the pore area and pore water pressure
values at the different height of silty clay after freeze-thaw cycles. The change of the
pore area after the freeze-thaw cycles is discussed and a certain relationship between
pore water pressure values is also determined. As can be seen from the histogram, the
frozen zone of the sample corresponds to a muchmore pore distribution. Meanwhile,
the area of pores decreases at the lower height of the specimen, inwhich has a positive
correlation with changes in pore water pressure. Such as at the 105 mm height of
silty clay, the pore water pressure value was −2.7 kPa. While at the 45 mm height
of soil, the pore water pressure value was −9.1 kPa.

4 Conclusions

In this paper, the pore water pressure andmicrostructure under freeze-thaw cycle was
tested. Through the information obtained from the laboratory data and cryo-SEM
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images, the relationship between pore water pore pressure and structural parameters
is preliminary analysis. The following points are drawn based on this study:

(1) During freezing and thawing periods, the pore water pressure changes are com-
plicated along with temperature first decreased and then increased. Meanwhile,
the microstructure has a significant change at the different height of the spec-
imen. Typically, the bigger gap of pore water pressure values variation, more
complex structure, higher clay content and fractal dimension of the particle
were more sensitive at the 75 mm height on soil to freeze-thaw cycle than other
regions.

(2) In the process of soil freezing and thawing period, there was a certain relation-
ship among particle properties, pore area, and pore water pressure of soil. The
magnitude of the change in pore water pressure is positively correlated with
the structural parameters of the particles during the freeze-thaw cycle on the
timescale. While, the pore water pressure value is positively correlated with the
pore area after the freeze-thaw cycle on the spatial scale.
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Technical Improvements in Testing
Small-Strain Deformation Behaviour
of Frozen Soil

Jinyuan Wang, Satoshi Nishimura , Bhakta Raj Joshi and Shota Okajima

Abstract Small-strain modulus is an important parameter in engineering construc-
tions such as tunneling employing artificial ground freezingmethod.Temperature and
strain rate are twomain factors influencing the small-strain deformation behaviour of
frozen soil. Testing conditions and some technical cautions are crucial to the accurate
measurement of the small-strain modulus. This paper reports an experimental study
on small-deformation behaviour of clay frozen directly under confining pressure after
being consolidated to different isotropic effective stresses. The loading probes were
then conducted at three different axial strain rates (0.001, 0.01 and 0.1%/min) and
three different temperatures (−10, −5 and −2 °C). The freezing method, calibrating
factor of local displacement sensor against temperature and loading approach with
load cell outside the freezing chamber, was specially considered. The clay specimen
was frozen under confining pressure to fully imitate the in situ freezing process.
The adopted local gap sensor functioned well under different temperatures in the
refrigerant, and the temperature effect on the calibration factor is negligible. After
overcoming the error brought about by the external load cell, it is found that the small-
strain modulus of frozen clay appears to be independent of strain rate. The samples
frozen from higher effective mean stress state exhibited smaller initial stiffness.
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1 Introduction

Initial stiffness is a vital parameter in frozen soil engineering, especially for projects
such as excavation and tunneling employing artificial ground freezing with small-
deformation tolerance. For static testing, the initial stiffness needs to be obtained in
very small strain range [1]. The accuracy in measurement of this small strain tends
to make a great difference. For high accuracy of strain measurement, on-specimen
measurement method was developed with the help of high-precision LVDTs [2] or
some proximity transducer such as gap sensors [3]. This turns out to dramatically
improve the quality of measurement compared to the traditional external displace-
ment transducer.

As well as strain measurement, the accuracy of load outputs is equally significant
to determine the small-strain stiffness. Internal load cell (load cell inside chamber)
can directly measure the contact force on the specimen [4]. However, the authors
have experienced occasional malfunction of the load cell under extreme temperature
changes. Alternatively, load cell may be installed outside the chamber [5, 6] to avoid
the temperature effect. This arrangement has been known to cause significant errors
in measuring unfrozen soils’ stiffness due to the ram-bush friction. However, it has
not been explored whether this factor plays a significant role in frozen soil testing,
in which the stiffness and hence the involved stress increments are much greater.

This paper reports a test programme employing apparatus equipped with gap
sensors and external load cell. Accurate measurement of on-specimen strain below
0.01% and eliminating impact of ram-bush friction were realized in this study.Mean-
while, the carefully controlled soil state before freezing and freezing directly under
confining pressure make frozen specimen close to in situ freezing soil. The effects
of strain rate and temperature on initial stiffness were investigated through non-
destructive loading probes on a single unique specimen at different strain rates and
temperatures.

2 Material and Test Method

2.1 Tested Material and Triaxial Apparatus

Kasaoka clay having high plasticity was selected in this laboratory study. The liquid
limit and plastic limits are 59.6% and 22.5%, respectively. Its specific gravity is
2.70. We prepared the samples by using a consolidometer through applying vertical
pressures, σv0

′ = 50, 100 or 200 kPa, on slurry with a water content of 100%.
The reconstituted samples under these three pre-consolidation pressures have initial
density of 1.76, 1.81 and 1.87 g/cm3, respectively, and corresponding initial water
content of 46.1%, 40.9% and 35.6%, respectively. The specimen size in this study is
30 mm in diameter and 60 mm in height.
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Fig. 1 Triaxial apparatus for frozen specimen a schematic diagram of the apparatus; b close-up
diagram of the gap sensor set-up

We conducted the frozen soil experiments in a temperature-controlled triaxial
apparatus shown in Fig. 1a. An external load cell was used to measure the vertical
force on the top cap of the specimen. A pair of gap sensors with measuring range
of 4 mm was employed to measure on-specimen local deformation, as shown in
Fig. 1b. In addition, considering that the sensors were immersed in low-temperature
refrigerant rather than the usual medium of water, we investigated the effect of
temperature and medium on the performance of gap sensors. Through calibration,
we obtained the calculation factors which are parameters to transform the output
voltage of gap sensor to the measured displacement. The calculation factors of gap
sensor immersed in the refrigerant at temperatures of 25, −2 and −10 °C are 0.206,
0.207 and 0.210, respectively. It proves that the temperature effect when immersed
in low-temperature refrigerant is negligible.

2.2 Testing Conditions and Procedures

To test the small-strain deformation behaviour of frozen soil, the test procedures with
various testing conditions were implemented by steps as followed: (1) The specimen
was set-up in the apparatus and subjected to isotropic consolidation to pc′= 100, 200
or 400 kPa (represented by F100, F200 and F400). In order to erase the inherent
K0-consolidation history developed in the sample preparation by consolidometer,
we subjected the specimen to isotropical consolidation under effective mean stress
of 2σv0

′. (2) After sufficient consolidation, a freezing process was conducted on the
specimen. While keeping the cell (confining) pressure, we drained off the cell water
and inserted pre-cooled antifreeze refrigerant instead. The specimen was quickly
frozen in this way. By circulating the refrigerant from a refrigeration bath, the spec-
imen was then cooled to −15 °C and sustained for 12 h. (3) There are three testing
temperatures (−10, −5 and −2 °C) in this study. The temperature of specimen was
firstly increased to −10 °C and kept for 24 h for equilibrium. (4) Probes of three
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testing strain rate were conducted in this step. Take probe of 0.01%/min, for exam-
ple, we deformed the specimen axially at a strain rate of 0.01%/min until an axial
strain increment of 0.025%measured from an external displacement transducer. The
specimen was then unloaded by retracting the loading ram to initial position, which
forms a cycle of probe. Three cycles of loading and un-loading on the frozen speci-
men were implemented for each testing strain rate in an order of 0.01, 0.1 and then
0.001%/min. After these probes for three testing strain rates at −10 °C were per-
formed, a new testing temperature (−5 °C followed by−2 °C) was set for this frozen
specimen in the chamber and kept for 24 h. The 0.025%-strain probes for various
strain rates were repeated for the two new temperatures.

The freezing process in the tests involved draining off the cell water and replacing
with pre-cooled refrigerant with constant cell pressure in the chamber as illustrated
in Fig. 2. After prescribed consolidation of the unfrozen specimen was reached, the
temperature of chamber was decreased to around +1 °C by circulating a certain-
temperature refrigerant through the spiral copper tube inside the confining chamber.
This pre-cooling operation reduced the actual temperature difference and boosted the
freezing. We then drained out the cell water slowly by slightly opening the valve so
that same cell pressure could be ensured as before draining. As shown in Fig. 2, a tank
filled with pre-cooled refrigerant at −18 °C was to be transferred into the chamber.
A pressure of 210 kPa plus pc′ having an excess of 10 kPa compared to cell pressure
was applied to pump the refrigerant into the chamber. Addition of refrigerant in the
+1 °C chamber environment made swift freezing of the specimen. Meanwhile, the
cooling bath began to circulate the refrigerant at−25 °C along the spiral copper tube
inside the chamber. This method could decrease the cell temperature till −15 °C
within one hour.

The above efforts succeeded in freezing the specimen quickly under unchanged
confining pressure and preventing the formation of ice lensing. This quick freezing
under confining pressure as well as the low-permeability property of clay yielded a
relatively uniform specimen, which can be confirmed by observing the cross-section
of the frozen specimen after test as shown in Fig. 3a. But we still observed slight

Fig. 2 Illustration of injection of pre-cooled refrigerant into cell and ram-bush friction
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(a) Freezing from p' = 400 kPa
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(b) Freezing from p' ≈ 70 kPa
(p = 0 kPa)

(c) CT images of frozen soil
( from Viggiani et al. [7])
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Fig. 3 Cross-section of frozen soil sample

water migration from the core to the rim of the specimen based on local water content
measurements as shown in Fig. 4. Figure 3b shows obvious cracking caused by
internal water migration when specimen was frozen in the cooling bath directly with
no confining pressure. Slow freezing at atmosphere pressure would lead to formation
ofminute ice lenses even in clays, as revealed byViggiani et al. [7] throughCT images
of frozen sample shown in Fig. 3c. The nonuniformity of the frozen specimen is not
appropriate for element test.
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3 Test Results and Discussions

3.1 Comparison of Two Loading Approaches to Deal
with Effect of Ram-Bush Friction

A load cell installed outside chamber was adopted in this study. Being unaware of
problems brought by this arrangement, loadings at constant strain rate was initiated
directly from the stationary state of ram contacting the specimen top cap which was
kept during consolidation and freezing. Existence of axial load measurement errors
due to ram-bush friction triggered by stationary ram-platen contact between the two
consecutive probes was discovered and paid attention to afterwards, as illustrated in
Fig. 2. To cope with the ram-bush friction, the loading ramwas lifted up in advance to
leave an enough space between the top cap and ram. The specimen was then loaded
at constant strain rate with some free-running of the ram before contacting the top
cap. This approach turned out very effective in eliminating the ram-bush friction
effect on the axial force measurements and was adopted in all the rest of tests.

Figure 5 shows incremental axial stress-strain relationships at −10 °C for the
specimen frozen from p′= 200 kPa (Test F200). The stress-strain curves with hollow
square markers representing 3 trials of constant strain-rate loadings initiated from a
stationary state of ram exhibited significant curvature at the beginning. In contrast,
the stress–strain curves of three trial loadings from detached state of ram were linear
from the very beginning. Ignoring the initial nonlinearity in stress–strain of loading
with stationary state, a clear offset between the parallel stress–strain was observed
and attributable to the ram-bush friction. Being unaware of the friction may lead
to overestimation of initial stiffness at very small strains. In addition, the friction-
induced stress–strain nonlinearity did not stick to the same curvature at slower strain
rates, as seen in Fig. 5a in case of strain rate with 0.01%/min. Therefore, the friction-
induced error needs to be specially noticed in measuring the small-strain stiffness.
The problem brought by external load cell was solved by slightly changing the initial
loading approach.

3.2 Small-Strain Deformation Characteristics of Frozen Clay

A series of triaxial tests on the frozen Kasaoka clay samples was performed to
observe the small-strain stiffness behaviour of the frozen soil. Figure 6 shows the
incremental stress–strain relationships of clay frozen from p′ = 400 kPa (Test F400)
in small axial strain increment at three different axial strain rates and three different
freezing temperatures. The stress–strain curve is observed clearly linear and corre-
sponding well-defined initial modulus E0 is shown in Fig. 6. The initial modulus E0

is determined by the secant stiffness to 0.002% axial strain increment. For the three
freezing temperatures, the initial modulus E0 is independent of the strain rate. The
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Fig. 6 Axial stress increment—axial strain increment relationships for sample frozen from p′=
400 kPa (Test F400): a −10 °C, b −5 °C, c −2 °C

stress–strain nonlinearity appears at smaller strains at slower strain rate. The incre-
mental stress–strain curves are affected by the loading rate only after the nonlinearity
starts. This behaviour resembles remarkably that of unfrozen geomaterials found by
Tatsuoka et al. [8]. We also observed that onset of nonlinearity started at smaller
strains for lower loading rate. For stress–strain of samples at −10 °C and 0.1%/min,
nonlinearity even did not appear for the tested strain range.

The p′= 100 kPa and 200 kPa cases are not shown here. The results were generally
consistent with that of p′= 400 kPa case. Frozen soil is basically regarded as highly
viscous. But the test results suggest that frozen specimen subjected to very small
strain from a very stable condition does not exhibit viscosity. Swan [9] and Andersen
et al. [4] had very similar findings. They found that Young’s modulus of frozen
Manchester fine sand (measured by LVDTs) was independent of strain rate.

It can be seen from Fig. 7, initial Young’s modulus E0 decreased with the increase
of temperature. The interesting point is that the frozen samples with lower p′ (i.e.,
having greater void ratio, e) exhibited greater E0. This abnormal trend happens
probably with a mechanism. The possible explanation is that samples frozen from
lower p′ have larger ice content than that of samples frozen from higher p′, and the ice
inclusions play a dominant role relative to soil skeleton in determining the stiffness
of frozen soil. Wang et al. [10] demonstrated a simple mechanism to explain this.
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Fig. 7 Variation of initial
young’s modulus E0 with
temperature: frozen from
different mean effective
stress p′
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4 Summary and Conclusions

This paper reported an original testing method on frozen clay’s initial stiffness with
detail. The carefully controlled soil state before freezing and freezing directly under
confining pressure make frozen specimen close to in situ freezing soil. Measurement
of on-specimen local strain ensures the accuracy of obtained initial stiffness. Non-
destructive loading probes on an identical specimen under different strain rates and
temperatures ensure the uniqueness of specimen and allow interpretation of the effect
of strain rate and temperature exclusively on initial stiffness of frozen soil. The
following summary and conclusions can be made:

1. A quick freezing of soil sample under confining pressure turned out to give a
uniform frozen sample avoiding ice lensing.

2. In case of load cell installed outside the chamber, loadings from a free-running,
moving state of ram that had been detached from the top cap are effective in
removing the influence of ram-bush friction and freeze-adhesion on the axial
stress measurements.

3. The initial stiffness of frozen clay turned out independent of strain rate. The onset
of stress–strain nonlinearity (or yielding) started at smaller strains for slower
loading. The lower the temperature was, the greater the initial stiffness of frozen
clay.

4. The samples frozen from higher effective mean stress state (and hence denser,
having smaller void ratio, e) exhibited smaller initial stiffness. These samples
tended to have lower ice content that may be the major contributor to frozen soil
stiffness, which may explain the counter-intuitive observation.
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Experimental Study on Induced
Anisotropies of Remolded Loess in Cold
Region

Yongzhen Feng, Lingxiao Liu, Wuyu Zhang and Yanxia Ma

Abstract To improve the understanding of the influence of induced anisotropy on
the strength and deformation characteristics of loess, a series of directional HCA tests
under consolidated-drained condition were conducted. The test results indicated that
the remolded loess showed a pronounced anisotropy in stress–strain relationship,
strength, and deformation. The maximum difference in shear strength due to direc-
tional effect was 25% in the range of major principal stress orientation. Induced
anisotropy has a great influence on the stress–strain relationship of soil, which is
the essence of soil properties. In some engineering practices, the results of stress–
strain analysis of soil have great influences. Approximately, isotropic remolded loess
substantially eliminates its inherent anisotropy. The soil studied in this experiment
is from the permafrost region of Qinghai. With the increase of engineering con-
structions, the geotechnical engineering problems here are becoming more and more
significant. Therefore, this experiment will provide a good reference for the further
study of soil anisotropy under complicated stress paths such as principal stress axis
rotation.

Keywords Induced anisotropy · Hollow cylinder apparatus · Remolded loess ·
Complex stress path · Strength and deformation characteristics

1 Introduction

Anisotropy is one of the fundamental properties of soils. It is generally divided into
inherent anisotropy and induced anisotropy [1]. The inherent anisotropy is developed
over the course of soil deposit, whereas the induced anisotropy is due to changes in
applied stress (e.g., varied stress direction and magnitude) [2].

The importance of the induced anisotropy of soils has been recognized by
researchers and engineers in geotechnical engineering for a long time. Bjerrum [3]
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and Jardine and Smith [4] observed the occurrence of rotation in principal stresses
in soft clays under embankment loading, highlighting the important role of strength
anisotropy. Zdravkovic et al. [5] successfully applied a calibrated anisotropic con-
stitutive model to examine factors which influence the stability of embankment,
including strength anisotropy, embankment geometry, and ground movements.

Experimentally, soil anisotropy has been researched on conventional triaxial appa-
ratus or plane-strain apparatus in earlier times. However, these tests were unable
to replicate the soil anisotropy reasonably. In 1970s, Saada [6] pioneered the first
anisotropic device to measure rotation in the direction of principal stresses. Since the
1980s, the hollow cylinder apparatus (HCA) has been evolved to be the main tool to
investigate soil anisotropy [7–9].

Theoretically, many anisotropic constitutive models were proposed with growing
data available from HCA tests. Miura [10] proposed a constitutive model to predict
deformation of an anisotropic sand under the varying stress conditions including
arbitrary directions of principal stress. The model was verified through HCA tests on
anisotropic dense sands. The calculated deformationpatternwas also found in a cross-
anisotropic elastic material symmetric in z-direction. Nishimura [11] estimated the
effective stress-path inclinations, d(σ z−σ θ)/d(2p′), using cross-anisotropic elastic
theory and small-strain stiffness parameters obtained experimentally by Gasparre
[12]. The calculated inclinations were found to generally agree with the observed
one.

Most of researches concerning anisotropy have been directed to conventional
sands and clays; however, very limited results have been reported about the anisotropy
of loess [13]. The loess shows strong deformation and strength anisotropy, but it has
not been well studied. To this end, the purpose of this study was to experimentally
investigate the anisotropic behavior of remolded loess based on a series of HCA tests.
The induced anisotropy is generated by varying the orientation of major principal
stress. The effect of induced anisotropy in loess on deformation and strength behavior
of loess was discussed.

2 Materials and Methods

2.1 Test Materials

The material used in this study was loess retrieved from a foundation pit in Qinghai,
a northern province in China. Qinghai province is located in the eastern part of the
Qinghai–Tibet Plateau, where there are permafrost regions. Basic properties of the
loess including maximum dry density, liquid limit, and plastic limit were measured,
as tabulated in Table 1.

The hollow specimen had a dimension of 200 mm (height) * 100 mm (outer
diameter) * 60 mm (inner diameter). The detailed procedures to prepare the test
specimen are as follows: (1) The loess was screened by removing large size particles
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Table 1 Basic parameters of Qinghai loess samples

Maximum
dry density
(g/cm3)

Liquid limit
(%)

Plastic limit
(%)

Dry density
(g/cm3)

Relative
density

Water
content (%)

1.76 25.0 16.1 1.55 2.72 15

(>2 mm). (2) The loess after screening was dried at 105 °C for eight hours. (3) The
dried loess was moistened to a moisture content of 15%. (4) The moist loess was
compacted in ten layers in the mold to a dried density of 1.55 (or moisture density
1.8 g/cm3).

2.2 The Instrument Used in the Test

The instrument used in this paper is the hollow cylinder apparatus (HCA) of Zhejiang
University. The instrument allows several parameters to be changed at the same
time or separately, including the principal stress rotation angle (α), the intermediate
principal stress coefficient (b), the deviatoric stress (q), and the effective average
principal stress (p). The process of stress variation of the soil is a very complicated,
process as the foundation soil is subjected to external loads. The complex stress paths
were simulated by changing the above parameters.

These four parameters are effective mean principal stress (p, p = 1/3(σ 1 + σ 2 +
σ 3)), intermediate principal stress coefficient (b), deviatoric stress (q, q = 1/2(σ 1-
σ 3)), and principal stress direction (α).

2.3 Test Plan

The test procedures included isotopically consolidating the test specimens in the
hollow cylinder shear pressure chamber under a confining pressure of 200 kPa. After
consolidation, the specimen was subjected to a variety of anisotropic shearing. A
total of five HCA tests was carried out by varying α value (0°, 30°, 45°, 60°, and
90°) and maintaining constant p = 200 kPa and b = 0.5. The η was kept between 0
and ηmax.
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3 Results

3.1 Stress and Strain Relationship

Figure 1 shows the relationships between generalized shear stress and generalized
shear strain when the principal stress coefficient b = 0.5.

As expected, the stress–strain curves appeared to varywith the orientation ofmajor
principal stress. However, at the small strain, the stress–strain response seemed to
be independent of the induced anisotropy, indicating the same initial shear modulus.
With the increase of shear strain, the stress–strain anisotropy is increasingly pro-
nounced. The peak shear strength declined as α rose for α ≤ 60° but it bounced
back slightly when α = 90°. This result might be attributed to variation of particle
fabric with different strain levels. At a small shear strain, the degree of soil particle
rearrangement was trivial in responding to applied stress.

In other words, the soil fabric remained isotropic at small strain, leading to the
isotropic initial modulus. At a higher shear strain, the soil particles started to slip and
rotate, until reaching equilibrium under the new major principal stress. However,
the increase in α caused the decrease in the angle between the failure plane and
the horizontal plane where the resistance to particle sliding was minimum. As the
shear plane approached the direction of the plane, the soil particles were more likely
to slip, resulting in an increased deformation or decreased peak shear stress of the
specimen. The similar result was reported by Wang [14] on cohesive soils. When α

= 90°, the peak shear stress increased because the angle between the failure plane
and the horizontal plane began to increase.

Fig. 1 Stress–strain curves
at different α
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3.2 Soil Strength

The peak stress (or strength) in the stress–strain curves in Fig. 1 was normalized by
mean principal stress. The normalized strength (qmax/p) was plotted to be a function
of orientation of major principal stress as shown in Fig. 2.

The relationship between the normalized strength and the principal stress direction
angle of the remolded loess under different principal stress directions can be fitted by
a quadratic polynomial. In order to facilitate the expression, the normalized strength
Q was defined as the ratio of the generalized shear stress qmax to the average principal
stress p in the remolding of the loess.

The expression of Q is

Q = qmax
/
p (1)

In the stress path of directional shear tests, the fitting formula for the relationship
between the strength and the principal stress orientation angle of the remolded loess
in the Xining region is as follows:

Q = 0.0124α2 − 0.1323α + 1.2969 (2)

The relationship can be curve fitted in a quadratic function which is R2 = 0.946.
The functional relationship between the strength of the remolded loess soil and the
direction angle of the principal stress presents a quadratic function, and the curve
shape is close to the scoop shape. R2 is the parameter index of trend line fitting
degree in Eq. (2). The numerical value of R2 can reflect the fitting degree between
the estimated value of the trend line and the corresponding actual data, and the higher
the fitting degree, the higher the reliability of the trend line. The value of R2 ranges
from 0 to 1, and the reliability is highest when the numerical value of R2 of trend is
1 or close to 1, otherwise, the reliability is lower. As it can be seen from the Eq. (2),

Fig. 2 Variation of
normalized strength with the
orientation of major
principal stress
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when R2 is close to 1, the degree of fit between the estimated value of the curve fitting
and the corresponding actual data is high, and the reliability of the fitted line is high.

Within the range of α = 0o–90o, the normalized strength varied from 1.17 to 0.92
with a maximum difference of 25%.

3.3 Deformation

Figure 3 presents the results of major principal strain (εz), minor principal strain
(εθ), and intermediate principal strain (εr) at different shear stress under different
directional angle of major principal stress.

The major principal strain and minor principal strain showed opposite trends as
shear stress increased. The former decreased with q but the latter increased with q.
The intermediate principal strain showed mixed compression and tension when α ≥
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45o, but only tension when α < 45o. It seemed that α = 45o is a threshold greater
than which the strain pattern commenced to change with q.

4 Conclusions

A series of HCA tests were conducted to investigate the strength and deformation
anisotropies of loess obtained in Qinghai, China. Based on the test results, the fol-
lowing conclusions can be obtained.

(1) The anisotropy of stress–strain relationship in loess was evidently a conse-
quence of changes in the orientation of the major principal stress (α). However, the
initial shear modulus remained isotropic, which is not related to the change of α.
The strength anisotropy was pronounced, and it decreased with α when α changed
from 0o to 60 o but increased with α when α ranged from 60o to 90 o. The relation-
ship between normalized strength and α could be fitted into a quadratic equation.
The maximum difference in normalized strength due to the change of α was 25%.
(2) The major principal strain consistently increased as the shear stress (q) increased
whereas theminor principal strain decreasedwith q. The intermediate principal strain
showed mixed compression and tension as α ≥ 45o but only tension as α < 45o.
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Investigation of Frost Heave Considering
the Boundary Conditions of Artificial
Ground Freezing

Katharina Niggemann

Abstract The construction of traffic routes in the subsoil is increasingly been carried
out by artificial ground freezing. Due to artificial heat removal, a load-bearing frost
body arises, which becomes water-impermeable in its closed form. However, frost
heave at the ground surface may lead to damage buildings. In fine-grained soils, the
frost heave is caused by the 9% volume expansion of the pore water during freezing
and, in particular, by the formation of ice lenses. For the formation of ice lenses,
water from unfrozen zones is suctioned to the frost line and freezes to continuous ice
lenses. Based on horizontal freezing pipes in the subsoil, the decisive heaves at the
ground surface result from the frost penetration direction to the ground surface and in
the opposite direction. In this case, the ice lenses grow parallel to the ground surface.
In order to investigate the frost heave due to ground freezing boundary conditions,
a test device was designed to carry out one-dimensional frost heave tests taking into
account the upward and downward freezing directions.

Keywords Frost heave · Ice lens formation · Artificial ground freezing

1 Introduction

The increasing demand of efficient infrastructure requires the development of under-
ground traffic routes. Artificial ground freezing is used particularly in inner-city
areas. The frost body has a static and, in its closed form, a waterproofing function.
However, the frost body expansion may cause soil deformations and undesirable
frost heaves at the ground surface. Especially in fine-grained soils, frost heave can
become very large depending on the existing boundary conditions. This is caused by
the formation of ice lenses and occurs additionally to the 9% volumetric expansion
of the pore water during phase change. Ice lenses are formed near the freezing front
by accumulation of sucked water.
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In the past, various experiments were carried out to determine frost heave with
ice lens formation. In addition to grain size distribution and plastic properties, the
influence of overburden pressure (e.g. [1, 2]) as well as the influence of mineralogy
and ion concentration (e.g. [3, 4]) was investigated. In these experiments, the soil
samples were always frozen from the top, with a frost penetration downwards, so
that the sucked water for the formation of ice lenses had to flow against gravity. For
the determination of frost heave due to artificial ground freezing, the different freez-
ing directions (radial around the freezing pipes) must be considered. The following
section explains the model assumptions, which are the basis for the practical tests.
The different freezing directions were considered in order to investigate the influence
on the formation of ice lenses.

1.1 Model Assumptions

Ice lenses are formed parallel to the isotherms and thus theoretically radial around
a freezing pipe. The following Fig. 1 exemplary illustrates soil freezing of a tunnel
cross-section with horizontal freezing pipes. The material is a clayey silt with an
initial soil temperature of 10 °C. The temperature of the freezing pipes is−35 °C, and
the distance between the freezing pipes was chosen to 1.2 m. The calculation shows
that the area between the single pipes freezes quickly due to the steep temperature
gradient. After four days (Fig. 1, left), the cross section is completely closed. Since
ice lenses only form during slow frost penetration, it is assumed that no ice lenses
form between the freezing pipes.

Frost deformations in the vertical axis are decisive for the maximum frost heave
at the ground surface. The maximum frost heave at the ground surface results from
the formation of ice lenses at the tunnel roof, with a frost penetration towards the
ground surface and in the opposite direction (Fig. 1, right).

Therefore, the two defined freezing directions are investigated and compared with
each other with the use of one-dimensional frost heave tests. The results are applied
to clarify differences in the formation of ice lenses and to determine whether factors

Fig. 1 Thermal simulation of a freezing tunnel cross-section, left: t = 4 d, right: t = 15 d
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such as gravity have an influence on them. Prospectively, it will be examined if
already existing theories and approaches for the calculation of frost heave are valid
for both freezing directions.

2 Mechanism of Frost Heave

Frost heave occurs as a result of frost penetration into the soil. The size of the tem-
perature gradient affects the penetration velocity of the frost front. With increasing
frost penetration, the temperature gradient and thus the penetration velocity decrease
until the frost line does not migrate further. Under these conditions, the last ice
lens is formed. This state, without further local changes of the frost line but slight
thermal changes due to the formation of the ice lens, is described in the text as the
quasi-stationary state.

In fine-grained soils, the pore water freezes at different negative temperatures
depending on the appearance of water (bound/unbound). Therefore, water can occur
in different aggregate states at the same temperature. This partially frozen zone is
also called frozen fringe. During freezing, only pure water freezes without ions, and
thus, the frozen pore water has a lower ion concentration as the unfrozen water. A
chemical gradient occurs and causes the water tomigrate towards the lower potential.
The water migrates to the partially frozen zone and accumulates at the base of the
ice lens. For the ice lens initiation, the effective stresses in the soil at the level of
the formed ice lens must first be exceeded. The separation pressure is described
as a force, acting between the adsorbed films of the mineral grains. In the state of
equilibrium, these forces maintain the film thickness between two solid bodies (e.g.
ice and grain). The mean separation pressure along the isotherm corresponds to the
effective stresses at this interface [5, 6].

Konrad and Morgenstern [7] divide the freezing ground into a passive, frozen
zone and an active, partially frozen and unfrozen zone. The unfrozen water in the
negative temperature range, which exists at the same temperature as ice, interrupts
the thermodynamic equilibrium due to different energy levels. The equilibrium has
to be restored by freezing further water, which is sucked from the active zone. Konrad
and Morgenstern [7] explain the end of ice lens formation by the fact that at quasi-
stationary temperature conditions, the warm side of the ice lens approaches 0 °C
with time. This leads to a decreasing suction and thus to an end of the water flow.

Unold [3] examines the development of suction in freezing soils as a result
of osmotic rejection of the ice and mineral surface. The osmotic pressure depends
on the ion concentration at the mineral surface and causes an increasing surface
distance between the mineral and ice. As a result, water can flow into and the ion
concentration decreases. This leads to an increasing freezing point so the water
freezes faster. Unold [3] explains the end of ice lens formation by the compression
of the area below the ice lens, which reduces water permeability in the unfrozen zone.
If no water can accumulate to maintain the water film thickness, no further phase
change occurs, and thus, no released thermal energy is available for the transport
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of water. At the beginning of a freezing test with a high-temperature gradient, no
or only very thin ice lenses form due to the rapidly decreasing permeability. The
smaller the temperature gradient becomes over time, the slower the frost penetrates
the soil, and the individual ice lenses become thicker. The thickest ice lens results at
quasi-stationary temperature conditions.

3 Test Device and Soil Properties

Figure 2 shows the test device for the frost heave tests with different freezing direc-
tions. The dimensions of the cylindrical specimens are d = 25 cm and h = 20 cm.
Each specimen is placed in a test cylinder consisting of eight ring elements with a
2.5 cm thickness. During the frost heave tests, the individual rings are pulled apart
so that the soil sample does not have to overcome any frictional resistance while
heaving. The top and the bottom of the sample, respectively, are cooled by a freezing
element (1), which is connected to a circulation thermostat. For the formation of
ice lenses, sufficient water must be available. This is achieved by a water-saturated
porous plate (2), which is connected to an external water supply. The porous plate is
placed on the warm side of the soil sample. The soil sample is additionally heated
on the warm side to avoid freezing of the total sample. This is done by using a
heating plate (3) which is placed above or below the porous plate, respectively. All
tests are carried out in a climatic chamber with a constant temperature and humidity.
Consequently, external influences, such as seasonal fluctuations, can be excluded.

For data recording, temperature sensors (6) are distributed over the sample height.
In order to calculate the temperature profile over time, the displacements of the
temperature sensors as a result of frost heave are recorded by using displacement
sensors. The displacement measurement of the temperature sensors is not shown
in Fig. 2. The uniaxial deformations on the top of the specimen are recorded by
displacement transducers (5). To determine the water inflow into the sample due to
the increasing suction, the water mass is recorded by a load cell (4).

(b) top freezing(a) bottom freezing
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Fig. 2 Schematic structure of freezing cell: 1 freezing element, 2 porous plate with water supply,
3 heating plate, 4 load cell, 5 displacement transducer, 6 temperature sensors
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Table 1 Soil properties Grain density
ρs [g/cm3]

Liquid limit
wl [%]

Plastic limit
wp [%]

Hydraulic
conduct. kf
[m/s]

2.683 32.9 18.4 1.2·10−10
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Fig. 3 Particle size distribution

For the experiments, a silt is used which also contains fine sand and clay. The
material is produced artificially to ensure an equal composition for all tests and thus
improved comparability of the results. The essential soil properties and particle size
distribution are shown below (Table 1) (Fig. 3).

4 Testing Program

The soil samples prepared with a water content of 20% (Sr ~ 0.9) are frozen one-
dimensionally from the cold side. During the entire experiment, water can be sucked
from the external supply. The environmental conditions are controlled by the cli-
matic chamber. The ambient temperature for the test series presented here is T 0 =
15 °C. This is also the initial temperature of the soil sample. The following presented
test series are categorized into Tables 2 and 3 depending on the freezing direction
(top freezing—TF/bottom freezing—BF).

In the first presented test series 1 (TF1/BF1), no external water source was pro-
vided, so the sucked water for ice lens formation only came out of the soil sample.
For test series 2 – 4, a water source was provided. The temperatures Tc (cold side)
and Tw (warm side) are the measured temperatures 1.25 cm below or above the edge
of the cold side, respectively, at the quasi-stationary temperature state. Furthermore,
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Table 2 Test series: top freezing (TF)

Cold side
Tc [°C]

Warm side
Tw [°C]

Grad Tf
[°C/cm]

Surcharge p
[kN/m2]

Saturation
Sr [-]

Porosity n
[-]

TF1 −9.2 8.1 0.911 1.75 0.832 0.392

TF2 −8.3 8.1 0.868 3.75 0.890 0.376

TF3 −13.9 5.0 0.999 3.75 0.881 0.379

TF4 −4.2 10.6 0.929 3.75 0.928 0.366

Table 3 Test series: bottom freezing (BF)

Cold side
Tc [°C]

Warm side
Tw [°C]

Grad Tf
[°C/cm]

Surcharge p
[kN/m2]

Saturation
Sr [-]

Porosity n
[-]

BF1 −9.2 5.9 0.831 1.73 0.807 0.399

BF2 −9.2 7.4 0.881 3.73 0.897 0.374

BF3 −14.0 4.6 0.992 3.73 0.875 0.380

BF4 −4.5 10.6 0.908 3.73 0.896 0.375

the temperature gradient grad Tf across the frozen zone (up to 0 °C—isotherm) at
the quasi-stationary state, the load p, the degree of saturation Sr and the porosity n
are given.

5 Test Results

For the evaluation of the test results, it should be noted that the frost penetration
into the soil sample depends on the temperature boundary conditions. The larger the
frozen zone, the more heaves caused by volumetric expansion of the pore water can
occur during freezing. The courses of the 0 °C—isotherm for the test series 1 – 4
are pictured in Fig. 4. They result from the temperature measurements at the sample,
which are interpolated over the sample height as a function of time. The 0 °C—
isotherm due to top freezing runs downwards from the upper edge of the soil sample.
For better comparability, the 0 °C—isotherm due to bottom freezing was converted
to a downward coursed curve. The comparison of both freezing directions gives an
approximately good agreement of the 0 °C—isotherms, and thus, a comparison of
the further results is possible. For the following evaluation, it is assumed that quasi-
stationary temperature conditions start at the time t ~ 50 h for the test series 1 – 3.
In test series 4, the quasi-stationary temperature conditions are reached earlier at t ~
25 h.

The temperature gradient in the frozen zone decreases with the frost penetration,
which leads to better conditions for the ice lens formation. Especially because the
pore channels, which are necessary for the water supply to the ice lens, freeze more
slowly. The smaller the temperature gradient along the frozen zone during freezing,
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the more time is left for water accumulation. For this reason, the ice lens formation
may already take place during the thermal transient state. The temperature gradients
determined for the frozen zone in the quasi-stationary state are between 0.83 °C/cm
and 1.0 °C/cm. Under these thermal conditions, the last ice lens is formed. The
temperature gradients of both test variants (TF/BF) of the test series essentially
agree well.

The heave results of the tests are shown in Figs. 5, 6, divided in total heave and
heave due to the formation of the final ice lens (hice lens). The comparison of the test
series 1 and 4 shows that the total heaves of the test series 1 are significantly higher,
but the heaves due to the formation of the final ice lens correspond approximately
to test series 4. In test series 1, the final frozen zone is greater, which enables more
ice lenses to form in the thermal transient state. In both cases, the heave rate during
the formation of the final ice lens decreases over time. Test series 1 is not connected
to an external water source and only sucks water out of the unfrozen zone of the
sample. The entire unfrozen zone of the soil sample has an approximately 5% lower
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Fig. 5 Frost heave of the test series 1 and 4
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water content at the end of the test. In test series 4, the flow velocity of the sucked
water is comparatively low (Fig. 7), so that a smaller magnitude of suction at the
ice lens can be assumed. An increased draining of the unfrozen area according to
test series 1 could not be determined. The largest ice lens is formed in test series 3
(Fig. 6) with a cold side temperature of Tc ~ −14 °C and a temperature gradient
at quasi-stationary conditions of grad Tf ~ 1.0 °C/cm. Under these conditions, the
water freezes faster compared to the other test series, and more conversion energy is
released. The conversion energy is significant for the magnitude of suction, which
causes the water transport to the ice lens. The same result can be seen in Fig. 7 by
comparing the velocities of sucked water from the external water source. The highest
flow velocities are at test series 3. The maximum value of the sucked water occurs
approximately with the formation of the final ice lens.

Comparing the test variants top and bottom freezing, it can be seen that the heaves
resulting from bottom freezing are generally greater than those resulting from top
freezing (Figs. 5, 6). The tests TF3 and BF3 can be compared very well due to the
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almost equal thermal boundary conditions. The heaves up to the quasi-stationary
state, which is reached after 50 h, are almost the same. Afterwards, the heaves of
BF3 increase faster as a result of the final ice lens formation. Considering Fig. 7, the
same trend is recognized.

The investigation of the soil samples after the freezing tests indicates that longi-
tudinal cracks along the sample height occurred during freezing (Fig. 8, right). In
addition, horizontal areas with polygonal-shaped cracks were formed directly below
the ice lens (Fig. 8, left; see also [5]). During bottom freezing, where the water inflow
is affected by gravity, these cracks allow an increasing water flow to the frost line
and thus improve the formation of ice lenses.

Investigations of the water content over the sample height show that the water
content in the unfrozen zone of the soil sample is clearly below the initial water
content, especially close to the ice lens. The lower water content may cause soil
shrinking at the ice lens and thus cracks, which improve the water supply during
bottom freezing. Figure 9 shows an example of the water content profile of test
series 3 after the freezing test.

The obtained results of top and bottom freezing show qualitatively similar results.
In the frozen zone, the water content after freezing is higher than the initial water

final ice lens

Fig. 8 Left: horizontal soil sections at the soil-ice lens interface, right: longitudinal cracks along a
half soil sample

Fig. 9 Water content profile
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content. This is related to the formation of ice lenses during the thermal transient
state. The unfrozen zone has a significantly lower water content in comparison with
the initial water content. Especially close to the final ice lens, the water content
is about 4% below the initial water content. Kellner [2] carried out experimental
investigations of ice lens formation at different soils and also found out that the
water content in the unfrozen area drops towards the frost line. A comparison of the
test variants top freezing and bottom freezing shows that the water content in the
unfrozen area is slightly higher at bottom freezing. This gives the impression that
the natural flow of water ensures a higher saturation, especially under consideration
of the vertical cracks.

6 Conclusion

A test device was presented to investigate the influence of the freezing direction
at artificial ground freezing. For this purpose, one-dimensional frost heave tests
were carried out considering the freezing direction (top freezing/bottom freezing).
The experimental results of both test variants (TF/BF) were compared to work out
differences at the ice lens formation. For the experimental investigations, a frost
susceptible silt was frozen one-dimensionally under defined boundary conditions.
The obtained results indicate that bottom freezing basically produces larger frost
heaves due to ice lens formation. A reason is the formed cracks during freezing,
which improve the water supply to the frost line. The water content profile shows
a redistribution of water in the soil after freezing. Top freezing as well as bottom
freezing show similar water distributions after freezing, whereas the saturation of
the unfrozen zone at bottom freezing is slightly higher. Particularly, noticeable is the
increased reduction of the water content at the ice lens (in the unfrozen zone), which
probably causes the crack formation.

Within the framework of further experimental investigations, an extensive param-
eter study is planned. The aim is to examinewhether existing theories and approaches
for the calculation of frost heaves are valid for both freezing directions.
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Frost-Heaving Pressure and Stiffness
of Compacted Roadbed Material
by Laboratory Model Test

Eun Chul Shin, Byung Hyun Ryu and Hee-Mun Lee

Abstract The laboratory model test was carried out in the freezing chamber and the
size of insulated steel box is 0.9 m(L)× 0.9m(B)× 0.9 m(H) which simulated actual
roadbed structure. Data logger was used to measure the variation of temperature.
The variation of heaving pressure with elapsed time for various roadbed conditions
was determined through the laboratory model test. The influence of crushed natural
aggregate to the freezing of the subgrade soil was studied to verify the function and
effectiveness of the anti-freezing layer. The thermal gradient is greatly influenced
prior to reach the soil temperature of 0 °C or below 0 °C. The heat transfer rate is
greater at the roadbed surface and then slightly decreases with the depth of roadbed.
The degree of air temperature and the type of soil layer are also influenced on the
freezing temperature (0 °C) at the roadbed depth.On the other hands, the anti-freezing
materials like crushed natural aggregates can reduce the event of frost heaving of
subgrade soil at the same condition of soil density, temperature, andmoisture content.
The loading pressure and deflection for the compacted roadbed materials prior to
freezing and after thawing and hence, the modulus of elasticity were determined by
the application of the light falling weight deflectometer (LFWD).

Keywords Compacted roadbed material · Freezing and thawing · LFWD ·
Heaving pressure ·Modulus of elasticity

1 Introduction

The pavement structures are subject to freezing and weakening during the spring sea-
son. Consequently, the mechanical properties of pavement structures can be greatly
affected by the seasonal changes in temperature and soil moisture. During the winter
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season, the stiffness of unbound layers generally increases because of ice bonding
of soil particles in the base and subbase, and ice lens formed in the subgrade.

In contrast, the pavement structure during the spring season may become satu-
rated from thawing ice, and the stiffness can be substantially reduced. Under such
conditions, substantial settlements can occur if the structure is exposed to the loading
of heavy freight vehicles.

The contribution of infiltrating melt water can further decrease the bearing capac-
ity and extend the thaw-weakening period. During the freezing season, intermittent
freeze–thaw cycles can also affect to the structural adequacy.

The soil begins to be gradually frozen if the external temperature is maintained
less than 0 °C. At this time, while the moisture of the underground which is not
frozen by the capillary phenomena moves to the freeze direction and the ice lense is
generated, this ratio and size increases gradually, the ground protrudes. The ice lense
is not frozen in the temperature of the soil, then the floating moisture is formed. It
can be the phenomenon that accordingly the ground inflates and it rises the in-phase
[1]. This phenomenon is called as the frost heaving [2].

In the winter season, the surface of paved road is frequently damaged due to
the freezing of the pavement structures. The repairing cost of damaged paved road
is a great amount nationwide. Therefore, in this study, the large-scale laboratory
test was performed inside the large freezer and the stiffness characteristics for the
roadbedmaterials prior to freezing and thawingof the roadbedmaterialwere analyzed
by conducting the LFWD test. The loading pressure and the variation of vertical
deflection were measured during the process of freezing and thawing. Reference
[3] reported that the rigidity of clay soil reduced by the volume change because of
freezing and thawing of the soil. The influence of crushed natural aggregate to the
freezing of the subgrade soil was studied to verify the function and effectiveness of
the anti-freezing layer.

2 Laboratory Model Test in the Freezing Chamber

For laboratory model test, the subgrade soil and aggregate were collected from the
road construction site. The geotechnical properties of subgrade soil were determined
in the laboratory by following theKSF testmethods (Korean standard for soil testing)
and tabulated in Table 1.

Table 1 Geotechnical properties of subgrade soil

Specific
gravity
(Gs)

Plastic
index
(PI)

D-Compaction (USCS) Uniformity
coeffi-
cient
(Cu)

Coefficient
of
gradation
(Cg)

No. 200
passing
(%)

rdmax
(tf/m3)

wOpt(%)

2.63 N.P 2.04 7.95 SM 45.6 5.3 17.6
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Fig. 1 Grain-size
distribution curves of
subgrade soil and aggregate

Laboratory test on the subgrade soil samples consisted of determining the grain-
size distribution, specific gravity, Atterberg limits, andD-Type compaction tests. The
results of the sieve analysis and hydrometer test show that the soil had about 17.6%
finer than No. 200 U.S sieve (0.075 mm opening). The coefficient of uniformity
(Cu) and gradation (Cg) is 45.6 and 5.3, respectively. Figure 1 shows the grain-size
distribution curves of subgrade soil and aggregate. The specific gravity of subgrade
soil was determined as 2.63 by following the ASTM test designation D-854. The
plasticity index was determined and it is turned out to be non-plastic.

D-Type compaction test was performed by using themodified proctor compaction
mold by following the procedure recommended in KS F to determine the maximum
dry unit weight and the optimummoisture content. The inner diameter of the mold is
152.4 mm with the height of 116.4 m. The subgrade soil is compacted in five layers
by a hammer that weights 4.54 kg. The drop height of the hammer is 457.2 mm. The
number of hammer blows for each layer is kept at 55 blows. TheD-Type compaction
test for the subgrade soil gives amaximumdry unit weight of 2.04 t/m3 at an optimum
moisture content of about 7.95%. On the basis of geotechnical properties [4], the
subgrade soil can be classified by the Unified Soil Classification System as silty sand
(SM).

The aggregate used in the test is frost unsusceptible. The specific gravity and the
percentage of #200 passing (0.075mmopening) are 2.75 and 1.5%, respectively. The
absorption ratio of moisture was determined as 0.71% by following the KS F. The
E-Type compaction effort was made for the aggregate layer which gives a maximum
dry unit weight of 2.26t/m3 at an optimum moisture content of 5.8%. The volume
of E-type compaction mold and the weight of hammer are the same as the D-Type
compaction. However, the number of hammer blows for each layer is kept at 92
blows and compacted in three layers.

The laboratory model test condition was classified according to the freezing tem-
perature and roadbed section as tabulated in Table 2. The laboratory model test was
performed in order to measure the heaving pressure of the subgrade soil with elapsed
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Table 2 Sequence of laboratory model test condition

Temperature CASE
1_(T20-A0)

CASE
2_(T15-A0)

CASE
3_(T15-A5)

−20 °C −15 °C −15 °C

Roadbed section Subgrade soil
layer

30 cm 30 cm 30 cm

Aggregate layer 0 cm 0 cm 5 cm

Moisture
content (%)

Subgrade soil
layer

15.3 15.2 15.2

Aggregate layer 0 0 2.1

Fig. 2 Freezing chamber
physical dimension of model
test box

time due to freezing. As shown in Fig. 2, the temperature of the freezing chamber
can be varied from−20 °C to+10 °C. The size of freezing chamber is 3.2 m(width)
× 3.2 m(length) × 2.4 m(height).

The laboratory model tests were conducted in a steel boxmeasuring 90 cm(width)
× 90 cm(length)× 90 cm(height). The model test box was fabricated by using steel
panel and braced with angle irons to avoid yielding during soil placement and LFWD
loading on the soil. The subgrade soil was placed in themodel test box and compacted
in 20 cm thick layer using a flat-bottomed vibratory rammer to meet the required
relative density, 95% of rd(max).

The load-bearing capacity of compacted roadbed material was determined by
using the light falling weight deflectometer(LFWD). The elastic modulus and deflec-
tion for the unbound roadbedmaterials have been used for pavement design [5]. These
design parameters are normally verified during the construction of roadbed using the
LFWD. The free drop sinker load is applied on the surface of roadbed, then vertical
impact peak force and peak elastic deflection are measured by using the geophone
on the LFWD as shown in Fig. 3. The modulus of elasticity can be obtained with the
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Fig. 3 View of LFWD

measured elastic deflection and applied peak force through the elasticity theory [6]
as in Eq. (1).

ELFWD = qd
wd

r
π

2
(1− ν2) (1)

where ELFWD is the modulus of elasticity by the LFWD test, qd is the peak force
per unit area, wd is the elastic deflection, ν is the Poisson’s ratio of soil, and r is a
radius of plate. A diameter of plate used in the LFWD is 300 mm and the Poisson’s
ratio of subgrade soil is assumed to be 0.35.

3 Laboratory Model Test Results

The freezing rate is depending upon the depth of soil, the type of soil, and moisture
content of soil. The thermal gradient of roadbed is greatly influenced prior to reach
the soil temperature of 0 °C or below 0 °C. The heat transfer rate is greater at the
roadbed surface and then slightly decreases with the depth of roadbed. The degree
of air temperature and the type of soil layer are also influenced on the freezing
temperature (0 °C) at the roadbed depth. The elapsed times to reach the temperature
of 0 °C at the roadbed depth are described in Table 3 for three different cases. With
comparison between Case 2 and Case 3, the covering with an aggregate layer over
the subgrade soil is greatly extended the time of reaching 0 °C.

The variation of heaving pressure with the elapsed time for three different roadbed
conditions is shown in Fig. 4. This figure indicates that the colder air temperature
gives the higher rate of heaving pressure and reached the maximum heaving pressure
at the much shorter time period with comparing other two roadbed conditions. The



290 E. C. Shin et al.

Table 3 Elapsed time for
reaching 0 °C at the different
depths of roadbed

Roadbed
depth
mm

CASE
1_(T20-A0)
(Hour)

CASE
2_(T15-A0)
(Hour)

CASE
3_(T15-A5)
(Hour)

0 6 10 25

25 10.5 20 33.5

50 19.5 30 42

Table 4 Variation of elastic
moduli and SDR for
compacted roadbed materials

E Before freezing

(kgf/cm2)
E After thawing

(kgf/cm2)
SDR (%)

CASE
1_(T20-A0)

190 120 36.8

CASE
2_(T15-A0)

170 150 11.7

CASE
3_(T15-A5)

210 160 23.8

Fig. 4 Variation of heaving
pressure with elapsed time
for various roadbed
conditions

aggregate layer over the subgrade soil (Case 3) induces much lower heaving pressure
at the longer period of elapsed time.

The stiffness of compacted roadbed material was determined by the application
of the light falling weight deflectometer (LFWD). The LFWD tests were performed
for the compacted roadbed material prior to freezing and after thawing. The loading
pressure and deflection were measured during the LFWD test. The test conditions
of the compacted roadbed material and temperature are described in Table 2. The
measured vertical loading pressures and the elastic vertical deflections for Case 1–
Case 3 are shown in Figs. 5, 6 and 7. From the test results shown in the figures, the
elastic moduli of compacted roadbed material (ELFWD) were determined by Eq. (1).
On the other hand, the stiffness decrease rate (SDR) by using themodulus of elasticity
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(a) Before freezing (ELFWD =190kgf/cm2) (b) After thawing (ELFWD =120kgf/cm2)

Fig. 5 CASE 1_(T20-A0), stiffness of roadbed

(a) Before freezing (ELFWD = 170kgf/cm2) (b) After thawing (ELFWD =150kgf/cm2)

Fig. 6 CASE 2_(T15-A0), stiffness of roadbed

)(a) Before freezing (ELFWD = 210kgf/cm2 (b) After thawing (ELFWD =160kgf/cm2)

Fig. 7 CASE 3_(T15-A5), stiffness of roadbed
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on the roadbed material prior to freezing and after thawing can be calculated by
Eq. (2).

SDR(% ) = EBefore freezing − EAfter thawing

EBefore freezing
(2)

The elastic moduli for both before freezing and after thawing of the compacted
roadbed materials and SDR(%) are described in Table 4.

Based on the LFWD test results in Figs. 5 and 6 and Table 4, the freezing temper-
ature for Case 1(−20 °C) gives the highest stiffness decrease rate, 36.8%, comparing
with the test results of Case 2(−15 °C) and Case 3(−15 °C)with additional aggregate
layer. This is the simple evidence of shear strength reduction and hence, the highway
slope and the bearing capacity failure of roadbed could be occurred during the early
spring season. In the case of Case 3, the modulus of elasticity before freezing is much
higher than those of other two cases due to an additional layer of aggregate. However,
the modulus of elasticity after thawing is greatly reduced because the moisture was
migrated to the boundary between aggregate layer soil and top of subgrade during
the freezing.

4 Conclusion

In this study, the laboratory model test which simulated the roadbed structure was
conducted in the freezing chamber. The variation of heaving pressure with elapsed
time for various roadbed conditions was determined through the laboratory model
test. The loading pressure and deflection for the compacted roadbed materials prior
to freezing and after thawing were determined by the application of LFWD. Based
on the laboratory model test results, the following conclusions can be made.

1. The degree of air temperature, types of soil, and moisture content of soil are
greatly influenced to the freezing temperature with respect to the compacted
roadbed materials.

2. The heat transfer rate is greater at the roadbed surface and then slightly decreases
with the depth of roadbed.

3. An additional thin layer of aggregate can reduce the heaving pressure greatly,
can delay the time to reach the maximum heaving pressure.

4. The LFWD test is an efficient method to determine the loading pressure and
deflection for the compacted roadbed materials and hence the modulus of elas-
ticity can be obtained. The modulus of elasticity for the compacted roadbed
material could be reduced in the range of 11.7–36.8% after one cycle of freezing
and thawing process.
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The Effect of Different Additives
on the Swelling Process of Heavy Clays

Alexey Kolos, Vera Alpysova, Grigoriy Osipov and Irina Levit

Abstract In areas where heavy clays predominate (clays with plasticity index of
more than 27), engineers always face the problem of replacing soils when construct-
ing a roadbed for railroads and highways. Transportation of suitable construction
material, as a rule, is very expensive. Construction of the roadbed of railroads and
highways, especially in the cold regions of the Russian Federation, is almost always
accompanied by a shortage of soils with good physical and mechanical properties.
As a rule, these areas are characterized by clay deposits with unfavorable proper-
ties: high degree of swelling, low hydration strength, poor compaction, etc. Such
properties are also characteristic of heavy clays which are widespread not only in
Russia but also abroad. These features of heavy clays do not allow them to be used
in the construction of the roadbed of railroads and highways without taking mea-
sures to improve their properties. The same problem has been faced by the engineers
involved in the construction of the railroad track on the Taman Peninsula. Heavy
swelling clays are common for this area. In the summer of 2017, soil samples were
taken from the Taman Peninsula and tested in the laboratories of St. Petersburg State
Transport University (PGUPS). Physical and mechanical properties of heavy clays
were studied as well as properties of reinforced clays. The research shows that the
optimal method for improving physical and mechanical properties of heavy clays
(swelling, deformability) is the creation of a composite material consisting of heavy
clay with the addition of dust filled sand (10% of the mass) and grade M400 cement
(3% of the weight). This technique is applicable to all areas where heavy clays are
common.

Keywords Roadbed · Engineering material · Heavy clay · Clay swelling

A. Kolos (B) · V. Alpysova · G. Osipov · I. Levit
Emperor Alexander I St. Petersburg State Transport University, Saint Petersburg, Russia
e-mail: kolos2004@inbox.ru

I. Levit
e-mail: alfanova.irina@gmail.com

© Springer Nature Singapore Pte Ltd. 2020
A. Petriaev and A. Konon (eds.), Transportation Soil Engineering in Cold Regions,
Volume 2, Lecture Notes in Civil Engineering 50,
https://doi.org/10.1007/978-981-15-0454-9_31

295

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0454-9_31&domain=pdf
mailto:kolos2004@inbox.ru
mailto:alfanova.irina@gmail.com
https://doi.org/10.1007/978-981-15-0454-9_31


296 A. Kolos et al.

1 Introduction

Agreat amount of soil buildingmaterials is needed during the construction of railroad
tracks and highways. In the regions of Russia with a long period of cold weather,
which are the most suitable from the point of view of their transport development,
there is a well-known problem of the lack of suitable soils for the construction of the
roadbed. The most optimal scheme for soil transportation is the use of soil excavated
from cuts or open pits to be further used in making fills. For cold regions, this is not
always possible, as applied soil material often does notmeet regulatory requirements,
since it is characterized by high humidity, swelling and a significant decrease in
strength during thawing. In this case, all additional amounts of soil material that
complieswith the standard requirementsmust be supplied from thedeposits located in
other regions with more favorable climatic conditions. Such organizational decision
will result in longer construction period, significant increase in costs and additional
traffic load for the existing railroad and highway network.

Such unfavorable construction properties are also characteristic of heavy clays
widely distributed not only in Russia but also abroad. Their high plasticity, poor
compaction, high degree of swelling and sharp decrease in hydration strength do
not allow the use of heavy clays in the construction of roads and railroads without
taking measures to improve their properties. At the same time, the source of heavy
clays in the areas of construction work is sometimes significant, which dictates the
urgency of finding methods to improve the properties of heavy clays for use in the
construction of fills.

Heavy clays (with the plasticity index exceeding 27) have a number of negative
physical andmechanical (construction) properties: high degree of swelling, increased
plasticity, high adhesiveness, poor compaction, dramatic loss of strength and com-
paction at hydration, etc. That is why the use of heavy clays for the construction
of fills is prohibited by the Russian and foreign standards [1–3]. In such cases, the
delivered materials, complying with the regulatory requirements, are traditionally
used for construction of the tracks.

This decision is the simplest but at the same time results in a number of significant
problems. Availability of suitable local soil materials in the region of construction
involves the need for developing new deposits and contributes to disturbing natural
landscapes and hydro-geological conditions. If suitable local soil materials in the
region of construction are unavailable, then they must be delivered from the sites,
located tens or even hundreds kilometers away. Under such circumstances, the trans-
portation scheme for the material deliveries to the construction site usually requires
arranging temporary storage grounds for the soil materials (the so-called makeshift
open pits), for accumulation of the necessary primary supplies of soil [4].

Arranging temporary storage grounds is associated with the need for additional
temporary land acquisition and consequently with cultivation of occupied territories.
In both cases we have one more problem, namely transportation and storage of the
previously excavated heavy clays on specially allocated grounds.



The Effect of Different Additives on the Swelling … 297

Thus, the application of delivered materials for construction of fills, as well as
storage of heavy clays on special landfills, leads to the essential growth of additional
costs. The development and implementation of low-cost construction technologies
for improvement of physical andmechanical properties of the heavy clays that permit
the use of large amounts of such materials for railroad fills becomes an important
scientific problem for construction and reconstruction of transport objects in case of
limited financial resources.

2 Construction Properties of Heavy Clays—Research
Findings

The efficiency of various construction technologies aimed at improvement of heavy
clay characteristics greatly depends on the initial (natural) properties. Considering
a large amount of excavated soils (exceeding 100 samples of undisturbed composi-
tion) from various bore halls and from various depths on the construction sites of
the transport objects in the southern regions of Russia, research was conducted to
determine physical and mechanical properties of initial heavy clays. The aim of the
tests was to select individual varieties of soil masses possessing the same physical
and mechanical properties. The data obtained during this research were compared
with the results already published in [5–12]. Comparative analysis of experimental
data gave a good correlation between the findings of performed investigations and
the data, obtained by other authors. Elaboration of reinforcement methods (technolo-
gies) in order to improve physical and mechanical properties of heavy clays was the
next stage, aimed at their further use during the construction of fills for the railroad
tracks and highways.

On the basis of performed investigations, we can state that in the whole set of
monoliths of undisturbed composition, the soils under consideration are represented
by heavy, semi-solid, mid-swelling clays according to [13]. At the same time, two
kinds of soils may be selected that possess other physical and mechanical properties.
For the convenience of comparative analysis, they are conventionally designated as
soil №1 and soil №2 (See Table 1).

According to Table 1, soil №1 differs from №2 in the following:
density of dry soil, and as a result, porosity factor. Soil №2 has porosity factor

exceeding 1.0 (mean value-1.43), and therefore, these clays may be characterized as
macro-porous soils.

plasticity index. Soil №1 has plasticity index equal to 29, close to the maximum
value of 27, and therefore, it is classified according to [13], as heavy clay. At the same
time, plasticity index of clay represented by soil №2 is 1.6 times as high. Therefore,
one can expect that it is more subject to swelling, and this was confirmed by the test
findings.

relative deformation of free swelling. Soil №1 has a mean value of relative defor-
mation of free swelling equal to 0.105. According to [13], we can classify such clays
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Table 1 Main mean values for physical and mechanical characteristics of the selected varieties of
heavy clays with undisturbed composition

Parameter Variety of soil

Soil №1 Soil №1

Heavy, semi-solid,
mid-swelling clay

Heavy, semi-solid,
mid-swelling clay

Density, ρ, g/cm3 1.81 1.68

Density of dry soil, g/cm3 1.41 1.13

Porosity factor, e 0.94 1.42

Plasticity index, IP , % 29 46

Fluidity index, IL 0.02 0.23

Relative deformation of free
swelling, εSWO

0.105 0.113

Maximum density under
standard compaction,
ρd−max, g/cm3

1.47 1.30

Optimum moisture content,
Wopt, %

29 34

Specific adhesion, C, kPa 71 45

The angle of internal friction,
ϕ, deg.

28 16

as mid-swelling. Soil №2 has this value equal to 0.113, so we can also classify this
clay as mid-swelling. However, the mean value of this parameter is very close to
the limit value of 0.120. At this value, clays belong to the category of high swelling
soils.

– in natural water content, the difference between soil№1 (28%) and soil№2 (48%)
is by 1.7 times.

– strength properties: specific adhesion and angle of internal friction. Because of the
lower porosity and lower natural water content, soil №1 has much higher strength
properties. For example, specific adhesion values of soil №1 are 1.6 times as high,
and values of angle of internal friction are 1.7 times as high compared to soil №2.

Based on this difference, these soils were subdivided into two main varieties in
order to develop methods for improvement of physical and mechanical properties.

Soils №1 and №2 have such common features, as low density of dry soil and
heterogeneity in depth, as well as poor compaction. The findings of standard com-
paction test showed that even 150 impacts in the installation for standard compaction
result in non-uniformmacro-porous structure, and the resulting maximum of density
does not exceed 1.47 g/cm3.

One of the peculiarities of heavy clays is the significant influence of soaking pro-
cess on physical andmechanical properties changes (degradation). Table 2 illustrates
soil’s physical and mechanical properties after testing free swelling of soils №1 and
№2.
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Table 2 Comparison of main physical and mechanical properties of soil following their saturation
in the process of testing soil swelling

Parameter Variety of soil

Soil №1 Soil №2

Before the free
swelling test

After the free
swelling test

Before the free
swelling test

After the free
swelling test

Density, ρ, g/cm3 1.81 1.86 1.68 1.74

Natural water
content, w, unit
parts

0.28 0.39 0.48 0.59

Density of dry
soil, ρd , g/cm3

1.41 1.34 1.13 1.10

Porosity factor, e 0.94 1.06 1.42 1.52

Fluidity index, IL 0.02 0.41 0.23 0.46

Specific
adhesion, C, kPa

71 20 45 15

The angle of
internal friction,
ϕ, deg.

28 6 16 11

In Table 2, data analysis shows that under the saturation conditions, the soil
hydration increases and swelling process occurs. This results in the loss of soil com-
paction—density of dry soil decreases while porosity increases. Themain peculiarity
of the saturation process is sufficient decrease in strength characteristics for both soils
№1 and №2. In spite of the fact that after the swelling test, clays acquire tight plas-
tic consistency their values of specific adhesion, and especially, the angle of internal
friction become lower. The value of specific adhesion for the soil№1 decreased from
71 to 20 kPa, and for the soil №2—from 45 to 15 kPa. The angle of internal friction
for soil №1 after the saturation was 6° in comparison with that of 28° under natural
water content. For soil №2, these values are equal to 16° and 11°, respectively. Such
low values for the angle of internal friction are characteristic of weak clay soils with
fluid-plastic and fluid consistency and rarely occur in case of ordinary clay soils with
tight plastic consistency, the latter being characteristic of heavy clays. Therefore,
we can state that heavy clays selected for the tests are extremely sensitive toward
increasedwater content, resulting in significant reduction of their strength properties.
That is why they cannot be used in the constructions of fills for the railroad tracks
and highways without additional measures for the improvement of their properties.
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3 Methods for Improvement of Physical and Mechanical
Properties of Heavy Clays

Measures for improvement of physical and mechanical properties of heavy clays
intended for use in the roadway construction must provide: the uniform soil structure
during compaction; high dry soil density during compaction; elimination of swelling
during hydration; and elimination of significant decrease in strength and deformation
characteristics under the increased hydration. Besides, it is recommended to reduce
soil adhesiveness in order to avoid soil clinging to the roller of the soil-packing
machine.

Elaboration of the reinforcement formula was aimed at meeting the following
requirements: maximum use of local soil materials; selection of only domestic rein-
forcing materials; and mutual compatibility of all the materials used. All the materi-
als and soils, used as additives, must be environmentally safe for the local area; the
resulting material must be non-aggressive toward concrete, reinforced concrete and
metal parts and constructions, aluminum and lead cable coatings. The costs of the
additives used for reinforcement must be low. The preliminary experiments as well
as the complex analysis [14–21] showed that cement and dust sands would be the
optimal additives to heavy clays.

Sand and cement have different influence on the construction properties changes of
heavy clays. Addition of sand to the mixture composition would change the particle-
size distribution of heavy clays. The increase in the sand-particle percentage in the
clay-sand mixture decreases its dispersion, total specific area and total surface activ-
ity of clay particles [22]. Table 3 provides six samples of local dust sand grain
distribution.

Specific area of local dust sands (m2/kg)was determined according to theLadinsky
formula [23]:

S = B · K (a + 2b + 4c + 8d + 16e + 36d)/1000 (1)

where B is empirical factor, assumed to be equal to 6.35 where specific area is
designated in m2/kg; K—coefficient showing the shape and surface roughness of
sand grains, taken as equal to 1.00; and a, b, c, d, e, f—individual remainder on the
sieves (Table 3).

Therefore, the total specific area of the experimentally used dust sand was
0.115 m2/g.

Table 3 Mean values of local dust sand grain distribution

Grain size, mm 5.0–2.5 25–1.25 1.25–0.63 0.63–0.315 0.315–016 <0.16

Particle
remainder, %

1.1 50.9 114.2 265.6 271.8 296.4
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An approximate assessment of surface activity of clay soils is based on the gran-
ulometric and mineralogical composition analysis [15]. Based on six sets of micro-
aggregate analysis, clay soils contain: sand fraction (2–0.05)-10%; dust fraction
(0.05–0.005)-28%; and clay fraction (<0.005)-6.25%. The mineralogical composi-
tion of sand particles includes minerals of quartz, feldspar and mica over 0.05 mm in
size. These are the products ofmechanical weathering. They have rigid crystal lattice,
without any physical and chemical activity. The dust fraction is an intermediate one
between sand and clay fractions. It includes quartz and feldspar, which retain their
rigid crystal lattices because they are not affected by chemical weathering due to
particle size over 0.001 mm. Mica’s minerals, i.e., biotite, having particles 0.01 mm
in size, do not resist chemical weathering. Because of chemical weathering of mica’s
minerals, dust fraction contains surface-active particles and possesses physical and
chemical absorption ability.

The whole set of investigated soil materials consisting on average of 30% of
montmorillonite minerals, 47% of hydro-micas and 23% of quartz, feldspars and
micas had mean specific area of 428 m2/g. Addition of 10% of the dust sand into the
mixture results in reduction in specific area by approximately 14% (the specific area
of the mixture is 368 m2/g), which improves construction properties of heavy clays.

Mixture of dust sand and heavy clay has an ambiguous influence on the swelling
process. With the plasticity index of the clay soil being less than 30, the addition of
sand leads to increased swelling. The increased plasticity index (exceeding 30) and
increased montmorillonite’s content in clay soil result in the negligible increase in
swelling [14]. At the same time, dust sand addition decreases soil’s adhesiveness and
provides much higher dry soil density during compaction.

The cement, being the hydraulic binder and during interaction with the highly
dispersed montmorillonite’s particles, provides the reinforcement of the clay soil
coagulation structure [12, 14]. The cement blocks almost completely the swelling
process and decreases the adhesiveness.

Affected by adverse hydro-meteorological conditions, cement and sand compo-
nents of the mixture provide: formation of the uniform soil structure during com-
paction; increase in dry soil density ofmixture; and increase inmechanical parameters
stability (namely—the angle of internal friction, specific adhesiveness and deforma-
tion modulus).

During this investigation, the following methods for improvement of physical and
mechanical properties of the heavy clays were considered:

– reinforcement of soil material by means of mixing it with cement gradeM400 (3%
of mass);

– addition of dust sand to the soil (10% of mass) in order to decrease material
adhesiveness;

– simultaneous addition of dust sand (10% of mass) and cement grade M400 (3%
of mass).
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4 Reinforced Soils Properties Investigation Findings

Samples for the investigationswere prepared from themixtureswith the compositions
complyingwith themethods for improvement of physical andmechanical properties,
mentioned above. Investigation of each method included finding a similar set of
physical and mechanical characteristics for the purpose of comparative analysis.
The results obtained made it possible to prove the optimum formula for soil mixtures
and various additives aimed at their use in the fills construction.

The comparative data of the main soil characteristics are listed in Tables 4 and 5.
The following designations are used in Tables 4 and 5: G—initial ground soil

(heavy clay) of undisturbed composition characterized by natural water content and
porosity; G(W )—initial soil (heavy clay) with water content after free swelling test;

Table 4 Comparative data on physical and mechanical properties for soil №1 and for mixture of
soil №1, sand and cement

Soil property Soil № 1 (G1)

G1 Water content after the free swelling
test

G1(W ) G1(S) G1(C) G1(CS)

Density of dry soil, ρd , g/cm3 1.41 1.34 1.39 1.46 1.41

Natural water content, w, unit parts 0.28 0.39 0.42 0.31 0.35

Porosity factor, e 0.94 1.06 0.97 0.88 0.95

Plasticity index, IP, % 29 29 26 26 22

Relative deformation of free swelling, εSWO 0.105 – 0.049 0.027 0.009

Specific adhesion, C, kPa 71 20 20 56 94

The angle of internal friction, ϕ, deg. 28.0 6.0 6.4 20.4 15.5

Table 5 Comparative data on physical and mechanical properties for soil №2 and for mixture of
soil №2, sand and cement

Soil property Soil № 2 (G2)

G2 Water content after the free swelling
test

G2(W ) G2(S) G2(C) G2(CS)

Density of dry soil, ρd , g/cm3 1.13 1.10 1.23 1.21 1.29

Natural water content, w, unit parts 0.48 0.59 0.52 0.52 0.42

Porosity factor, e 1.42 1.52 1.23 1.28 1.13

Plasticity index, IP, % 46 46 36 46 40

Relative deformation of free swelling, εSWO 0.113 – 0.060 0.057 0.039

Specific adhesion, C, kPa 45 15 31 85 90

The angle of internal friction, ϕ, deg. 15.8 11.2 8.3 14.1 25.6
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G(S)—heavy clay with addition of dust sand (10% of mass) whose density is close to
an optimum; G(C)—heavy clay with addition of cement grade M400 (3% of mass)
whose density is close to an optimum; andG(CS)—mixture of heavy clay, dust sand
(10% of mass) and cement gradeM400 addition (3% of mass) whose density is close
to an optimum. G designates the selected kind of ground soil: for soil №1-G1 and
for soil №2-G2, respectively.

The analysis of data from Tables 4 and 5 shows that the use of technologies for
improvement of soil’s characteristics results in increased density for reinforced soils
achieved even after their saturation. For the mixtures of soils№1 and№2, the density
of dry soil after free swelling tests (after saturation for 3 days) appeared to be higher
than that for non-reinforced soils under similar conditions. This means that addition
of cement or dust sand or their mixtures with heavy clay decreases decompaction of
the samples during saturation because of their lower sensitivity toward free swelling.
This factwas proved during determination of the relative strain index for free swelling
(fifth parameter in the first column, Tables 4 and 5). The best results are achieved by
the mixture of soil with additives of dust sand (10% of mass) and of cement grade
M400 (3% of mass).

The investigation of plasticity properties of heavy clays showed that plasticity
index for various methods of reinforcement generally decreases (Tables 4 and 5),
but does not change significantly. In soils reinforced by means of dust sand (10% of
mass) plasticity index decreased for soil №1 from 29 to 26, and for soil №2—from
46 to 36, respectively. It should be mentioned that for clays reinforced with cement
additive, this value was determined only at the moment of mixture preparation. As
the time passed, it was impossible to determine the plasticity index because soil
strength increased sharply so this value could not be considered as the defining one
from the point of view of fill construction.

For the development of methods improving physical and mechanical properties,
it would be important to select the one that minimizes or even completely eliminates
deformations due to soil swelling. Non-swelling soils are recommended for use
in construction of fills, i.e., the soils, having the index of relative deformation for
free swelling process not more than 0.04 [1]. The results of studies of the swelling
properties of the reinforced soils are given in Tables 4 and 5. These data show that
such values can be achieved for soils, reinforced through simultaneous addition of
the dust sand (10% of mass) and of cement grade M400 (3% of mass). This method
appears to be the basic one, as it solves the problem of heavy clays swelling.

The main characteristics that provide strength and stability of fills comprise the
strength properties of soils: specific adhesion and angle of internal friction. Main-
taining these properties in soil material affected by adverse factors, i.e., increased
water content, is very important.

As a result of studies, it became evident that the soils, remaining in undisturbed
state and possessing natural density andwater content show sufficiently high strength
characteristics, but their hydration would lead to the decrease in both the specific
adhesion and the angle of internal friction. In this case, the above-mentioned soils in
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Table 6 Shear resistance of soils, τ , kPa under the normal load, σn = 15 kPa

The reinforcement method Shear resistance, τ
kPa, under the
normal load, σn =
15 kPa, for the
sample

Soil №1 Soil №2

Non-reinforced soil 79.0 49.7

Non-reinforced soil after saturation under the swelling test 21.2 17.7

Soil, reinforced with addition of dusty sand (10% of mass) 21.7 32.7

Soil, reinforced with addition of cement grade M400 (3% of mass) 61.9 88.8

The ground soil, reinforced with additives of dusty sand (10% of mass)
and of cement grade M400 (3% of mass)

97.8 97.2

hydrated state and after the swelling test may be classified as weak clay soils, due to
extremely low value of the internal friction angle. That is why the development of
a technology for reinforcement of soils in order to eliminate humidifying effect on
the strength properties of clays was one of the main purposes of this study.

The results of shear resistance tests (the last two lines in Tables 4 and 5) clearly
showed the increase in the strength properties of reinforced soils following water
content growth. The largest reinforcement effect for the soils is achieved by means
of dust sand (10% of mass) and cement grade M400 (3% of mass) additives. This
conclusion is proved in Table 6, where shear resistance for reinforced soils under the
vertical load of 15 kPa is given.

5 Conclusion

The results of the studies proved that the best values of physical and mechanical
properties improvement for heavy clays were achieved by means of simultaneous
addition of the dusty sand (10% of mass) and of cement grade M400 (3% of mass).
Such soils are classified according to [13] as non-swelling. This technical solution
decreases soil adhesiveness, thus reducing clinging of clay to the rollers of the soil
compacting machine. The shear resistance of reinforced soil under the normal load
of 15 kPa and after 3 days of saturation gives the mean value of 97 kPa, providing
the stability of roadbed slopes and their bearing strength.

On the basis of performed studies, formulas of composite mixtures are recom-
mended depending on plasticity index for heavy clay used (see Table 7).
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Table 7 Recommended
formulas of composite
mixtures

№ of composition Composition Content % of mass

1 Heavy clays,
30 < IP ≤ 35

90.0–93.0

Dust sand 5.0–7.5

Cement M400 2.0–2.5

2 Heavy clays, IP >
35

87.0–90.0

Dust sand 7.5–10.0

Cement M400 2.5–3.0
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The Method of Estimation
of the Technical Conditions of Transport
Facilities Used in Cold Regions After
the Accidents Caused by Temperature
Anomalies

Nikolay Gusev, Larisa Svatovskaya and Alexandr Kucherenko

Abstract The object of the research is the load-bearing structures of transport facil-
ities used in cold regions. The subject of the research is the method and means of
assessing the technical conditions of load-bearing structures of transport facilities
at the extremely low temperatures. The aim of the research is to ensure the record-
ing and retaining the transport facilities state parameters at the temperatures below
−40 °C. The analysis of the specific use of transport facilities in cold regions and
the systems employed for technical conditions control has been carried out. The
results obtained gave the possibility to propose some technical designs for transduc-
ers capable of recording both current andmaximum/minimum values of the transport
facilities state parameters caused by the extremely low temperatures. A method for
estimating the parameters of the stress-strain state of the load-bearing structures of
transport facilities at the moment of accidents caused by temperature anomalies is
proposed. The method can be used even in the conditions of the monitoring systems
secondary equipment failure.

Keywords Temperature anomalies · Negative temperatures · Monitoring of
technical condition of transport facilities · Stress-strain state · Primary string
converters · Intelligent sensors · Secondary equipment · Cable network

1 Introduction

Modern transport facilities in most cases are potentially dangerous, technically com-
plex and unique objects [1–3]. There exist wide experiences of building technical
condition control of this class [4–26] by means of monitoring systems. In transport
systems such as bridges, they are called bridge monitoring systems of continuous
operation (SCMB) [5, 6]. SCMB systems are usually developed on the basis of
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string measuring transducers with pulse excitation (SMTI) [1–3] allowing to control
a wide range of parameters P of the stress-strain state (SSS) of building structures
(stress, deformation and displacement, efforts in the reinforcement, etc.) in differ-
ent measurement ranges [1–3]. Each SMTI has an individual calibration produced
at the expense of the string vibration excitation by means of standard pulses. The
pulses parameters provide the value of the damped string oscillations amplitude in
the range from ymax to ymin during the entire measurement interval. To measure the
relative linear compression or tension strains of concrete structures as well as non-
bending metal structures linear strain SMTI measuring string (CLDS) are designed,
the range of operating temperatures being −30 to +40 °C. The SCMB systems also
include commuting and secondary equipment (specialized period more) and cable
network [3].

Methods of measurement by means of SMIT are based on the dependence of
the frequency f (or period T ) of the frequency resonator (string) oscillation on the
string tension σ (the first method) or its length l (the second method) which in each
particular string converter is proportional to the measured parameter P SSS.

In the practice of creating SCMB systems, the first method of measurement
became especially widespread. However, when it is implemented in case of a change
in ambient temperature, there appears a change in the linear dimensions of the SMTI
body and the string itself, as well as a change in the modulus of elasticity of the mate-
rials they are made of, which results in a temperature error in the physical quantity
measurement P [1–3].

The expression for the relative error in determining the frequency f caused by the
changes in ambient temperature is [1]:

δ0t = (αc − αs)l
�t◦

2
�l0 (1)

where αc, αs—temperature coefficients of the body and string elongation; �l0—
maximum working extension of the string caused by the measured physical quantity
P; �t°—the increment of temperature; l—the length of the string.

Analysis of the expression (1) suggests that:
First, the string oscillation frequency depends on both the�t° and�l0 parameters.
Secondly, the relative error in determining the frequency f depends on the dif-

ference (αc − αs) between the temperature coefficients of the body and the string
elongation of the SMTI which depend on the temperature themselves. So the value
of the coefficient αs for the string material (steel grade 45G2) in the range of SMTI
operating temperatures varies—11.3 to 11.6 mkK−1 (i.e., 1.7%), and the value of
the coefficient αc for the body material (steel grade 40H) in the range of operat-
ing temperatures of SMTI varies—11.8 to 12.0 mkK−1 (i.e., 2.7%). In this case,
the temperature elongation of the CLDS-150 SMTI string up to 0.11 mm, and the
body—0.14mm takes place, which is commensurate with themaximumSMTI string
elongation in the operating range of the physical quantity P measurement (�l0 =
0.24 mm) [1].
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Thirdly, the expression (1) does not take into account the rate of the temperature
change of the SMTI during the measurement in extreme situations which can be tens
or even hundreds of deg/sec.

The negative outdoor temperature in the northern climatic zone of Russia with
the most severe conditions can be −54 to −71 °C [12, 26]. For example, in the area
of construction of the bridge across the river Lena in the Tabaginsky alignment the
air temperature reaches −65 °C in winter and +35 °C in summer.

Analysis of the operating temperature range of the SMTI (−30 to +40 °C) shows
that it is much more narrow than the climatic temperature range in cold regions
(−70 to +35 °C) and the range of the possible temperatures in extreme situations.
Besides that SMTI are designed to operate in the conditions of a relatively slow daily
change of air temperature. In case of an accident at a transport facility, which may
be accompanied by a sudden change in temperature the performance of the SCMB
systems based on SMTI has not been studied either theoretically or experimentally.

The purpose of this investigation is to analyze the influence a sharp change in
temperature at the transport facilities both in a larger side (at an explosion or fire)
and in a smaller one (in cryogenic emissions) on themetrological properties of SMTI.

2 Materials and Methods

The investigationswere carried out according to the standardmethod [1] on the SMTI
of the CLDS-150 typewith the parameters provided by the standards (string length—
150 mm, constructive gap δ—0,4 mm, the range of output signal periods—450 to
1250 mks, operating temperature range −30 to +40 °C [1]).

The experimental installation consisted of the following devices and equipment:
specialized periodometer (PCP-1); electronic thermometer Rexant 70-0501 (tem-
perature measurement range −50 to +120 °C); cryogenic installation DFC-84EC
(minimum temperature−86 °C); heating element THERMOWATT RCA PA (power
1500W); laboratory capacity (volume 20 l) with the antifreezeAga Z42 (temperature
range −42 to +123 °C).

During the experiment, we have determined:

• The dependence of the output signal period of the SMTI on the temperature dif-
ference of the medium in which it was placed and the rate of its change;

• The temperature stabilization time of SMTI.

The experiment was conducted in four stages.
During the first three stages, SMTI was immersed into a laboratory container with

antifreeze AgaZ42 at the initial t◦init and the final t◦fin temperature values −40 to +
80 °C, the values t◦init and t◦fin being given with increments of 20 °C. The temperature
difference was given with a span �t°—20 to 120 °C: at the first stage from smaller
values to larger (↑�t°); at the second one—from larger values to smaller (↓�t°).
At the same time, at the each stage the SMTI was maintained up to the complete
stabilization (during 30 min).
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At the third stage, the temperature of the working fluid was being increased
monotonically at the rate of—2.3–2.5 °C/min.

At the fourth stage, the time of temperature stabilization of SMTI depending on
t◦init and t◦fin of the antifreeze was determined. The values of t◦init and t◦fin were given
with the increments of 20 °C. The temperature difference of ↑�t° and ↓�t° was
given with the span of �t°—20 to 120 °C.

3 Results

The results of the experiment (See Figs. 1, 2, 3 and 4).
The results of the investigation presented in Figs. 1, 2, 3 and 4 show that:

1. At abrupt change of SMTI temperature both at ↑�t° (see Figs. 1.1, 1.2, 3.2) and
at ↓�t° (see Figs. 1.3, 1.4, 1.5, 3.1) the T value of the output signal of the SMTI
changes abruptly during the first 3–7 s. Then a smooth recovery (stabilization)
in the range of 20–30 min takes place.

2. With a sudden change in SMTI temperature at ↑�t° (see Figs. 1.1, 1.2, 3.2) the
value of T decreases and when the temperature changes at ↓�t° (see Figs. 1.3,
1.4, 1.5, 3.1)—increases.

3. In case of a sudden change in the SMTI temperature, both at ↓�t° and ↑�t°
in the operating temperature range of the SMTI (−30 to +40 °C) the rela-
tive measurement error of the SMTI during the first 3–7 s exceeds 22% (see
Figs. 1, 3).
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Fig. 1 Experimental dependences of T (t) for SMTI circuit at an abrupt change in temperature: (1)
from t◦init = +20 °C to t◦fin = +40 °C, (2) from t◦init = +20 °C to t◦fin = +80 °C, (3) from t◦init = +
60 °C to t◦fin = +20 °C, (4) from t◦init = +80 °C to t◦fin = +20 °C; (6) from t◦init = +20 °C to t◦fin =
−40 °C
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Fig. 2 Experimental dependences �T (t°) at an abrupt change in temperature with increments of
20 °C at: (1) t◦init = −40 °C; (2) t◦init = −20 °C; (3) t◦init = +80 °C
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Fig. 3 Experimental dependences of T (t): (1) at an abrupt temperature change +80 to +20 °C for
CLDS-150; (2) at an abrupt change of temperature from t◦init = +20 °C to t◦fin = +60 °C for CDS-3

4. At a slow monotonic temperature change in the working temperature range at a
rate of 2.3–2.5 °C/min from t◦init = −30 °C to t◦fin = +40 °C relative measurement
error remains within the certified values of SMTI and does not exceed 0.4%.
However, when the t◦fin value exceeds +40 °C, the relative measurement error
increases sharply (see Fig. 4).

5. The relative error of the first method of measurement depends on the difference
between the values of t◦init − t◦fin (see Figs. 1, 2, 3), the rate of temperature change
(see Fig. 4) and the design features of SMTI (see Fig. 3).
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Fig. 4 Experimental dependences of T (t) at a monotonic temperature change at a rate of 2.3–
2.5 °C/min from t◦init = +20 °C to t◦fin = +80 °C for CLDS-150

6. With a slow monotonic temperature change at the rate of 2.3–2.5 °C/min when
the temperature exceeds the value of+60 °C, the SMTI (CLDS-150) (see Fig. 4)
loses its efficiency due to the amplitude increase of the string ymax more than the
value of the constructive gap δ of the SMTI.

7. Temperature stabilization of the SMTI after a sudden change in temperature
occurs within 20–30 min, depending on the values of t◦init and t◦fin and the design
features of SMTI.

4 Discussion

Accidents at transport facilities in cold regions may be accompanied by:

(a) A sudden change in the SSS of load-bearing structures with a random change
in time;

(b) An abrupt change of the ambient temperature and load-bearing structures;
(c) A breakage or damage of the cable network between the components of the

SCMB systems or emergency power disconnection of the SCMB systems.

In case of accidents at transport facilities accompanied by temperature anomalies,
the first method of the measurement by means of SMTI is not applicable on the
following grounds:

1. The events pointed out in the items (a) and (b) exclude the possibility of the
SSS control parameters of the transport construction directly at the moment of
accident as there is no possibility of the SSS parameters component division
caused by the simultaneous change of parameters �t° and �l0.
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2. The event pointed out in the item (c) exclude the possibility the SSS parame-
ters control of the transport construction directly at the moment of the accident
because of the termination of the power supply of the secondary equipment of
the SCMB systems.

5 Conclusions

The determining parameters in assessing the operational suitability of the load-
bearing structures of transport facilities after the accidents, including those caused by
temperature anomalies, are themaximumandminimumvalues of the SSS parameters
directly at the moment of the accidents.

A significant disadvantage of the SMTI implementing the first method of the
measurement is that the registration of the measured parameters is possible only
when the secondary equipment is turned on. In the time intervals, when the secondary
equipment is switched off or damaged the information from the sensor are stopped.
However, in these time intervals the excess of the maximum values of the building
structures stress-strain state parameters, i.e., their maximum permissible values, is
possible.

To eliminate the disadvantages of SMTI implementing the first method of mea-
surement, the authors have developed the theoretical basis and proposed technical
solutions for SMTI, implementing the second method of measurement. They are
capable of registering at least the maximum and minimum values of the transport
facilities structures state parameters at the moment of the accidents, and the cur-
rent values of these parameters after the temperature stabilization of the SMTI. The
authors have proposed a method for estimating the stress-strain state parameters of
load-bearing structures of transport structures directly at the moment of accidents
caused by temperature anomalies, even if the failure of the secondary equipment
systems of SCMB takes place. The essence of the method consists in the use of
intelligent primary converters with mechanical memorization of the maximum and
minimum values of the controlled parameters of SSS with time-spaced processes of
fixing these parameters and the results of their measurements (see Fig. 5).

The operation of SMTI of SCMB systems, implementing the method of measure-
ment based on the dependence of the frequency f (or period T ) oscillations of the
frequency resonator (string) on the tension of the string σ (see Fig. 6).

Fig. 5 Intelligent SMTI with mechanical memorization of the maximum and minimum values of
the controlled SSS parameter
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Fig. 6 Diagrams operation of SMTI of SCMB systems, implementing the first method of mea-
surement: (1) the dependence of the informative parameter T (t) at the output of the SMTI in the
absence of a sudden change in temperature; (2) the dependence of the informative parameter T (t) at
the output of the SMTI at a sudden change in temperature from t◦init = +80 °C to t◦fin = −40 °C; (3)
the dependence of the informative parameter T (t) at the output of the SMTI in case of an emergency
power disconnection

The method proposed allows (see Fig. 7) to estimate, at least, the maximum and
minimum parameter values of a transport structure design state at the moment of the
accident, and the current values of these parameters after temperature stabilization
of SMTI, which is reached by separation the processes of fixing these parameters
and their measurement in time.

The method proposed by our group makes it possible to estimate the maximum
and minimum values of the parameters of a transport construction design state, even
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Fig. 7 Intelligent SMTI operation diagrams: the dependence of the informative parameter T (t) at
the SMTI outputs after a sudden temperature change from t◦init = +80 °C to t◦fin = −40 °C
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Fig. 8 Intelligent SMTI operation diagram: the dependence of the informative parameter T (t) at
the SIPI outputs when power supply is lost

in case when the secondary equipment of the SCMB system will be de-energized at
the moment of the accident (see Fig. 8).
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Geoecoprotective Building Structures
for Transport Construction Using
Mineral Technogenic Silicates and Their
Properties

Maria Shershneva , Ivan Kozlov , Galina Pankrateva
and Ivan Drobyshev

Abstract The relevance of the problem is due to the formation and storage of multi-
tonnage mineral technogenic silicates obtained as a result of the construction and
mining industry. The aim of this work is to identify useful research geoecoprotective
properties of technogenic silicates, as well as in the development of technological
solutions for their application in cold regions. The objects of study selected waste
of heavy concrete and chlorine-containing crushed stone. The study used meth-
ods to identify geoecoprotective properties and iodometric method for determining
microbial numbers. Discovered and investigated the properties of the waste heavy
concrete and rubble floristerias determine the possibility of their use in geoecopro-
tective structures. In this case, such structures as the railway embankment may have
geoecoprotective function. The article is aimed at studying the possibility of using
mineral technogenic silicates in the body of the railway to reduce the negative impact
of pollution of different nature. The article presents technological solutions for the
use of heavy concrete and rubble floristerias having geoecoprotective properties. The
article gives formulas for calculating the required number of mineral technogenic sil-
icates, tomake the structures geoecoprotective properties, and the calculation results.
The materials of the article can be used to develop technological solutions for the
utilization of mineral technogenic silicates in their useful application in transport
construction to protect soils and surface runoff of the railway from pollution of
various natures.

Keywords Geoecoprotective properties · Chlorite-containing crushed stone ·
Waste of heavy concrete
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1 Introduction

Today, the problem of the formation of solid mineral waste from various industries
is widely known and relevant [1–5]. At the same time, the work of many scientists is
aimed at developing technological solutions to minimize the negative impact on the
environment of various types of pollution during the operation of transport construc-
tion facilities [6–11]. As a rule, such solutions involve the use of geoecoprotective
structures in the form of embankments, screens or barriers [12–16] and involve the
use of a large number of mineral substances active with respect to pollution. If such
substances belong to industrial waste, then problems can be solved in a complex.

Sources of pollution can be a variety of industries, including railway transport.
The soils around large industrial facilities at a distance of several tens of kilometers
are contaminated with heavy metals, and up to 200 thousand tons of heavy metals
per year are transported from the railroad transport as a result of brake pad wear. One
of the components of the activities of JSC “Russian Railways” is to ensure the envi-
ronmental safety of the entire transport complex, which is carried out in accordance
with the Environmental Strategy of JSC “Russian Railways” until 2030. According
to the report of Russian Railways, it is noted that continuing wastewater discharges
without treatment into surface water bodies and on the terrain (up to 30 million cubic
meters annually) are the most acute problem of the negative impact of transport on
water resources. A significant part of these discharges leads to bacterial contami-
nation of the tracks and adjacent territories due to the use of old types of toilets in
passenger cars. The detected fecal contamination of the ballast of railway lines, as
well as the account of the excess of the infestation rate by the helminths of road fitters
and the high probability of secondary bacterial contamination of drinking water in
passenger cars, has led to the need to introduce new life support technologies in pas-
senger trains. The solution of this problem led to the substantiation and introduction
of new hygienic requirements, which, in turn, provide for the equipment of wag-
ons with environmentally friendly closed systems for the collection and disposal of
sewage; comprehensive collection and disposal of solid household waste from pas-
senger trains; provision of cars with small-sized devices for additional disinfection
and purification of drinking water.

One of the solutions to the problem of cleaning surface water from railways
from heavy metal ions (HMI) and bacterial contamination can be the creation of a
geoecoprotective embankment of materials active in relation to these contaminants.

The article presents the results of a study of the possibility of using some mineral
technogenic silicates in geo-ecological embankments in the body of a railroad bed
to minimize the negative impact of heavy metal ions and bacterial contamination.
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2 Research Objects and Methods

Theobjects of the studywere selected concrete and chlorite-containing crushed stone,
having a silicate nature, which predicts their activity with respect to heavy metal
ions [17–20]. The battle of concrete is formed by the destruction or disassembly of
industrial and civil structures. About 2.5 billion tons of construction mineral waste
is generated on the planet every year. More than half of them are destroyed concrete
and reinforced concrete, which, unlike other construction debris, does not rot and
does not decay.

Chlorite-containing crushed stone is a by-product in shungite mining. In appear-
ance, crushed stone is a solid material of dark gray color with a greenish tint. Accord-
ing to the petrographic composition, it is quartz-albite-chlorite slate (Table 1). The
structure of the rock is fine-grained, the texture is schist.

According to the mineral composition, the main phase of chlorite-containing
crushed stone are chlorite and plagioclase minerals, which belong to silicate-
containing minerals and determine the ability of crushed stone to absorb heavy metal
ions [18–21], as well as up to 3% of shungite (carbon), whose presence causes its
ability to absorb dissolved petroleum products [20] and suggests the presence of
antiseptic properties.

To determine the concentrations of heavy metal ions in solutions, the ionometric
method was used using appropriate ion-selective electrodes.

Activity in relation to HMI was determined in static and dynamic conditions and
was calculated by the formula (1):

a=(Cini−Cfin) · V/m (1)

where

a the activity, mg/g;
Cini the initial concentration of HMI in the model solution, mg/l;
Cfin the final concentration of HMI in the model solution, mg/l;
V the volume of solution, l;
M the mass of waste.

To determine the concentration of bacterial contamination was used analysis to
determine the microbial number (DMN). This analysis as a criterion for biological

Table 1 Mineral
composition of
chlorite-containing crushed
stone

Mineral composition Content, volume %

Quartz 15–20

Plagioclase (albite) 35–40

Chlorite 40–45

Carbonate (calcite) 1–3

Schungite substance 1–2
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contamination estimates the total number of bacterial colonies in one ml of water.
This indicator allows to take into account not all microorganisms, but only those
capable of growing on simple media at a temperature of 37 °C (mesophilic, sapro-
trophic). However, the number of saprotrophic microorganisms, usually corresponds
to the degree of contamination of water with organic substances, and, thus, indirectly
characterizes its sanitary state.

3 Research Results

In determining the activity of concrete combatwith respect toHMI, images of various
classes B20, B22.5, B25 were used, having an initial compressive strength of 200,
300, 350 MPa.

The results of determining the activity of concrete combat in static conditions are
presented in Table 2.

According to Table 2, it can be seen that there is no significant difference in the
tanks for concrete of various classes. Therefore, the activity of the battle of concrete in
dynamic conditions was determined for class B20. The research results are presented
in Table 3.

The activity of concrete combat in relation to such dangerous contaminants as
heavy metal ions allows its use in technological solutions for transport construction.
The proposed technological solution involves the current or major overhaul of the
railway embankment, when they carry out a full or partial replacement of ballast to
use not naturalmaterials, but concrete. In this case, the ions of heavymetals contained
in the surface drains of the railway bed will be neutralized, the railway embankment
will acquire geoecoprotective functions.

In terms of its physico-mechanical characteristics, the battle of concrete (sec-
ondary crushed stone) complies with the requirements for materials used in such
construction.

In determining the antiseptic properties of chlorite-containing rubble, sampling
was carried out on a section of a railway track 500m long in a drainage tray. Chlorite-
containing crushed stone was sieved through a number of sieves and the following
fractions <0.114, 0.114–0.315, 0.315–0.630, 0.630–1.250, 1.250–2.50, 2.50–5.00,
>5.00 mmwere isolated. For research, a fraction with a grain size of more than 5 mm
was used. Samples of water were placed in a measuring cup in an amount of 50 ml,
2 mg of crushed stone was added to the samples, the volume was thoroughly mixed
and infused for 20 min, and then the sample was filtered through a paper filter. The
water treatment time was 12 and 24 h. The samples determined the value of DMN.
During the analysis, all bacteriological dishes before sterilization were washed and
sterilized in a drying cabinet at a temperature of 160 °C for 1 h, counting from the
moment the temperature was reached. The research results are presented in Table 4.

The results showed that when treating natural water with chlorite-containing rub-
ble, the number of colonies decreased compared with the initial water. According
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Table 3 Concrete combat activity (dynamic conditions) (mg/g)

Mn2+ Fe3+ Ni2+ Cu2+ Cd2+ Cr3+

0.78 0.45 0.98 0.60 0.79 0.98

Table 4 Results of determination of total microbial number

№ Water sample/contact time DMN

1 Source contaminated water 290

2 Initial water infused with chlorite-containing rubble/12 h 6

3 Initial water infused with chlorite-containing rubble/24 h 6

to the research results, a patent of the Russian Federation No. 2497757 “Antiseptic
agent for water treatment” was obtained.

Thus, chlorite-containing crushed stone is a promising mineral technogenic sil-
icate with antiseptic properties. It can be used in the technological solution for the
construction and reconstruction of transport routes in order to reduce bacterial con-
tamination of man-made embankment soils, adjacent soils and surface runoff from
the railroad tracks.

To recommend crushed stone as a ballast or sub-ballast layer of a railroad bed,
it is necessary to analyze its physico-mechanical properties for compliance with
the requirements for crushed stones of such purpose [22–27]. Average data on
the physico-mechanical properties of chlorite-containing crushed stone are given
in Table 5.

In the case of the use of concrete and chlorite-containing rubble in geoecopro-
tective embankments, the question arises as to the necessary amount of waste that
provides the geoecoprotective functions of the embankment. There is no doubt that
the amount of material will depend on the degree of contamination of surface runoff,
on the activity of thewaste, to absorb these contaminants and the time of its operation.

The required waste mass can be calculated by the formula (2):

Mwaste = T · (10 · hr · �r · F · Cr + 10 · hm · �m · F · Cm)/a (2)

where

T the lifetime of the geoecoprotective structure (years);
hr precipitation layer (mm), for the warm period of the year;
�r and �m the total coefficient of flow of rain and melt waters;
F the total area of pollution runoff (ha);
Cr the concentration of the pollutant in rainwater (g/m3);
hm sediment layer, (mm), for the cold period of the year;
Cm the concentration of the pollutant in the melt waters (g/m3);
a concrete combat activity (g/kg).
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Table 5 Physico-mechanical properties of crust-containing crushed stone

№ Measured indicator Regulatory value Test results

1 The content of grains of lamellar
(flap) and needle shape, %

Group of rubble 3 15–25%
inclusions

24.5

2 Grade of crushed stone by
crushability (mass loss, %)

Mark 1200 up to 11 5.3

3 Grade of rubble by abrasion (mass
loss during testing, %)

Mark I-1 (up to 25) I-1 (16.7)

4 The content of grains of weak rocks,
% by weight, not more

5 Not found

5 Grade of crushed stone by frost
resistance (mass loss after 15 cycles
of saturation-drying in sodium
sulfate solution, %, not more)

F 200 (3) F 200 (2.8)

6 Content of dust and clay particles,
% by weight

1 0.01

7 Content of clay in lumps, % by
weight, not more

0.25 Not found

8 Stability of crushed stone structure
against all types of decay—mass
loss during decay, %

3 1.0

The approximate life of ballast rubble prior to its replacement with current and
capital repairs is 15 years; for the North-West region of Russia, the precipitation
during thewarmand cold periods is 0.7 and 0.6mm, respectively. The total coefficient
of flowof rain andmeltwaters is 0.5. The concentration of iron ions in rain and thawed
waters of surface runoff of railway tracks reaches 5 g/m3. Taking into account the
activity of concrete combat with respect to iron ions (Table 3), it is possible to
calculate the required waste mass per 1 ha of the railway embankment:

Mwaste = 15 · (10 · 0.7 · 0.5 · 1 · 5+ 10 · 0.6 · 0.5 · 1 · 5)/0.45 = 1083(kg)

Thus, in order to neutralize iron ions in the surface runoff of a railway bed on
an area of 1 ha, it is necessary to use about 1 ton of concrete battle. In practical
application, it should be borne in mind that the presence of other heavy metal ions
will reduce the activity of concrete breakdown, and the presence of other pollutants,
such as oil products, will not affect the activity of concrete breakdown.
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4 Findings

1. Geoecoprotective properties of some technogenic silicates were discovered
and investigated. Concrete fights are capable of neutralizing heavy metal ions,
chlorite-containing rubble has antiseptic properties.

2. The discovered and investigated properties of technogenic silicates determine
the possibility of their use in geoecoprotective structures.

3. It is proposed to use concrete and chlorite-containing crushed stone in the con-
struction or reconstruction of a railway embankment, which at the same time
acquires geoecoprotective functions.

4. Formulas for calculating the required mass of mineral technogenic silicates, for
giving geoecoprotective properties to structures, and calculation results are pro-
posed.
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Abstract Every year, 15–17 million tons mineral wastes are generated in Russia
including permafrost regions. A large amount of these wastes contain minerals such
as silicates and sulfates. Different industries leading to geosystem pollution by heavy
metals, including lead, cadmium, copper, zinc, manganese, and iron compounds.
Such pollution must be prevented. The purpose of the work was to study geoeco-
protective properties of mineral wastes of silicate and sulfate nature and how they
can be used to create geoecoprotective technologies against heavy metal ions pol-
lution in permafrost regions. The silicate and sulfate mineral wastes were selected
as objects of study in the form of phosphogypsum, foamed gypsum, calcium sul-
fate anhydrous, hemihydrate gypsum and calcium sulfate dihydrate, asbestos- and
chlorite-containing crushed stone, and talc. A potentiometric method for determi-
nation of concentrations in solutions was used to define the absorptive capacity
of mineral wastes against heavy metal ions. The detected absorptive capacities of
aforementioned mineral wastes for such heavy metals as cadmium, copper, lead, and
barium are presented in the article. The dependences of the absorptive capacity of
the mineral waste on the initial concentration of heavy metal ions, on the interaction
time with the solution and on the fraction size are also given in the article. The exper-
imental results showed that the selected mineral wastes can be used in technological
solutions for soil cleanup and surface runoff purification from heavy metal ions.
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1 Introduction

According to the European Association for the Demolition of Buildings, about 2.5
billion tons of construction waste is generated annually on the planet as a result of
human activity. Construction wastes resulting from natural and man-made disasters
not included in this amount. Every year, 15–17 million tons mineral wastes are
generated in Russia including permafrost regions. A large amount of these wastes
contain minerals such as silicates and sulfates [1–4]. There are now also underway
for the construction and reconstruction activities in the transport sector in permafrost
regions. Also currently works on construction and reconstruction of the transport
sector in permafrost regions. The construction and operation of facilities located in
permafrost regions lead to the pollution of lithosphere by heavy metals, including
lead, cadmium, copper, zinc, manganese, and iron compounds.

Heavy metal ions of (HMI) are supertoxicants the XXI century [5, 6]. Therefore,
the development of technological solutions for the lithosphere protection from their
negative impact is an urgent task of geoecology [7–11]. The authors propose to
develop technological solutions for soil and surface waters protection from HMI
pollution using mineral wastes. These mineral wastes can absorb and neutralize
pollutants due to the formation of low-solubility compounds. For the application of
such technological solutions, it is necessary [12–16]:

• To research and evaluate the mineral waste ability to neutralize heavy metal ions;
• To develop technological solutions for soil and surface water protection in per-
mafrost regions from heavy metal ions through the use of mineral wastes.

2 Materials and Methods

The silicate and sulfatemineral wasteswere selected as objects of study in the form of
phosphogypsum, foamed gypsum, calcium sulfate anhydrous, gypsum hemihydrate
and dihydrate, asbestos- and chlorite-containing crushed stone, and talc [17, 18].
They were chosen because a large amount of waste with a similar composition is
formed in various industries.

Capacity was calculated by the use of this formula:

a = ((Ci − Cr )V )/m (1)

where

a absorptive capacity, mg g−1;
Ci initial concentration of heavy metal ions in model solution, mg l−1;
Cr residual concentration of heavy metal ions in model solution, mg l−1;
V solution volume, l;
M mineral waste mass, g.
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Apotentiometricmethod for determination of concentration of heavymetal ions in
solutionswas used to define the absorptive capacity ofmineral wastes. Determination
of the concentration in the solution before and after interaction with the mineral
wastes was performed on an electronic analyzer «Expert- 001» and ion-selective
electrodes [Cd (II), Cu (II), Pb (II), Ba (II)].

3 Research Results

Table 1 demonstrates the results of experiments to determine the dependence of the
static capacity of sulfate-containing mineral wastes on the initial concentration of
the solution for phosphogypsum as an example.

According to the data obtained, a concentration of 10−4 mol l−1 has been chosen
to determine the static capacity. The residual concentration under the chosen con-
ditions was 2.195 mg l−1 for phosphogypsum, 2.935 mg l−1 for foamed gypsum,
4.783 mg l−1 for calcium sulfate anhydrous, 1.195 mg l−1 for gypsum hemihydrate,
and 6.207 mg l−1 for gypsum dihydrate. The purification rate was 52–91%.

Tables 2, 3, 4, 5 and 6 present the results of experiments to determine the depen-
dence of the static capacity of sulfate-containing mineral wastes on the contact time
with the solution.

Table 1 Dependence of the static capacity of phosphogypsum on the initial concentration of a
solution containing cadmium ions

Mass (g) Solution
concentration
Cd(NO3)2
(mol l−1)

Initial
concentration
(mg l−1)

Residual
concentration
(mg l−1)

Capacity (mg g−1)

1 10−6 0.042 0.011 0.003

1 10−5 1.620 1.367 0.025

1 10−4 12.786 2.195 1.059

1 10−3 162.817 57.102 10.570

1 10−2 1537.309 663.379 87.393

Table 2 Dependence of the static capacity of phosphogypsum on the contact time with the
Cd(NO3)2 solution

Contact time (h) Initial concentration
(mg l−1)

Residual concentration
(mg l−1)

Capacity (mg g−1)

0.25 12.786 2.195 1.059

2 12.786 2.170 1.062

6 12.786 2.573 1.021

24 12.786 2.322 1.046
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Table 3 Dependenceof the static capacity of foamedgypsumon the contact timewith theCd(NO3)2
solution

Contact time (h) Initial concentration
(mg l−1)

Residual concentration
(mg l−1)

Capacity (mg g−1)

0.25 12.786 2.935 0.985

2 12.786 2.661 1.062

6 12.786 2.573 1.013

24 12.786 2.651 1.014

Table 4 Dependence of the static capacity of calcium sulfate anhydrous on the contact time with
the Cd(NO3)2 solution

Contact time (h) Initial concentration
(mg l−1)

Residual concentration
(mg l−1)

Capacity (mg g−1)

0.25 12.786 4.783 0.800

2 12.786 3.332 0.945

6 12.786 3.011 0.978

24 12.786 2.339 1.045

Table 5 Dependence of the static capacity of gypsum hemihydrate on the contact time with the
Cd(NO3)2 solution

Contact time (h) Initial concentration
(mg l−1)

Residual concentration
(mg l−1)

Capacity (mg g−1)

0.25 12.786 1.935 1.085

2 12.786 1.324 1.146

6 12.786 0.678 1.211

24 12.786 0.513 1.227

Table 6 Dependence of the static capacity of gypsum dihydrate on the contact time with the
Cd(NO3)2 solution

Contact time (h) Initial concentration
(mg l−1)

Residual concentration
(mg l−1)

Capacity (mg g−1)

0.25 12.786 6.207 0.658

2 12.786 4.850 0.794

6 12.786 4.423 0.836

24 12.786 4.137 0.865
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Table 7 Static capacity of sulfate-containing construction and industrial mineral wastes

Mineral wastes Static capacity (mg g−1)

Cd2+ Cu2+ Pb2+ Ba2+

Phosphogypsum 1.06 1.28 1.51 1.29

Foamed gypsum 0.99 1.21 0.85 1.33

Calcium sulfate anhydrous 0.80 1.09 1.17 1.30

Gypsum hemihydrate 1.26 1.34 1.52 1.31

Gypsum dihydrate 0.66 0.88 0.86 1.33

The data fromTables 2, 3, 4, 5 and 6 illustrate that for every contact time the differ-
ence in residual concentrations is 0.4 mg l−1 for phosphogypsum and 0.36 mg l−1 for
foamed gypsum. Therefore, the increase of contact time more 15 min is impractical.

Additional studies have carried out for such heavy metal ions as copper, lead, and
barium for selected conditions. Table 7 demonstrates the results.

Tables 8, 9 and 10 present the results of experiments to determine the dependence
of the static capacity of magnesium silicate-containing mineral waste on the initial
concentration of the solution.

Table 8 Dependence of the static capacity of chlorite-containing crushed stone on the initial con-
centration of the cadmium ions solution

Mass (g) Solution
concentration
Cd(NO3)2
(mol l−1)

Initial
concentration
(mg l−1)

Residual
concentration
(mg l−1)

Capacity (mg g−1)

1 10−6 0.042 0.000 0.004

1 10−5 1.620 0.097 0.152

1 10−4 12.786 1.335 1.145

1 10−3 162.817 142.396 2.042

1 10−2 1537.309 1431.389 10.592

Table 9 Dependence of the static capacity of asbestos-containing crushed stone on the initial
concentration of the cadmium ions solution

Mass (g) Cd(NO3)2
solution
concentration
(mol l−1)

Initial
concentration
(mg l−1)

Residual
concentration
(mg l−1)

Capacity (mg g−1)

1 10−6 0.042 0.000 0.004

1 10−5 1.620 0.072 0.155

1 10−4 12.786 1.488 1.130

1 10−3 162.817 142.066 2.075

1 10−2 1537.309 1408.498 12.931
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Table 10 Dependence of the static capacity of talc on the initial concentration of the cadmium ions
solution

Mass (g) Cd(NO3)2
solution
concentration
(mol l−1)

Initial
concentration
(mg l−1)

Residual
concentration
(mg l−1)

Capacity (mg g−1)

1 10−6 0.042 0.000 0.004

1 10−5 1.620 0.043 0.158

1 10−4 12.786 0.528 1.226

1 10−3 162.817 137.848 2.497

1 10−2 1537.309 1424.811 11.250

Table 11 Dependence of the static capacity of chlorite-containing crushed stone on the contact
time with the Cd(NO3)2 solution

Contact time (h) Initial concentration
(mg l−1)

Residual concentration
(mg l−1)

Capacity (mg g−1)

0.25 12.786 1.335 1.145

2 12.786 0.499 1.229

6 12.786 0.196 1.259

24 12.786 0.008 1.278

According to the received data a concentration of 10−4 mol l−1 was chosen to
determine the static capacity. At the same time, the residual concentration for selected
conditions was 1.335 mg l−1 for chlorite-containing crushed stone, 1.488 mg l−1 for
asbestos-containing crushed stone, and 0.528 mg l−1 for talc. The purification rate
was 88–96%.

Tables 11, 12 and 13 demonstrate the results of experiments to determine the
dependence of the static capacity of magnesium silicate-containing mineral wastes
on the contact time with the solution.

The results showed that the increase of contact time increases of the purification
rate. This means that the tested materials have «reserve» of the absorptive capacity.

Table 12 Dependence of the static capacity of asbestos-containing crushed stone on the contact
time with the Cd(NO3)2 solution

Contact time (h) Initial concentration
(mg l−1)

Residual concentration
(mg l−1)

Capacity (mg g−1)

0.25 12.786 1.488 1.130

2 12.786 0.253 1.253

6 12.786 0.080 1.271

24 12.786 0.000 1.279
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Table 13 Dependence of the static capacity of talc on the contact time with the Cd(NO3)2 solution

Contact time (h) Initial concentration
(mg l−1)

Residual concentration
(mg l−1)

Capacity (mg g−1)

0.25 12.786 0.528 1.226

2 12.786 0.406 1.238

6 12.786 0.672 1.211

24 12.786 0.568 1.222

Table 14 Static capacity of mineral wastes

Mineral wastes Static capacity (mg g−1)

Cd2+ Cu2+ Pb2+ Ba2+

Asbestos-containing crushed stone 1.13 1.30 1.46 0.47

Chlorite-containing crushed stone 1.15 1.11 1.26 0.47

Talc 1.23 1.33 1.51 0.50

However, taking into account received data from other mineral wastes the contact
time for chlorite-containing and asbestos-containing crushed stone was taken 0.25 h.

The data from Table 13 shows that for every contact time the difference in the
residual concentrations is 0.27 mg l−1. Therefore, it is not necessary to increase the
contact time more than 15 min. Additional studies were carried out for such heavy
metal ions as copper, lead, and barium in the same conditions. Table 14 presents the
analysis results.

The authors suggest using of the construction and industrial mineral wastes as an
additional drainage fills in areas polluted by heavy metal in permafrost regions. It
will be geoecoprotective screens for the highways construction and repair.

One of the most frequently used ways to reinforcement of ramps from subgrade
deformation erosion is mechanized grass cultivation. It is possible to build the geoe-
coprotective screen for this operation at the same time strengthening the ramps using
mechanisms for grass cultivation. Experimental testing of some investigated mineral
wastes in a model experiment was carried out on a test site in the zone of highway
and railway. Tests showed the possibility of the use them to create geoecoprotective
screen in permafrost regions (Table 15).

The use of construction and industrialmineralwaste as a drainagematerial directly
in the drainage trays of highways is considered. Such a solution will help to prevent
soil contamination by surface wastewater containing HMI during the construction of
transport networks. Preventive protection of soil and groundwater during the surface
runoff treatment can be achieved through the use of construction and industrial min-
eral waste as a filtering material [19–21]. The experimental operation of stormwater
runoff purification from lead ions and oil products was carried out using a combined
filter cartridge on the gas station territory. The upper part of the combined filter car-
tridge on one-third the height was filled by phosphogypsum. He was placed instead
of a part of the non-woven fabric. The concentration of lead ions in the purified
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Table 15 Results of soil cleanup through the use of mineral wastes

Materials pH Initial
concentration of
lead ions (mg l−1)

Residual
concentration of
lead ions (mg l−1)

Purification rate
(%)

Sand clay 6.3 235.875 43.441 81.58

Sand clay +
phosphogypsum

7.1 235.875 0.760 99.68

Sand clay +
foamed gypsum

7.20 235.875 0.075 99.97

Sand clay +
chlorite-containing
crushed stone

7.2 235.875 0.012 99.99

Sand loam 5.2 235.875 155.674 34.00

Sand loam +
phosphogypsum

6.9 235.875 0.413 99.82

Sand loam +
foamed gypsum

7.2 235.875 0.438 99.81

Sand loam +
chlorite-containing
crushed stone

7.1 235.875 0.060 99.97

Bog peat 5.0 235.875 152.375 35.40

Bog peat +
phosphogypsum

5.5 235.875 10.216 95.67

Bog peat + foamed
gypsum

5.9 235.875 10.821 95.41

Bog peat +
chlorite-containing
crushed stone

6.4 235.875 0.584 99.75

surface runoff has decreased by ten times (from 0.1 to 0.01 mg l−1) during the entire
test period. The purification level has reached the admissible concentration limit.

4 Conclusions

1. The dependences of the absorption capacity of calcium sulfate and hydrosilicate
systems on the initial concentration of the solution containing heavy metal ions
on the contact time with the solution and on the fraction size were determined.

2. The absorption capacity of sulfate-containing calcium mineral wastes was deter-
mined. It corresponds to the values in the intervals: 0.66–1.26 mg g−1 for cad-
mium ions; 0.88–1.34 mg g−1 for copper ions; 0.85–1.52 mg g−1 for lead ions;
1.29–1.33 mg g−1 for barium ions.
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3. The absorptive capacity of silicate-containing magnesium mineral wastes was
determined, which corresponds to values: 1.26–1.52 mg g−1 for lead ions and
0.47–0.88 mg g−1 for barium ions.

4. Construction and industrial mineral wastes that are wastes of hazard class IV
spontaneously interact with heavy metals ions of hazard classes I and II. They
bind and neutralize them. In the resulting compounds with a low solubility are
produced in the form of salts and hydroxides of heavy metals of hazard class IV.

5. Technological solutionswere proposed to protect the lithosphere during transport
construction using construction and industrial mineral waste. These solutions
include steps:

• The creation of geoecoprotective screen for highways and railways construc-
tion for the preventive protection of roadside land from HMI;

• Preventive protection of soils and groundwater by using of the surface runoff
purification from the HMI in the drainage tray during the transport highway
construction, and in the gas station during the highway reconstruction.

6. Aforecited technological solutions can be applied in permafrost regions under
positive temperatures conditions.
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High-Strength Concrete with Improved
Deformation Characteristics for Road
Surfaces

Valentina Solovieva, Irina Stepanova and Dmitriy Soloviev

Abstract The research area is construction in cold regions. The paper demonstrates
that highly effective chemical activation of the cement-containing composite system
with the use of a new generation of nanostructural additive ensures the creation
of high-strength concretes having improved strength and deformation characteristics
which aremost effective for road surfaces. The recommended nanostructural additive
has an increased effect of triple action: reaction, catalytic and plasticizing effects. The
application of the proposed additive increases the hydration activity of the hardening
system having chemical and thermal energy effects on it. The heat impact is due to
the use of heat released as a result of enhanced hydration processes. This contributes
to the creation of high-strength concrete with a new level of physical and mechanical
properties.

Keywords High-strength concrete · Hydration activity · Nanostructural additive ·
Strength · Crack resistance · Frost resistance · Durability · Deformation
characteristics · Density

1 Introduction

It is necessary to use concrete with increased strength and reduced abrasion for road
surfaces because of the heavier traffic. In addition, in cold regions, the base of the
road surface, as a rule, is presented in the form of frozen soils which thaw unevenly
in summer. This fact must be taken into account and, as a consequence, one should
use concrete with increased crack resistance for such objects [1–8].

Concretes having high compressive strength are brittle materials and to increase
the crack resistance of the stone they are reinforced by armature of different nature
[9–12].
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The use of metal reinforcement is not very favorable in cold regions since the
metal is subjected to corrosion quite intensively at low temperatures. Other types of
reinforcement, for example, basalt one, require special engineering solutions for its
use which are currently at an early stage of development [13, 14].

In permafrost regions, it is effective to perform micro-reinforcement of high-
strength concrete by producing sparingly soluble complex hydrate compounds. Their
structure is in the form of elongated prisms or fibers, as well as feltedmasses.Mainly,
low-basic hydrosilicates which are presented, for example, by gyrolite (1), okenite
(2), nekoite (3), have such structures. These hydrate compounds have a high hardness
which varies from 4 to 5 points on the Mohs scale.

2CaO · 3SiO2 · 2H2O (1)

3CaO · 6SiO2 · 6H2O (2)

3CaO · 6SiO2 · 8H2O (3)

This should give a special hardness to the road surface and reduce its abrasion
[15, 16].

The formation of this kind of hydrate compounds is possible in the presence of an
increased number of reactive SiO2 dispersions in the hardening system, but, in this
case, it is preferable to provide a temperature of 80–85 °C into the hardening system.
This becomes possible when forming a sufficiently dense structure which at the same
time should have an increased reactivity to ensure the release of an increased amount
of heat in the process of hydration reactions. It should be fully accumulated inside
the hardening system [17–21].

2 Results and Discussion

Studies have shown that the use of complex chemical additives, which are based
on polycarboxylate polymers combined with high-molecular compounds that form
long and branched polymer chains modified by nanostructural elements, SiO2 nH2O,
provide the formation of high-strength concrete.

It is experimentally established that the rational amount of the complex additive
is 1.0 m. % by mass of cement.

Research results (Table 1) showed that the concrete of normal hardening, regard-
less of compressive strength class, is characterized by an increased strength gain at
an early age, i.e., up to 7 days from the time of its manufacture. At the age of 7 days,
the strength value is 85–90% of its design value. It should be noted that the rate of
the gain in tensile strength in bending increases to a greater extent only to the design
age when there is a formation of the structure of the produced hydrate compounds
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and, as a consequence, there is a greater degree of increased crack resistance of the
material.

Analysis of the data presented in Table 1 shows that the crack resistance of the
material, determined by the crack resistance coefficient (4), changes as follows: it
exceeds the crack resistance of the control composition by 11% at the age of 7 days,
and the crack resistance increases by 18% at the age of 28 days.

Ccr. = Rb.t.

Rcom
. (4)

According to the data of physical and chemical studies, carried out by means
of x-ray phase and differential thermal methods of analysis, it is established that
at the age of 28 days, in addition to hydrosilicates, like CSH(I), low-basic hydrate
compounds, such as nekoite (4), are found as the main products of hydration, the
d-spacing for nekoite being (d/n = (9.25; 3.36; 2.82) 10−10 m). Crystals of nekoite
are presented by elongated fibers which have a positive effect on raising the tensile
strength in bending and, as a result, they increase the crack resistance of concrete.
Besides, the complex composition of hydrosilicate, such as afwillite 3CaO 2SiO2

3H2O (d/n = (6.46; 5.74; 4.73; 3.19; 2.84) 10−10 m), are found. It is characterized
by high hardness which corresponds to 4 points on the Mohs scale. This contributes
to an increase in the hardness of the material.

The formation of these complex hydrate compounds is confirmed by the data of
differential thermal studies.

The formation of nekoite is proved by the presence of an endothermic effect at a
temperature of 720 °C.

The presence of afwillite supports a broad endothermic effect in the temperature
range 385–395 °C, as well as a small exothermic effect at a temperature of 315 °C.

The conducted complex physical and mechanical studies demonstrated that the
concrete with the developed complex nanostructural additive is characterized by a
complex of improved physical and mechanical characteristics. The results of this
research are given in Table 2.

Frost resistance of concrete, regardless of its design class, is increased by more
than 30%; water absorption of concrete is reduced by 33–37%, thus increasing the
density of the forming structure of concrete and, as much as possible, preserving the
heat, released during hydration reactions, inside the hardening concrete. This results
in further increasing the hydration activity of the hardening system ensuring a raise
in the level of concrete properties.

The physical and mechanical characteristics presented in Table 2 prove that the
concrete with the developed nanostructural additive is characterized by increased
reliability and durability.
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3 Conclusions

It is effective for cold regions to use a complex chemical additive which is based on
polycarboxylate and modified by nanostructural elements.

The chemical additive ensures the formation of a particularly dense concrete.
This contributes to the preservation of heat inside the hardening system which is
effectively used later to increase the rate of hydration processes occurring during the
formation of artificial stone.

The formation of complex hydrate compounds characterized by fibrous or needle-
like structure gives a set of such positive properties like high compressive strength,
tensile strength in bending, crack resistance and increased frost resistance to hardened
activated concrete.
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Geoecoprotective Screens for Road
Construction and Operation in Cold
Regions

Maria Shershneva , Antonina Sakharova and Ivan Kozlov

Abstract The intensive development of highways leads to the natural system pol-
lution by hazardous substances such as heavy metals and oil products. At the same
time, wastes are accumulated and stored in the metallurgical industry, which has a
negative impact on environment. The purpose of the work is to study the applicability
of the metallurgy waste for transport construction to minimize the negative impact
of polluted roads on the environment in cold regions. The task of the work is using
of the metallurgical wastes properties in geoecoprotective technological solutions
in road construction and operation. Blast-furnace metallurgical slag was chosen as
the object of study. IR spectrometry, atomic absorption photometry, and PQ analysis
methods were used to study the properties of this slag. The article presents data on
the degree of road pollution and on geoecoprotective capacity of blast-furnace metal-
lurgical slag against heavy metal ions. The authors have proposed the technological
solutions for using of blast-furnace metallurgical slag in transport construction and
reconstruction, including the effective life calculation during their operation. There
are two geoecological problems being solved for cold regions: utilization of met-
allurgical wastes and the use these wastes for soil cleanup and treatment of runoff
containing heavy metal ions.

Keywords Geoecoprotective screens · Road construction · Blast-Furnace
metallurgical slag · Highways · Heavy metal ions · Local treatment plants

1 Introduction

Surface runoff is the most susceptible to pollution during the construction and oper-
ation of roads. It is formed by rain and snow melting. Surface runoff contamination
in cold regions depends on many factors, which can be grouped into the following
groups: climatic conditions, sanitary state of the drainage area and ground-level air,
and hydrogeological regularities of surface runoff movement over the land topog-
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Table 1 Pollutants concentrations in the surface runoff

Road category Runoff type Pollutants concentration (mg l−1)

Iron ions Lead ions Oil products

I Rainfall runoff 0.90 0.28 24

Snowmelt runoff 0.93 0.30 26

II Rainfall runoff 0.78 0.22 19.2

Snowmelt runoff 0.80 0.24 20.8

III Rainfall runoff 0.56 0.16 14.4

Snowmelt runoff 0.60 0.18 15.6

IV Rainfall runoff 0.43 0.11 9.6

Snowmelt runoff 0.45 0.12 10.4

V Rainfall runoff 0.30 0.08 7.2

Snowmelt runoff 0.33 0.09 7.8

raphy and in the catchment area [1–4]. The main pollutants of surface runoff from
highways are dissolved oil products and heavymetal ions (HMI) [5–8]. Table 1 shows
data on the pollution degree of surface runoff depending on the road category.

Many measures are performed for reducing pollutants concentrations in surface
runoff. The main ones are as follows: the organization of regular mechanized site
cleanup, timely repair of roads pavement, the fencing of landscaping zones by bor-
ders, etc. In cases, when stormwater treatment is necessary, the entire wastewater
volume should be directed to local treatment plants. The efficiency of local treat-
ment plants can be increased by applying cheap and effective materials for pollutants
neutralization.

Polluted runoff from roads is collected in roadside trays, ditches and closed sewers,
located in the lower roads sections. There are several methods of surface runoff
diversion from road:

• runoff spontaneously flows from road surface and is discharged from the shoulders
along slopes, side channels for drainage systems, or cuvettes;

• runoff flows from road pavement into special trays for water collection. A rein-
forced drainage ditch is a place for surface water collection and an intermediate
point before the treatment plants or land topography;

• runoff is collected in open types of trays located along the curbs on opposite sides
of the road in order to subsequently get into the drainage ditch;

• urban runoff flows into the municipal surface sewage collection system.
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2 Objects and Research Methods

The object of the research was selected granulated blast-furnace slag, which is waste
of metallurgical production in Russia including cold regions. About a ton of slag
is formed for each ton of metal when smelting iron and steel. Rapid cooling (gran-
ulation) contributes to the detection of glass in the slag, the content of which is
up to 80% by mass or more. The gelenite, monticellite, spinel and other silicates,
aluminates, and aluminum silicates of Ca and Mg are in the crystalline component
[9, 10]. The authors consider the blast-furnace granulated slag of the Cherepovet’s
Metallurgical Combine. This slag has an amorphous structure. It contains C2S and a
small amount of iron and manganese compounds. Table 2 presents the approximate
chemical composition of the slag.

Atomic absorption method was used for investigation of the sorption charac-
teristics of blast-furnace slag against heavy metal ions. The control over the water
treatment degree fromheavymetal ionswas carried out on an atomic absorption spec-
trometer (AAS) of the Perkin–Elmer company (USA), model PE-305. It is designed
for concentration determination through the monochromatic light absorption by ele-
ment steam. The wavelength of the light corresponds to the center of the absorption
line. AAS PE-305 allows determining more than 30 elements in the analytical labo-
ratories conditions for solving ecology, agrochemistry, biology, medicine, geology,
metallurgy, chemistry problems, and scientific research.

Laboratory infrared Fourier spectrometer (FSM) was used for investigation of
the sorption characteristics of slag against oil products. It is intended for recording
and studying optical spectra in the infrared (IR) region, as well as for environmental
control, forensic, and other types of examinations.

PQ method was used for quality assessment of the proposed technological solu-
tions. The PQmethod allows evaluating not only the geological aspects of technolog-
ical solutions, but also the economic and operational aspects, which are summarized
then. The results of this method are the higher the index value, the higher the quality
of the proposed technological solution.

The capacity (mg g-1) is the main value characterizing the geoecoprotective prop-
erties of slag to absorb heavy metal ions. It shows the mass of pollutants (mg)
absorbed by one gram of slag [11–14].

Capacity was determined against various HMI and was calculated by the for-
mula 1:

a = (Ci − Cr )V

m
(1)

Table 2 Chemical composition of the slag, mass%

Oxides content (mass%)

SiO2 Al2O3 Fe2O3 CaO MnO MgO

41.92 6.6 0.33 44.8 0.9 2.38
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where

a capacity, mg g−1;
Ci, Cr initial and residual concentrations of HMI in specimen, mg l−1;
V specimen volume, l; and
M slag mass, g

The treatment degree corresponded to the level of maximum allowable concen-
tration (MAC) (for fishery water) for each metal. The capacity was determined under
dynamic conditions: the treatment was carried out by filtration through the slag layer.

3 Research Results

First of all, researches conducted on the choice of the optimal grain size of the slag
and the filtration rate of polluted water. Table 3 presents the results.

According to the experiment results on determination of dynamic capacity of the
slag, a filtration rate of 6 m h−1 and 0.315–0.63 mm fraction size was chosen. For
such conditions, the dynamic capacity of the slag was determined against various
HMI (Table 4).

The dynamic capacity of slag was determined for each metal in the presence of
the other two for investigation of slag ability to sorb the several heavy metal ions
simultaneously. Table 5 demonstrates the research results.

The data from Table 4 confirm that selective sorption is not observed for any
selected metals during simultaneous presence of all metal ions in the solution. The
capacity for each metal has significantly decreased.

Table 3 Data on the choice of slag grain size and filtration rate

Grain size, mm Filtered solution volume before breakthrough at the MAC (l)

Filtration rate (m h−1)

1 3 6 9

0.114–0.315 23 22 22 –

0.315–0.630 23 22 22 21

0.630–1.25 10 6 5 5

1.25–2.5 8 5 4 3

2.5–5.0 5 3 3 2

Table 4 Dynamic capacity of the slag (mg g−1)

HMI

Mn2+ Fe3+ Ni2+ Pb2+ Cd2+ Cr3+

0.65 0.9 0.5 0.75 0.85 1.10
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Table 5 Absorption research results

Sorbent Dynamic capacity for each metal in the presence of two other
(mg g−1)

Mn2+ Fe3+ Cr3+

Slag 0.23 0.44 0.52

Table 6 Study results of exchangeable ions in the filtrate

Sorbent Concentration of exchangeable metal ions (mg l−1)

Background content HMI filtration

Ca2+ K+ Na+ Ca2+ K+ Na+

Slag 2 2 0.5 9.8 2.0 0.5

There studies were conducted on identification of exchangeable ions in the filtrate
to explain the sorption mechanism. It was found that during water passes through
the slag, calcium ions are washed out to water (Table 6).

The strength of formed bonds between the sorbent and HMI can be determined by
«washing out» the ions into the aquatic medium from its surface. For this purpose,
the slag was previously saturated by iron ions. Then analysis of slag aqueous extract
was carried out (Table 7).

The research results shown in Table 6 exclude the possibility of HMI elution from
sorbent surface.

Study of the sorption process in the simultaneous presence of water pollutants of
various nature (organic and inorganic) is important for practical purposes. Studies
on determination of sorbents sorption capacity have been conducted during simulta-
neous presence of HMI and dissolved oil products in water, as previous experiments
have shown that the tested sorbents do not have selectivity for HMI sorption. There
for model solution contained ions only one metal (manganese ions) with a concen-
tration of 10MAC and dissolved oil products with a concentration of about 2 mg l−1.
The breakthrough was taken as the concentration of HMI and dissolved oil products
at a level which corresponds to the MAC. The research results showed that sorbents
capacity for manganese during the presence of dissolved oil products in model solu-
tion is not decreased. These results indicate that HMI sorption does not depend on
presence of organic pollutants in water. The research results allow proposing tech-
nological solutions for the use of blast-furnace metallurgical slag during highway
construction and reconstruction in cold regions [15–19]:

Table 7 Analysis results of aqueous extract

Waste name Fe (III) concentration in the aqueous
extract (mg l−1)

Ca (II) concentration in the aqueous
extract (mg l−1)

Slag – 0.5–0.8
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• firstly, granulated blast-furnace slag can be part of earth roadbed. In this case,
HMI entering through surface runoff from road pavement will be neutralized in
the earth roadbed;

• secondly, blast-furnace granulated slag can be used in gabion construction, which
is applied in road construction for slope reinforcement or in treatment facilities.

The calculation of granulated slag effective life in the earth roadbed or gabion
constructions was made on 5 km of category I road for conditional pollution by HMI
with 10 MAC concentration.

Average width of this category road is up to 22.5 m, taking into account shoulder
width (3.75 m), which is also subject of HMI pollution. The total pollution area of
5 km of the road is calculated by the formula (2):

Sp = l · m, (2)

where

Sp pollution area, m2;
L road segment length, m;
M road segment width, m; and

Sp = 5000 · 30 = 150, 000m2

The average annual rainfall for theNorth-West region is 500mmper year. The pre-
cipitation volume, discharged on average per year from the surface of road segment,
can be calculated by the formula (3):

V = Sp · 0.5, (3)

where

Sp pollution area, m2;
0.5 average annual rainfall, m/year

V = 150, 000 · 0.5 = 75, 000m3/year

It was chosen the MAC for lead (0.001 mg l−1) for effective life calculation. Lead
ions concentration in runoff was taken 0.28 mg l−1 (0.28 g m−3) from Table 1.

The total mass of pollutants discharged from the estimated road segment per year
is calculated by the formula (4):

m = V · 0.28, (4)

where m—the lead ions mass in runoff from the estimated road segment, g/year.
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m = 75, 000 · 0.28 = 21, 000 g/year

Rains with an intensity of 7–12 l s−1 per 1 ha for 20 min almost completely flush
all pollutants from catchment surface. Also, taking into account the snow removal
during the winter period, the mass of lead ions entering gabion constructions can be
up to 10% of the calculated (2100 g/year).

The lead mass that can be neutralized by blast-furnace metallurgical slag is cal-
culated by the formula (5):

mPb2+ = a · mIII, (5)

where

mPb2+ lead ions mass, g;
a slag capacity, g kg−1; and
mx slag mass, kg

The weight of the used slag per 5 km will be 45,000 kg with 900 kg m−3 average
density using up to 1 m3 of blast-furnace metallurgical slag for every 100 m of road
segment. The slag capacity for lead is 0.75 g kg−1 (Table 4).

mPb2+ = 45, 000 · 0.75 = 33, 750Γ

Geoecoprotective material effective life can be calculated by the formula (6):

T = mPb2+

m
, (6)

where T—geoecoprotective material effective life, years

T = 33, 750

2100
= 16 years.

The following factors should be taken into account when calculating the effective
life:

• first, the slag volume can be significantly increased (up to 10–20m3 for every 100m
of the road). This can significantly increase geoecoprotective material effective
life;

• second, the presence of other HMI will be reducing slag capacity (Table 5), which
can decrease material effective life;

• third, the presence of suspended solids and film oil products in the surface runoff
will be reducing the slag filtering capacity.

Therefore, the real effective life can only be determined on the results of moni-
toring the HMI concentrations in the surface runoff from specific road segment.

PQ method was used [20–24] to compare the proposed technological solutions
for the application of granulated blast-furnace slag for surface runoff treatment from
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Table 8 PQ index calculation results

Technological solutions PQ indexes

Surface runoff purification in local sewage treatment plants 0.58

Surface runoff treatment using the slag in gabion constructions of road 0.73

Surface runoff treatment using slag in the composition of the earth roadbed 0.88

highways. The assessment was carried out on such aspects as geoecoprotective, tech-
nological, and operational. Technological solutions were compared with the applied
technology for surface runoff purification in local sewage treatment plants. Table 8
presents the results.

A higher PQ index for the technological solution with the use of slag in the
composition of earth roadbed is explained by the simplicity of this solution in the
implementation. The low PQ index for the technological solution with the use of
local sewage treatment plants is explained by the high cost of 1 m3 surface runoff
purification.

4 Conclusions

1. The use of granulated blast-furnace slag having geoecoprotective properties
against heavy metal ions for highways construction in cold regions is proposed.
It will allow simultaneously solving the problems of slag utilization and surface
runoff treatment from highway.

2. Studies have shown that calcium ions are washed out from slag into the filtrate
during HMI absorption. There is no leaching of absorbed metals into an aqueous
solution from a saturated slag. There is no selectivity against various HMI, and
there is no impact of organic pollutants on the slag capacity.

3. Granulated blast-furnace slag can be used for surface runoff treatment from the
highway as part of the earth roadbed or in gabion constructions.

4. The approximate effective life of the blast-furnace granulated slag can be cal-
culated using the formulas proposed in the article. The real effective life can
be determined by monitoring the surface runoff composition near roads in cold
regions.

5. The quality assessment of the proposed technological solutions using the PQ
method has shown the advantage of using granulated blast-furnace slag as part
of the earth roadbed.
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Abstract Today, the evaluation of the proposed geoecoprotective technologies,
including the transport facilities construction at low temperatures conditions, is
imperative and timely. The purpose of the work is quality evaluation of geoeco-
protective technological solutions in construction and operation of traffic arteries.
The task of the work is to study the possibility of the use of the property quality
method (PQ) for geoecoprotective technological solution evaluation. The objects
of research are technological solutions which can reduce heavy metal ions concen-
tration in geosystems. PQ method was used as evaluation method. The calculation
results of the geoecoprotective technologies efficiency, using geosynthetic materials,
gabions, andmineral geoantidotes have been presented.Mineral geoantidotes (MGa)
are substances that can detoxify heavymetal ions. The geomembrane for waterproof-
ing of railroad body and MGa in the form of crushed silicate brick were used in the
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as a drainage material. The authors of the article give the values of PQ indexes for
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1 Introduction

Currently, a problem’s list of the evaluation of anthropogenic impact on the environ-
ment is formed. Among these problems, we can identify the insufficiently effective
economic mechanism of nature management, including the innovative technologies
evaluation to reduce the negative impact on the environment. In 2015, the inter-
state standardGOST 33570-2015 «Resources saving.Waste treatment. Identification
methodology. International experience» was published. This standard introduces the
concept of «best available technologies», which means «innovative technological
solutions to reduce the negative anthropogenic impact on the environment». The
best available technologies have a fixed time for practical application, including
economic, technical, environmental, and social factors. The standard contains the
basic principles of economic feasibility evaluation from implementation of the best
available technologies. However, the problem of economic assessment, environmen-
tal and social efficiency of the best available technologies continues to be relevant
[1–4].

One of the most widely accepted methods of ecoprotective measure evaluation
[2, 5, 6] is the calculation of prevented environmental damage. This method allows
in monetary terms to assess the environment damage. But it does not allow choosing
a specific technology with the same damage but with different application costs.

Scientists of the Engineering Chemistry and Natural Sciences Department of
Emperor Alexander I St. Petersburg State Transport University developed innovative
technological solutions for environmental protection from various nature pollutants
[7–10]. They proposed the property quality method (PQ) for their evaluation.

2 Methods and Objects of Research

The PQ method allows evaluating not only the environmental aspects of the tech-
nology but also the technological and operational aspects of the technology. The
obtained values are summed after the aspect evaluation, which is performed using
certain mathematical operations [11–16]. This approach allows making a compre-
hensive evaluation of technological solutions. The higher is the index value in the
PQ method, the higher is the technology quality.

When we use the PQ method, we can choose the best available technologies with
the same environmental effect as the objects of research. When calculating the PQ
index, we can independently choose the aspects by which the best technologies are
evaluated. Technological, operational, economic, environmental, and social can be
attributed to such aspects taking into account the aboveGOST. The significance of all
aspects may be equally or one of the aspects may be assigned more or less important
regarding other aspects. The significance of each aspect is determined by the region’s
economic and environmental conditions for which the calculation is performed.
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It is possible to choose properties by which the best technologies will be evaluated
for each aspect. The cost of implementing and operating the best technology should
be taken into account in the economic aspect. In the environmental aspect, it is
necessary to take into account the danger of environmental pollution and the achieved
ecoprotective effect. The properties of technological and operational aspects take
into account the possibility of the use of this technology in a particular region, the
need for additional equipment, etc. The social aspect is estimated by demographic
factors: population growth and morbidity. The significance of the aspects properties
may differ on the relevance of the economic, social, and environmental problems of
the region.

Evaluation of technological solutions by the PQ method is carried out according
to the following algorithm:

Step 1. The choice of research objects (the best available technologies).
Step 2. The choice of aspects (economic aspect, environmental aspect, technological
aspect, operational aspect, social aspect).
Step 3. The choice of the aspect properties describing the object.
Step 4. Determination of the intervals of property values (I right·i; I left·i).
Step 5. Entering of a quality degradation coefficient (QDC) for each interval.
Step 6. The calculation of the interval valuation coefficient.

Cd =
∑

QDCi ∗ (
Iright·i + Ileft ·i

)
(1)

Step 7. The calculation of the valuation coefficient for each interval.

Cid = QDCi − Cd (2)

Step 8. The calculation of the PQ index on the interval limits.

PQright = PQleft − (
Iright·i + Ileft ·i

) ∗ Cid (3)

Step 9. Graphing of quality degradation.

Execution of the algorithm allows you to obtain PQ value, which corresponds to
specific property in the considered aspect. After calculation, the dimensionless PQ
index from 0 to 1will be obtained. The highest value of the PQ indexwill characterize
the best technology in certain aspects and their properties for the considered region
including cold regions.

TheEngineeringChemistry andNatural SciencesDepartment ofEmperorAlexan-
der I St. Petersburg State Transport University has created three new technological
solutions for environmental protection [17–19]:

1. The use of geomembrane for waterproofing of railroad body and such mineral
geoantidote (MGa) as crushed silicate brick. MGa has the ability to absorb heavy
metal ions (HMI).

2. The use of gabion construction partially filled by such MGa as clinker.
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3. The use of drainage tray, where MGa (autoclaved foam concrete waste) is used
as a drainage material.

These technological solutions have become the objects of research for their eval-
uation using PQ method.

The standard method of prevented environmental damage calculation does not
allow considering simultaneously various aspects (geoecological, technological,
operational, etc.) from the technological solution implementation. The PQ method
allows making a comparative evaluation.

When using the PQ method, each new technological solution was compared with
the known technology currently used in railway transport. The following aspectswere
chosen: geoecological, technological, and operational. The specific value (SV1) of
the environmental aspect was taken as 50%, SV2 and SV2 of the other two aspects
were taken as 25%.

The following properties were chosen for geoecological aspect:

– the HMI presence in the surface runoff of the railway track (SV1.1 of this property
is 25%);

– the presence of film and dissolved oil products in the surface runoff of the railway
track (SV1.2 of this property is 25%);

– possibility of waste utilization (SV1.3 of this property is 25%);
– possibility of release of the useful lands occupied for waste placement (SV1.4 of
this property is 25%).

The following properties were chosen for technological aspect:

– compliance of used materials with physicomechanical requirements (SV2.1 of this
property is 33%);

– filtering capacity of materials (SV2.2 of this property is 33%);
– the need for additional operations (SV2.3 of this property is 34%).

The following properties were chosen for operational aspect:

– the materials effective life (SV3.1 of this property is 33%);
– the materials availability (SV3.2 of this property is 33%);
– the materials cost (SV3.3 of this property is 34%).

After the PQn
j ·k index calculation, data were obtained (Table 1) for the first tech-

nological solution (the use of geomembrane and crushed silicate bricks).
The next step of the calculation is to determine the PQn

j index on various objects
and properties using the next formula:

PQn
j =

∑
SV j ·k ∗ PQn

j ·k (4)
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Table 1 PQn
j ·k index of technological solution «The use of geomembrane and crushed silicate

bricks» for all aspects

Aspect Property PQn
j ·k index (designation)

The use of
geomembrane and
crushed silicate bricks

The use of
geomembrane

Geoecological The HMI presence in
the surface runoff of the
railway track

0.8
(PQ1

1,1)

0
(PQ2

1,1)

The presence of film
and dissolved oil
products in the surface
runoff of the railway
track

0.25
(PQ1

1,2)

0
(PQ2

1,2)

Possibility of waste
utilization

1
(PQ1

1,3)

0
(PQ2

1,3)

Possibility of release of
the useful lands
occupied under waste
placement

1
(PQ1

1,4)

0
(PQ2

1,4)

Technological Compliance of used
materials with
physicomechanical
requirements

1
(PQ1

2,1)

1
(PQ2

2,1)

Filtering capacity of
materials

1
(PQ1

2,2)

1
(PQ2

2,2)

The need for additional
operations

0.665
(PQ1

2,3)

1
(PQ2

2,3)

Operational The materials effective
life

1
(PQ1

3,1)

1
(PQ2

3,1)

The materials
availability

0.35
(PQ1

3,2)

0.9
(PQ2

3,2)

The materials cost 0.5
(PQ1

3,3)

0.21
(PQ2

3,3)

1. We have been obtained the following property values for the geoecological aspect
(j = 1):

– the use of geomembrane and crushed silicate bricks (PQ1
1)

PQ1
1 = 0.25 · 0.8 + 0.25 · 0.25 + 0.25 · 1 + 0.25 · 1 = 0.7625

– The use of geomembrane (PQ2
1)

PQ2
1 = 0.25 · 0 + 0.25 · 0 + 0.25 · 0 + 0.25 · 0 = 0
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2. We have been obtained the following property values for the technological aspect
(j = 2):

– the use of geomembrane and crushed silicate bricks (PQ1
2)

PQ1
2 = 0.33 · 1 + 0.33 · 1 + 0.34 · 0.665 = 0.8861

– the use of geomembrane (PQ2
2)

PQ2
2 = 0.33 · 1 + 0.33 · 1 + 0.34 · 1 = 1

3. We have been obtained the following property values for the operational aspect
(j = 3):

– the use of geomembrane and crushed silicate bricks (PQ1
3)

PQ1
3 = 0.33 · 1 + 0.33 · 0.35 + 0.34 · 0.5 = 0.6155

– the use of geomembrane (PQ2
3)

PQ2
3 = 0.33 · 1 + 0.33 · 0.9 + 0.34 · 0.21 = 0.6984

Similar calculations were made for two other technological solutions.
Table 2 presents data obtained for the second technological solution (the use of

clinker in the gabion construction) after the PQnj•k index calculation.

1. We have been obtained the following property values for the geoecological aspect
(j = 1):

– the use of clinker in the gabion construction (PQ3
1)

PQ3
1 = 0.25 · 0.8 + 0.25 · 1 + 0.25 · 0 + 0.25 · 0 = 0.45

– the use of gabion construction (PQ4
1)

PQ4
1 = 0.25 · 0 + 0.25 · 0 + 0.25 · 0 + 0.25 · 0 = 0

2. We have been obtained the following property values for the technological aspect
(j = 2):

– the use of clinker in the gabion construction (PQ3
2)

PQ3
2 = 0.33 · 1 + 0.33 · 1 + 0.34 · 0.665 = 0.8861

– the use of gabion construction (PQ4
2)

PQ4
2 = 0.33 · 1 + 0.33 · 1 + 0.34 · 1 = 1
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Table 2 PQn
j•k index of technological solution «The use of clinker in the gabion construction» for

all aspects

Aspect Property PQn
j•k index (designation)

The use of clinker in
the gabion construction

The use of gabion
construction

Geoecological The HMI presence in
the surface runoff of the
railway track

0.8
(PQ3

1,1)

0
(PQ4

1,1)

The presence of film
and dissolved oil
products in the surface
runoff of the railway
track

1
(PQ3

1,2)

0
(PQ4

1,2)

Possibility of waste
utilization

0
(PQ3

1,3)

0
(PQ4

1,3)

Possibility of release of
the useful lands
occupied under waste
placement

0
(PQ3

1,4)

0
(PQ4

1,4)

Technological Compliance of used
materials with
physicomechanical
requirements

1
(PQ3

2,1)

1
(PQ4

2,1)

Filtering capacity of
materials

1
(PQ3

2,2)

1
(PQ4

2,2)

The need for additional
operations

0.665
(PQ3

2,3)

1
(PQ4

2,3)

Operational The materials effective
life

1
(PQ3

3,1)

1
(PQ4

3,1)

The materials
availability

0.5
(PQ3

3,2)

0.9
(PQ4

3,2)

The materials cost 0
(PQ3

3,3)

0.95
(PQ4

3,3)

3. We have been obtained the following property values for the operational aspect
(j = 3):

– the use of clinker in the gabion construction (PQ3
3)

PQ3
3 = 0.33 · 1 + 0.33 · 0.5 + 0.34 · 0 = 0.495

– the use of gabion construction (PQ4
3)

PQ4
3 = 0.33 · 1 + 0.33 · 0.9 + 0.34 · 0.95 = 0.95
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Table 3 illustrates data for the third technological solution (the use of autoclaved
foam concrete waste in drainage tray) after the PQn

j ·k index calculation.

1. We have been obtained the following property values for the geoecological aspect
(j = 1):

– the use of autoclaved foam concrete waste in drainage tray (PQ5
1)

PQ5
1 = 0.25 · 0.95 + 0.25 · 0.25 + 0.25 · 1 + 0.25 · 1 = 0.8

– the use of drainage tray (PQ6
1)

Table 3 PQn
j•k index of technological solution «The use of autoclaved foam concrete waste in

drainage tray» for all aspects

Aspect Property PQn
j•k index (designation)

The use of autoclaved
foam concrete waste in
drainage tray

The use of drainage tray

Geoecological The HMI presence in
the surface runoff of the
railway track

0.95
(PQ5

1,1)

0
(PQ6

1,1)

The presence of film
and dissolved oil
products in the surface
runoff of the railway
track

0.25
(PQ5

1,2)

0
(PQ6

1,2)

Possibility of waste
utilization

1
(PQ5

1,3)

0
(PQ6

1,3)

Possibility of release of
the useful lands
occupied under waste
placement

1
(PQ5

1,4)

0
(PQ6

1,4)

Technological Compliance of used
materials with
physicomechanical
requirements

1
(PQ5

2,1)

1
(PQ6

2,1)

Filtering capacity of
materials

1
(PQ5

2,2)

1
(PQ6

2,2)

The need for additional
operations

1
(PQ5

2,3)

1
(PQ6

2,3)

Operational The materials effective
life

1
(PQ5

3,1)

1
(PQ6

3,1)

The materials
availability

0.15
(PQ5

3,2)

0.9
(PQ6

3,2)

The materials cost 0.93
(PQ5

3,3)

0.21
(PQ6

3,3)
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PQ6
1 = 0.25 · 0 + 0.25 · 0 + 0.25 · 0 + 0.25 · 0 = 0

2. We have been obtained the following property values for the technological aspect
(j = 2):

– the use of autoclaved foam concrete waste in drainage tray (PQ5
2)

PQ5
2 = 0.33 · 1 + 0.33 · 1 + 0.34 · 1 = 1

– the use of drainage tray (PQ6
2)

PQ6
2 = 0.33 · 1 + 0.33 · 1 + 0.34 · 1 = 1

3. We have been obtained the following property values for the operational aspect
(j = 3):

– the use of autoclaved foam concrete waste in drainage tray (PQ5
3)

PQ5
3 = 0.33 · 1 + 0.33 · 0.15 + 0.34 · 0.93 = 0.6957

– the use of drainage tray (PQ6
3)

PQ6
3 = 0.33 · 1 + 0.33 · 0.9 + 0.34 · 0.21 = 0.6984

Next step, the PQn index was calculated for each technology using formula
(5):

PQn =
∑

SVn ∗ PQn
j (5)

1. PQn index of technological solution «The use of geomembrane and crushed
silicate bricks»:

PQ1 = 0.5 · 0.7625 + 0.25 · 0.8861 + 0.25 · 0.6155 = 0.7567

2. PQn index of technological solution «The use of geomembrane»:

PQ2 = 0.5 · 0 + 0.25 · 1 + 0.25 · 0.6984 = 0.4246

3. PQn index of technological solution «The use of clinker in the gabion structure»:

PQ3 = 0.5 · 0.45 + 0.25 · 0.8861 + 0.25 · 0.495 = 0.5703

4. PQn index of technological solution «The use of gabion structure»:

PQ4 = 0.5 · 0 + 0.25 · 1 + 0.25 · 0.95 = 0.4875
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Table 4 Results of the PQ
index calculation

Objects of research PQ index

The use of geomembrane and crushed silicate
bricks

0.7567

The use of geomembrane 0.4246

The use of clinker in the gabion structure 0.5703

The use of gabion construction 0.4875

The use of autoclaved foam concrete waste in
drainage tray

0.8239

The use of drainage tray 0.4246

5. PQn index of technological solution «The use of autoclaved foam concrete waste
in drainage tray»:

PQ5 = 0.5 · 0.8 + 0.25 · 1 + 0.25 · 0.6957 = 0.8239

6. PQn index of technological solution «The use of drainage tray»:

PQ6 = 0.5 · 0 + 0.25 · 1 + 0.25 · 0.6984 = 0.4246

Table 4 presents the results of PQ index calculation.

3 Conclusions

1. Using the PQ method to evaluate geoecoprotective technology solutions allows
you combining different evaluation aspects and choosing the best for a specific
region including cold regions.

2. The PQ method allows for uniform rating scale to evaluate the quality of these
various properties such as the material cost, decontamination, material availabil-
ity, and physicomechanical characteristics.

3. Evaluation of the proposed technological solutions by PQ method taking into
account geoecological, technological, and operational aspects showed the advan-
tage of these technological solutions. The use of these technologieswillminimize
the negative environmental impact of railway facilities.
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A High-Performance Repair Mixture
to Restore and Protect Damaged
Concrete Structures

Valentina Solovieva, Irina Stepanova, Dmitriy Soloviev and Anna Kasatkina

Abstract In cold regions, one of the major problems is frozen soils, which period-
ically thaw unevenly, which negatively affects the stability and integrity of concrete
structures. The research area is the construction in cold regions. It is shown in the
paper that modified repair solutions based on a modified repair mixture have a dou-
ble effect: penetration effect and protective one. The penetration effect of the mortar
mix ensures an increase in compressive strength by two classes, water resistance by
two grades and frost resistance by 100 cycles to the loosen concrete base. Repair
compositions used as a protective material have high crack resistance, and they are
corrosion-resistant materials relative to carbon dioxide and magnesia corrosion. At
the same time, they are characterized by high adhesive strength to the concrete base,
creating the integrity of the restored base and protective repair composition. The
modified repair mix possesses highly effective protective properties in relation to the
concrete basis, due to high indicators of durability, crack resistance and corrosion
resistance.

Keywords Repair mixture · Strength · Crack resistance · Integrity · Penetration
effect · Protection · Water resistance · Modification · Activation · Corrosion
resistance · Adhesive strength

1 Introduction

One of the problems of our time is the restoration of physical and mechanical prop-
erties of concrete structures loosened and damaged under the influence of external
loads, the negative impact of the environment and their long-term operation.
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To solve the above problem, it requires the creation of a high-performance repair
compound having double effects: restoring and protective ones. The developed mix-
ture should have the ability to penetrate deep into the concrete base, having a positive
effect on the restoration of its properties. And having improved quality indicators and
increased adhesive strength, it would effectively protect the restored or reinforced
base in the future [1–10].

The double effects of the repair mixture can be achieved by modifying it with
additives of a certain nature which would have the ability to penetrate into the pores
of the concrete base, and at the same time it would have the ability to produce an
activation effect on the hydration processes of the mixture and base components
[11–20].

The repairmixture of double effects requires high-performance chemical additives
of a new generation, and so this scientific study is devoted to their creation.

2 Methods and Objects of Research

The basis for the creation of mortar mixes with a penetration effect of action is the
idea about the possible intrinsic mobility of fine particles.

The penetration of fine particles from the mortar mix into the concrete base is
based on the concept of transport mechanisms of ions or nanoparticles (size from 1
to 100 nm).

For example, nanoparticles of SiO2·nH2O, which are the basis of silica sol, have a
developed surface and, as a consequence, high surface energy which enhances their
ability to high mobility.

Due to high mobility, the nanoparticles are able to penetrate into the pores of the
concrete base, carrying particles of the appropriate size, for example, new hydrate
compounds formed from the mortar mix.

According to Samoilov O. Ya., cations of large radii also have increased mobility,
but at the same time they have a small hydrate shell. The mobility of cations and
their ability to penetrate as deep as possible into the concrete base are enhanced in
the following sequence (1):

Li(I ) → Na(I ) → K(I ) → Rb(I ) → Cs (I ) (1)

This fact was established experimentally and is consistent with the data of other
scientists.

The penetration of hydrate compounds into the pores of the base and the formation
of new hydrate compounds in the concrete base as a result of the involvement of
unreacted cement minerals in the hydration processes result from the effective action
of reactive additives.

The effectiveness of the protective effect of the modified solution is due to the
physical andmechanical characteristics of the hardeningmortar mix and the concrete
base. The more hydrate compounds are produced in the protective coating, as well
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as the more hydrate compounds are formed again in the concrete base, the more
durable the contact is between the solution and the base, since at the time of their
formation hydrate compounds have uncompensated bonds which are realized during
the contact between the newly formed hydrate compounds of the protective solution
and the concrete base.

To implement these theoretical assumptions, a high-performance complex chem-
ical additive including the components of this effect is required.

It is effective to use polycarboxylate polymers as the basis of a complex additive
[9, 10]. They are surfactants that have a positive effect on increasing the mobility of
the components of the repair mix. In addition, as reactive components, it is advisable
to consider the following:

– salts on the basis of the potassium cation having high mobility, such as potassium
nitrite KNO2. They are able to increase the reactivity of the minerals of Portland
cement without causing the corrosion of reinforcement.

– high mobility and reaction nanoparticles, for example, SiO2·nH2O, which are the
basis of the colloidal solution of silicic acid. The addition of SiO2·nH2O disper-
sions in a cement-containing system is useful because nanoparticles of SiO2·nH2O
have high mobility and high reaction activity. They are able to come into chemi-
cal interaction with various compounds of calcium, forming additional sparingly
soluble complex hydrated compounds of calcium. This contributes to the improve-
ment of the strength, density, crack resistance and corrosion resistance of the repair
composition and the concrete base.

The evaluation of the effectiveness of the modified repair mixture was carried
out by changing the compressive strength, tensile strength in bending and crack
resistance of the repair material.

A comprehensive evaluation of the modified mortar mix effects was made by the
change of the compressive strength, water resistance and frost resistance of the actual
repair material and the concrete base.

For this purpose, cube samples of 10× 10× 10 cm in size, made of concrete B25
and B30, were used as the most widely employed specimens in construction.

3 Results and Discussion

At the first stage of this study, the effectiveness of the developed complex chemical
additive to change the strength of the repair mortar mix was assessed. The results of
the research are presented in Table 1.

Analysis of the data given in Table 1 shows that the use of the complex chemical
additive is most effective in an amount equal to 1.0% of the cement mass. In this case,
the compressive strength of the hardened repair material is increased by 34–36% and
the tensile strength in bending rises to a greater extent, by 43–45%. This increases
the crack resistance of the repair material to 8.0%.
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Table 1 Evaluation of the effectiveness of the developed complex chemical additive

№ Cement
consumption per
1 m3 of mortar
mix (kg)

Consumption of
the complex
additive, % by
cement mass

Strength (MPa %) Cc.r. = Rb.t.
Rcom.

(at

the age of 28 days)Compressive
strength

Tensile
strength
in
bending

Age, days Age,
days

7 28 7 28

1 2 3 4 5 6 7 8

1 300 – 17.5 26.0 2.0 3.0 0.115

2 0.8 23.6 34.5 2.6 4.2 0.122

3 1.0 23.8 348 2.7 4.3 0.124

4 1.2 23.7 34.6 2.6 4.2 0.121

5 350 – 22.0 32.7 2.6 3.9 0.119

6 0.8 30.0 43.9 3.5 5.5 0.125

7 1.0 30.2 44.1 3.6 5.6 0.126

8 1.2 30.1 44.0 3.5 5.5 0.125

One of the objectives of this study is to restore the physical and mechanical
properties of damaged or loosened concrete structures.

The ability of the repair mixture to restore the concrete base is achieved not only
by the reactivity of the components, but also by their ability to penetrate as deeply
as possible into the concrete base.

The simultaneous presence of both surfactants on the basis of polycarboxylate
and the modifier represented by potassium nitrite, KNO2, with the sol of silicic acid,
SiO2·nH2O, is favorable. This contributes to the obtainment of a high effect of the
penetration of particles into the concrete base, ensuring the formation of a maximum
homogeneous structure along the height of the concrete structure.

When treating a concrete base with the modified mortar mix, the pore space of
concrete is filled with fine particles that are part of the mortar mix. They are formed
during thehardeningof themortarmix andmovedeep into the concrete base, resulting
in an increase in the density of the pore structure of the concrete base.

According to microscopic studies conducted with the help of automatic image
analyzer “Video Test,” it was found that the average pore size of the base is reduced
by13%of the diameter equal to 0.2954mmto avalue of 0.2586mm.At the same time,
the pore surface of the sample is reduced by 31% of the pore space area percentage,
S = 8.395% to a value of S = 5.86%.

As a result of the compaction of the base structure, the compressive strength
parameters are improved. For concrete class B25 and B30, the strength is increased
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by two classes: from class B25 to class B35 and from class B30 to class B40. The
durability indicators such as water resistance and frost resistance give rise as well.

It is experimentally proved that the frost resistance is increased by 100 cycles,
and the water resistance is increased by two grades.

In addition, the corrosion resistance of the modified repair solution was inves-
tigated relative to carbon dioxide and magnesia corrosion. 5% solution of sodium
carbonate, Na2CO3, and 5% solution of magnesium chloride, MgCl2, were used to
assess corrosion resistance. The corrosion resistance of the repair solution modi-
fied by the complex additive consisting of potassium nitrite, KNO2, silicic acid sol,
SiO2·nH2O, and a surfactant represented by polycarboxylate polymers increases by
more than 15% relative to the control composition.

It was established that the coefficient of the chemical resistance of the modified
repair mortar has the value Cch.r≈ 0.87. Hence, the modified repair solution belongs
to the category of chemically stable materials.

To assess the integrity of the composition, concrete base—repair material, the
value of adhesive strength is used. It was experimentally determined that the adhesive
strength to the surface of the concrete base varies in the range from 1.1 to 1.7 MPa
depending on the strength of the concrete base. This is sufficient to ensure the integrity
of the composition.

4 Conclusions

It was found that the repair mixture modified by the complex additive which is
based on a surfactant on a polycarboxylate basis in combination with an electrolyte
represented by potassium nitrite, KNO2, and silica sol, SiO2·nH2O, has an increased
penetration effect which has a positive effect on an increase of as follows:

• compressive strength;
• adhesion strength;
• water resistance;
• frost resistance;
• corrosion resistance;
• ensuring the restoration of the specified quality parameters of loosened or damaged
concrete base to the design value or above.

It was shown that the modified repair mixture has high-performance protective
properties in relation to the concrete base, due to high indicators of strength, crack
resistance and corrosion resistance.
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Multifunctional Nanomodified Concrete
of New Generation

Valentina Solovieva, Irina Stepanova, Dmitriy Soloviev
and Tatyana Kravchenko

Abstract The research area is construction in cold regions. It is shown in the paper
that in order to create multifunctional concrete with a new level of physical and
mechanical properties it is advisable to use two complex chemical additives on a
polycarboxylate basis of a different nature simultaneously. They are modified by
nanostructural elements of natural and synthetic origin. These chemical additives
have the plasticization and reaction effects on cement-containing concrete mix, and
they ensure the formation of new organicmineral chains, micro-reinforcing the struc-
ture of concrete from the moment of its manufacture to full hardening. The result of
the combined effect of two complex chemical additives is the creation of the densest
and themost durable concrete characterized by increased crack resistance, frost resis-
tance and water resistance. It can be recommended for the manufacture of essential
structures and for high-rise construction, including construction on problem soils in
the regions of permafrost.

Keywords Chemical additive · High-strength concrete · Deformation
characteristics · Crack resistance · Frost resistance · Durability · Improvement of
physical and mechanical characteristics

1 Introduction

One of the directions ofmodern construction is high-rise construction, including con-
struction in permafrost regions which are particularly unfavorable regions because
of uneven thawing of soils in summer.

During the construction of high-rise buildings and structures, it is necessary to
take into account two main factors:
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• The reduction of the structure weight to exert less pressure on the foundation of the
structure. This can be achieved by the manufacture of concrete structures having
reduced thickness through the use of high-strength concrete.

• The improvement of the deformation characteristics of concrete, such as tensile
strength in bending and crack resistance, to avoid cracking in exploited structures
even during uneven thawing of the soil [1–7, 19–21].

It is possible to create high-strength concrete with improved deformation charac-
teristics when using chemical additives which have the plasticization effect of action
and increased reactivity. At the same time, the additives used should have the micro-
reinforcing effect on the forming structure of concrete as a result of the production of
strong organic mineral chains and complex hydrate compounds of a certain structure
[8–12, 22, 23].

To create concrete which has high compressive strength, tensile strength in bend-
ing, crack resistance, density, water resistance and frost resistance simultaneously,
i.e., concrete having a new level of physical andmechanical properties, it is advisable
at the same time to use two high-performance chemical additives:

• Liquid nanostructural additive based on polycarboxylate;
• Dry complex nanostructural additive based on polycarboxylate [13–18].

This scientific research is devoted to the creation of such multifunctional concrete
of new generation.

2 Methods and Objects of Research

To create multifunctional concrete, that is particularly stable and effective for per-
mafrost regions, the main problem of which is soils of reduced reliability, it is recom-
mended to use two high-performance additives complementing each other in effect.

The basis of the used additives is polycarboxylate polymers of a different nature
with a different length of side chains, which should produce the hyperplasticization
effect together. Nanostructural elements of natural and synthetic origin are applied
as reaction components in dry and liquid additives which, in addition to increasing
the reactivity of the concrete mix components, are capable of forming new organic
mineral chains having the micro-reinforcing effect on the structure of hardening
concrete from the moment of its manufacture to the obtainment of the required
physical and mechanical parameters.

The basis of the liquid additive is polycarboxylate polymers of the third generation
which are represented by polypropylene polymers with copolymers of acrylic acid
and ethyl methacrylate which have branched comb chains with short branches in
each unit. Polycarboxylate polymers are modified by the synthesized nanostructural
element, SiO2 nH2O, which is an aqueous solution of silica sol with a density of
ρ = 1,014 g/cm3 and a pH value of pH = 3.5.

Silica sol is used to increase the reactivity of the components of concrete mix.
Besides, nanodispersions of SiO2 nH2O appear to be capable of interacting with
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hydrosilicates and calcium hydroxides formed during the primary hydration of
cement-containing concrete mix. This results in the formation of an additional num-
ber of new hydrate compounds, as well as the possible production of low-basic
hydrate compounds having afibrous structure. This has a positive effect on an increase
of the compressive strength, including a rise of the tensile strength in bending, thereby
enhancing the crack resistance of hardening concrete.

To enhance the plasticization effect of this additive action and to increase its
reactivity, the second dry complex additive is applied. It consists of a superplas-
ticizer based on polycarboxylate esters having a chain-like configuration of the
molecule which is characterized by increased mobility and, as a consequence, by
high adsorption capacity. Besides, the additive includes nanostructural elements of
natural origin in the form of nanodispersions which are represented by montmoril-
lonite (Al, Mg)2(OH)2[Si4O10] H2O; kaolinite Al2O3 2SiO2 2H2O; and illite K<1Al2
[(Al, Si)4O10] (OH)2 nH2O having the reaction effect on the components of the
hardening system and contributing to the formation of magnesium aluminosilicates
which produce a positive effect on an increase of the tensile strength in the bending
of the hardened stone.

The simultaneous presence of different nature polycarboxylates which have a dif-
ferent structure should enhance the plasticization effect of their action. An increased
number of nanostructural elements in the hardening system, which are characterized
by the developed surface and, as a result, by increased surface energy, have a double
effect on the forming artificial stone: First, they enhance the reactivity of the com-
ponents of the system; second, they compact the forming artificial stone, thereby
increasing the level of physical and mechanical properties of the material and its
durability.

The evaluation of the plasticization effect of each additive separately and in their
simultaneous presence was determined by the change of the water–cement ratio of
concrete mix having the same flowability and by the value of compressive strength.

The reactivity of the additives used was determined by changing the toughness
indexes at the age of 7 and 28 days of normal hardening. The compressive strength
and tensile strength in bending were determined at the design and intermediate age.
This allowed to estimate the crack resistance of the material. Then, it was compared
with the test results of the control sample and the ratio of tensile strength in bending
to compressive strength which are given in GOST 10180-2012, Appendix L.

The determination of the rational number of two complex additives is the basis
for the creation of multifunctional concrete recommended for high-rise construction,
including construction in permafrost regions. For this purpose, comprehensive phys-
ical and mechanical studies have been carried out and the durability indicators such
as frost resistance and water resistance have been determined.
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3 Results and Discussion

The rational amount of the liquid complex additive was established by the maximum
value of thematerial strengthwith themaximum reduction of thewater–cement ratio,
i.e., with the maximum manifestation of the plasticization effect of the said additive.
The results of the study are presented in Table 1.

Analysis of the data given in Table 1 shows that the rational amount of the liquid
complex additive is (1.0 ± 0.2)% by cement mass. The best results are obtained
by using 1.0% of this additive by cement mass. The use of the liquid complex
additive in the rational amount ensures a reduction in water consumption by more
than 20% to achieve the same flowability of concrete mix. This proves the high
plasticization effect of this additive, whereby the compressive strength increases by
32% at the design age, ensuring the production of B40 class concrete instead of the
given concrete B30.

Further research was devoted to the determination of the rational consumption
of the dry complex additive which was evaluated by the same way as in the case
of the liquid additive: by the maximum reduction of water–cement ratio with the
same flowability and by change in compressive strength. The results of the study are
presented in Table 2.

The data given in Table 2 demonstrate that the best results in an increase of the
flowability of concrete mix and a simultaneous increase of concrete strength occur
when using the dry complex additive in an amount of 0.5% of cement mass. In this
case, the effect of plasticization and gain in strength is several percents lower than
that when using the liquid complex additive.

Next study was dedicated to the evaluation of the combined effectiveness of two
complex additives. For this purpose, concrete B30P3 was used, and the compressive
strength, tensile strength in bending and crack resistance of high-strength concrete
were estimated. The results of the study are presented in Table 3.

The effect of the combined action of two complex additives proves the above-
stated assumptions of the plasticization effect increase when plasticizers with a dif-
ferent nature and a different structure are present together. A significant increase
in compressive strength and especially in tensile strength in bending appears to be
caused by not only the production of an increased number of hydrate compounds
having special composition which is characterized by fibrous or needlelike struc-
ture, but also the creation of a particularly dense structure of concrete, as well as
the formation of new organic mineral chains that micro-reinforce the structure of
concrete.

The complex physical and mechanical studies have shown that the combined use
of two complex additives in the rational amount has a positive effect on the durability
of concrete. This is confirmed by the results presented in Table 4.

Analysis of the data given in Table 4 shows that the combined use of two types
of the complex additives on polycarboxylate basis of a different nature ensures a
super cumulative effect which is expressed in reducing the water–cement ratio by
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33%; increasing the compressive strength by 72% and tensile strength in bending by
148%; and enhancing the crack resistance by 44%, frost resistance by 2 times and
water resistance by 33%.

4 Conclusions

For high-rise construction, including construction in cold regions, it is advisable at
the same time to use two complex chemical additives based on polycarboxylates of
a different nature which are also modified by nanostructural elements of synthetic
and natural origin.

The use of these additives contributes to the formation of new organic min-
eral chains which micro-reinforce the structure of the hardening concrete from the
moment of its manufacture, improving its deformation characteristics and increasing
the stability and crack resistance of concrete structures created on problem soils.

It is shown that the combined use of two complex additives of a different nature
has the plasticization and reaction effects, ensuring the creation of multifunctional
concrete with a new level of properties.
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Increasing the Level of Properties
of Composite Materials for Civil
Engineering Geoconstruction
with the Use of New Generation Additives

Valentina Solovieva, Irina Stepanova, Dmitriy Soloviev
and Nikolay Yorshikov

Abstract It is shown in the paper that the effective chemical activation of cement-
containing composite mixture with the help of a new generation of a complex nanos-
tructural additive ensures the creation of high-strength fine and heavy concretes with
improved strength and deformation characteristics. The use of the proposed complex
additive enormously increases the hydration activity of the hardening system, having
the chemical and thermal effects on it resulting from the rational use of heat released
in the process of hydration reactions and ensuring the creation of a composite building
material with a new level of physical and mechanical properties. During the exper-
iment it was found that the developed complex nanostructured additive has: highly
plasticizing effect; increases the compressive strength, but to a greater extent, the
tensile strength in bending (by 53–59)%, increases the crack resistance of the mate-
rial by (16–17)%;—increases by 2 times the frost resistance of concrete and its water
resistance by 50%. Nanomodified concrete with achieved physical and mechanical
parameters is recommended for the manufacture of responsible structures, including
cold regions, when using problem soils.

Keywords Composite mixture · Building material · High-performance concrete ·
Strength · Frost resistance ·Water resistance · Durability · Deformation
characteristics · Nanostructural additive · Hydration activity

1 Introduction

To create reliable and durable pavements, such as road or airfield pavements, as well
as the creation of high-performance structures, it is advisable to use high-strength
concretes which at the same time should have improved deformation characteristics
and increased durability estimated by the parameters of frost resistance and corrosion
resistance [1–6].

V. Solovieva · I. Stepanova (B) · D. Soloviev · N. Yorshikov
Emperor Alexander I St. Petersburg State Transport University (PGUPS), St. Petersburg 190031,
Russia
e-mail: ivstepanova88@mail.ru

© Springer Nature Singapore Pte Ltd. 2020
A. Petriaev and A. Konon (eds.), Transportation Soil Engineering in Cold Regions,
Volume 2, Lecture Notes in Civil Engineering 50,
https://doi.org/10.1007/978-981-15-0454-9_40

387

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0454-9_40&domain=pdf
mailto:ivstepanova88@mail.ru
https://doi.org/10.1007/978-981-15-0454-9_40


388 V. Solovieva et al.

Chemical activation with the help of effective chemical additives of a new gen-
eration should be one of the ways to create composite building materials with the
specified set of physical and mechanical parameters. These additives would be most
able to extract the internal energy reserve from Portland cement and other compo-
nents of the composite mixture, maximally involving them in hydration processes
and synthesis reactions [7–14].

For many decades, additives having the plasticization effect of action were mainly
used as chemical additives for the production of precast concrete, ready-mixed con-
crete and reinforced concrete, since most researchers in the field of concrete science
believed that, first of all, it is necessary to reduce the water–cement ratio for increas-
ing the strength; i.e., it was assumed that an effective additive for concrete should
basically have water-reducing properties [15–20].

Lignosulfonates (LSTs) have been applied as the first plasticizers.
In the middle of the twentieth century, the widespread use of more effective

plasticizers based on naphthalenesulfonates began. The most well-known chemical
additive among them is C-3 additive.

Recently, plasticizing additives on the polycarboxylate basis are considered and
applied as plasticizing additives of new generation. Additives of this type ensure a
significant reduction in water–cement ratio and, as a consequence, an increase in the
strength and density of concrete. This allows to reduce the consumption of cement,
as well as to decrease energy and labor costs.

The use of plasticizing additives ensures an increase in the density and compres-
sive strength of concrete, and there is a little increase in frost resistance and water
resistance of concrete.

It should be noted that the use of plasticizing additives does not imply the forma-
tion of new hydrate phases, which would have a positive effect on the deformation
properties of the hardened stone and its corrosion resistance.

To create a new concrete of improved quality, new generation additives are
required. They would not only have the plasticization effect, but would be also char-
acterized by the reactivity or catalytic effect, having a positive influence on hydration
processes. This contributes to the formation of new hydrated complex compounds,
giving new properties to produced concrete [21–24].

The creation of additives having a new quality is considered in this study.

2 Methods and Objects of Research

To obtain a new type of additive, modern surfactants represented by polycarboxylate
polymers were applied as a basis.

Nanostructural elements represented by nanodispersions of SiO2 nH2O and potas-
sium nitrite, KNO2, were used as modifiers.

Nanodispersions, due to the developed surface, have increased surface energy,
and as a result, they have high mobility and reactivity.
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Potassium nitrite also has high mobility and, as a consequence, has an increased
effect on the enhancement of reactivity of Portland cement minerals. The increased
activity of potassium nitrate is due to the high mobility of potassium cation, as a
result of the increased size of the cation radius and, as a consequence, the formation
of a very thin hydration shell.

Modifiers included in the chemical additive, due to their nature, should effectively
contribute to increasing the hydration activity of Portland cement which will result
in an increased number of new hydrate phases. At the moment of their formation,
hydrate phases are of a nanosize, and therefore, they should compact the structure
of the forming stone and fill its pores. At the same time, a large number of new and
strong contacts between the components of the hardening stone are formed, which
have a positive effect on the formation of improved quality parameters of hardened
concrete.

Modifiers that are part of the chemical additive enormously contribute to the for-
mation of a dense and durable structure of the artificial stone. Besides, nanodisper-
sions of SiO2 nH2O, due to their reactivity, will enter into chemical interaction with
Ca(OH)2 or with tobermorite-like hydrosilicates of CSH(I) type which are formed
at the first stage of hydration of Portland cement minerals. They contribute to the
formation of new phases which contain an increased amount of SiO2 and belong to
low-basic hydrosilicates having a fibrous or needle structure. This has the efficient
micro-reinforcing effect on the structure of the composite material, and thereby the
compressive strength increases. But the tensile strength in bending much more rises,
and consequently the crack resistance of the hardened artificial stone is enhanced
and its deformation characteristics are improved.

In the presence of the investigated complex chemical additive, the hardening
system is subjected to a double energy effect: chemical and thermal effects.

Taking into account the above considerations, the chemical additive has an
increased reactivity due towhich the hydration activity of the components of the hard-
ening system is significantly increased, resulting in a large amount of heat release.

One should also consider that in the presence of this additive a dense structure is
formed, contributing to the preservation of the released heat inside the forming stone.
This has the additional thermal energy effect on the hydration processes, increasing
the activity of cement minerals.

In the presence of the complex chemical additive, as a result of double energy
effect, the minerals of Portland cement will enter into the hydration processes at
an earlier age. They are characterized by reduced activity, for example bicalcium
silicate, 2CaO SiO2. Magnesium limestones consisting of calcium and magnesium
carbonate, CaCO3 MgCO3, should also have the effective hydration activity in the
presence of this additive. During the efficient hydration, they should form basic
calcium and magnesium carbonates, which have a positive effect on improving the
tensile strength in bending and increasing the corrosion resistance of the material.

The use of the investigated additive should have a positive effect on improving the
water resistance, frost resistance and corrosion resistance of concrete. This increases
the reliability and durability of concrete and, as a result, structures based on it.
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The effectiveness of the complex chemical additive was assessed by the change
of water–cement ratio of concrete mix having the same flowability, as well as by the
change of the compressive strength and tensile strength in bending, and by the change
in the density of concretewhichwas estimated by the amount ofwater absorption. For
nanomodified concrete, the grade of water resistance, the grade of frost resistance
and the coefficient of corrosion resistance were determined as the parameters of
durability.

3 Results and Discussion

The studied complex chemical additive was presented in the form of an aqueous
solution with a density of ρ = 1.037 g/cm3 and a pH value of pH = 5.5.

To assess the effectiveness of the additive, concrete B25 and concrete B30 were
used as the most common classes of concrete for construction. The results of the
studies are presented in Table 1.

The analysis of the data presented in Table 1 shows that the investigated complex
additive should be added in an amount of (1.0 ± 0.2)% by the mass of cement.
This helps to reduce water consumption by (22–23)% that is necessary to ensure a
given flowability. Therefore, this complex additive has the high plasticization effect.
At that time, the compressive strength grows by (32–34)%, and tensile strength in
bending rises to a greater extent, by (53–59)%, increasing the crack resistance of the
material by (16–17)%. As a result of increased hydration activity, the density of the
hardened concrete, estimated by the water absorption parameter which decreases by
(27–31)%, rises.

During the research, approximately (10–12)% of sand were replaced by magne-
sium limestone. The main effect of the action was observed in an additional increase
of the tensile strength in bending, by (5–7)%, and in the total increase of the material
crack resistance, by (19–23)%.

According to the results of the research, it was found that the frost resistance
of nanomodified concrete increases by 2 times and corresponds to F1600 grade,
and water resistance rises by 50% and attains W18 grade. Corrosion resistance of
concrete relative to carbon dioxide andmagnesia corrosion reaches high levels which
are estimated by the coefficient of corrosion resistance at the age of 1 year, Cc.r. =
0.90–0.92, that corresponds to corrosion-resistant concrete.

The developed nanomodified concrete with achieved physical and mechanical
properties can be recommended for the production of road and airfield pavements,
as well as for high-rise construction, including construction in cold regions, when
using problem soils.
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4 Conclusions

Studies conducted have shown that the developed complex chemical additive has the
following increased effects:

• A plasticization effect;
• A reaction effect.

It is shown that the developed complex chemical additive is efficient in the combi-
nation with magnesium limestone. That is why it is advisable to apply them together.

It is established that nanomodified concrete which contains magnesium lime-
stone instead of sand in its composition has a new level of physical and mechanical
properties and can be recommended for particularly essential structures, including
structures erected in the regions of permafrost.
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Geoecochemical Basis
of Geoecoprotective Technologies

Larisa Svatovskaya , Kseniia Mikhailova, Tatyana Supeliuk
and Ivan Drobyshev

Abstract The area of the research is geosphere protection from heavy metal ion
pollutions. Such types of pollution are typical for cold regions. Contaminants are
military waste of metallic nature and heavy metal ions because of that. The aim of
the work is the development of geoecochemical basis for new geoecoprotective tech-
nologies based on mineral geoantidotes (MGA) by calculating concentration values
and detoxifying pollutions in certain geoecochemical reactions. The methods of the
research were chemical, physical–chemical and mathematical ones. The concentra-
tions of heavy metal ions (HMI) in saturated solutions were calculated and compared
with the values of maximum permissible concentration (MPC) for HMI in the soils.
The range of MGA effectiveness in HMI detoxification by their nature has been
developed, and the formula of the effectiveness evaluation has been presented. The
classification of MGA as disperse systems was made, which made it possible to dis-
tinguish the features of geoecochemical reactions. Five types of disperse systems of
MGA have been identified, which provides four types of geoecochemical reactions:
lythoreactions, soling, stone formation reactions. These reactions are the basis of new
geoecoprotective technologies: lithosynthesis, soling and safing. These technologies
conserve detoxification products inside the stone functioning as a useful element in
construction.

Keywords Geoecochemical · Geoecoprotective · Classification · Technology

1 Introduction

The area of the research is geosphere protection from pollutions such as heavy
metal ions (HMI)—themost dangerous, super toxicants of the twentieth century. The
works [1–6] show that for geosphere protection, mineral geoantidotes (MGA) may
be used—the substances similar to natural minerals both by nature and by products,
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in spontaneous reactions
(
�G

◦
298 < 0

)
capable of detoxifying pollutions forming the

product with useful properties [7–12]. However, the effectiveness of the application
of MGA of different nature by detoxification taking into account MPC index was not
known, because the main MGA requirement is the formation of low-soluble product
with SP < 10−8. The aim of the research was to range the effectiveness of MGA
use depending on their nature and the pollution level, to classify MGAs by the type
of disperse system and to distinguish the features of geoecochemical reactions for
developing new geoecoprotective technologies based on them.

2 Methods

In the study, we used chemical, physical–chemical and mathematical methods. The
calculations are based on the reference data on solubility product (SP) of substances,
ion concentration in saturated solution and MPC values for soil HMI. We also made
a geoecochemical analysis of phosphate systems, carbonates and hydroxides of HMI
formed in detoxification.

3 Results and Discussion

Tables 1, 2, 3 present geoecochemical analysis of phosphates, hydroxides and car-
bonates as a result of HMI detoxification.

The information presented in Tables 1, 2 and 3 suggests at least two conclusions.
First, using the values of ion concentration in the saturated solution of low-soluble
substances of different nature it is possible to make the range of their effectiveness
(reliability)—the lower the ion concentration in the saturated solution is, the higher
the reliability of the detoxification is. Some HMI are given below:

Table 1 Geoecochemical analysis of phosphates

Free ion of
heavy metal,
HMI

Phosphates
of heavy
metals ions,
HMI

Solubility
product, SP

Concentration of metal
Me(II) ion in saturated
solution

MPC of soil
ions, g/kg

mol/l C, g/l(kg)

Pb(II) Pb3(PO4)2 7.94 × 10−43 1.49 × 10−10 3.08 × 10−8 20(32) ×
10−3

Cu(II) Cu3(PO4)2 1.26 × 10−37 1.63 × 10−8 1.03 × 10−6 3.0 × 10−3

Ni(II) Ni3(PO4)2 5.01 × 10−31 3.47 × 10−7 2.01 × 10−5 4.0 × 10−3

Zn(II) Zn3(PO4)2 9.12 × 10−33 1.53 × 10−7 ~1.0 × 10−5 23.0 × 10−3

Cd(II) Cd3(PO4)2 2.51 × 10−33 1.18 × 10−7 1.32 × 10−5 0.5 × 10−3

Fe(II) Fe3(PO4)2 1.29 × 10−22 1.14 × 10−11 0.63 × 10−9 0.1 × 10−3
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Table 2 Geoecochemical analysis of hydroxides

Ion Hydroxide SP of
hydroxides

HMI concentration in
saturated solution of
hydroxides

HMI con-
centration
in saturated
solution of
silicates, C,
g/l(kg)

MPC of soil
ions, g/kg

mol/l C, g/l (kg)

Cd(II) Cd(OH)2 3.98 ×
10−15

1 × 10−5 1.12 ×
10−3

<1.12 ×
10−3

0.5 × 10−3

Pb(II) Pb(OH)2 1.0 ×
10−20

1.36 ×
10−7

3.2 × 10−5 <3.2 ×
10−5

32 × 10−3

Ni(II) Ni(OH)2 6.3 ×
10−18

1.17 ×
10−6

6.9 × 10−5 <6.9 ×
10−5

4 × 10−3

Cu(II) Cu(OH)2 5.6 ×
10−20

3.8 × 10−7 2.4 × 10−5 <2.4 ×
10−5

3 × 10−3

Zn(II) Zn(OH)2 1.2 ×
10−17

3.8 × 10−6 2.5 × 10−4 <2.5 ×
10−4

23 × 10−3

Table 3 Geoecochemical analysis of carbonates

Ion Carbonate SP HMI concentration in
saturated solution

MPC of soil ions,
g/kg

mol/l C, g/l(kg)

Cd(II) CdCO3 5.25 × 10−9 2.29 × 10−6 0.2 × 10−3 0.5 × 10−3

Cu(II) CuCO3 2.34 × 10−10 1.37 × 10−5 0.87 × 10−3 3 × 10−3

Pb(II) PbCO3 7.4 × 10−14 2.7 × 10−7 0.5 × 10−4 32 × 10−3

Ni(II) NiCO3 1.35 × 10−7 4.03 × 10−4 2.37 × 10−2 4 × 10−3

Zn(II) ZnCO3 1.45 × 10−11 3.8 × 10−6 2.47 × 10−4 23 × 10−3

Cu(II);Pb(II);Cd(II);Ni(II);Zn(II)

The range of effectiveness in descending order is presented below:

phosphates → silicates∗ → hydroxides → carbonates

*the place of silicates is conditional because the SP values are not known, as a
rule; however, in the literature there is information that silicates are less soluble than
hydroxides.

Second, using the ratio of MPC value and HMI minimum concentration value in
saturated solution, it is possible to calculate, to a first approximation, MGA detox-
ification capability (Emga) as the ratio of MPC to HMI concentration in saturated
solution, C g/l (kg):
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E = MPC g/kg

C g/kg
(1)

For example, Cu(II) phosphates are capable of detoxification with 103 frequency
withwhichMPC is exceeded.Nearly, the same exceedance can be eliminated through
soling taking into account row 1 of Table 4.

Table 4 shows ranges of MGA detoxification capability to destroy pollutions
which can be eradicated with the help of MGA of certain nature.

Table 5 presents MGA classification by the name of disperse systems. The classi-
fication makes it possible to treat geoecochemical reactions with sediment formation
in a new way, taking into consideration the system in which they undergo (Table 6).

Table 6 presents the examples of four types of geoecochemical reactions in geosys-
tems using MGA.

It should be noted, that in lithoreactions, i.e. reactions in pores and capillaries, from
the consequence point of view, the sedimentation is the same as in other chemical
reactions—first of all, in lithosystem the substance with the lowest solubility, i.e.
minimum SP value, sediments.

The first type of MGA reactions is when lithoreactions undergo in the stone with
HMI in polluted solution transported from the geosphere. Then, according to disperse
systems classification in colloid chemistry, the stone is called composite material, the
first type of disperse system, and consists of solid disperse phase and solid disperse
medium. The binded HMI as sediment remain in the stone. The second type of MGA
is stone with cellular structure, solid foam, the second type of disperse system [13,
14]. Broken products of composite materials and solid foam are included in this
type of MGA. In detoxification using the first and second type of MGA, there is
a need for initial act of absorption (capillary suction) of the polluted solution into
MGA solid body, where lithoreactions undergo and detoxified products remain in
the stone. The third MGA type as disperse system is liquid sol solution, e.g. silica
sol. It is assumed to be possible to handle the polluted soil by watering. Detoxified
HMI remain in the soil as sediments, which are safe if ion concentration in saturated
solution, according to SP, is lower than ion MPC in the soil [15–20]. It should be
noted that the mechanism of formation of silicates of HMI of different levels of
condensation includes a number of stages [21–24] and needed to be clarified.

Table 4 Approximate evaluation of MGA effectiveness (order of magnitude)

MGA use resulting in formation of Detoxification capability by heavy metal ions
estimated by E value

HMI

Cu(II) Pb(II) Cd(II) Ni(II) Zn(II)

Phosphates (≈silicates) ~103 ~105 ~102 ~102 ~102

Hydroxides ~102 ~103 – ~102 ~10

Carbonates – ~102 – – ~102
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Table 7 Geoecochemical reactions as the basis for new geoecoprotective technologies

Geoecochemical reactions New geoecoprotective
technologies

Examples

Lithoreactions Lithosynthesisa Detoxification with concrete
foam of silicate nature

Soling Solingb

(silica, alumina, complex)
Soil strengthening

Stone formation (hydrate
formation in special
conditions according to M.M.
Sychov)

Safingc Hardening of phosphate or
geopolymer pastes

Reactions of hydratation
activity

Hydratation activityd Binder powder or clinker
mineral

aTechnologies are based on the artificial stone absorption. Artificial stone absorbs heavy metal ion
contenting solution and detoxicates them
bTechnologies are based on the use of silica sol in any way
cTechnologies are based on the safe creation with pollutions. Two ways can be use. First is that the
reactions of stone formation and heavy metal ions binding at the same time. The second way is lay
creation on the mineral base of any nature
dTechnologies are based on the use of powder with hydration activity

The fourth type ofMGA as disperse system provides chemical reaction of binding
HMI when the system is hardening with the formation of artificial stone. Then,
according to disperse systems classification in colloid chemistry, MGA is a paste
where the reactions of hardening into stone, based on complex formation (hydrate
formation), undergo. The paste becomesMGAbecause, firstly,HMIs sediment inside
the paste in stone formation and, secondly, the formed stone functions as a safe and
the products of HMI binding remain in the artificial stone, e.g. phosphate stone.

Table 7 presents new geoecoprotective technologies based on chemical calcu-
lations mentioned above. There are three technologies: lithosynthesis, soling and
safing. Their main advantage is that, having served as geoecoprotection, the system
continues to be a useful product, e.g., through structural properties.

4 Conclusions

1. HMI concentrations in saturated solutions of phosphates, carbonates and hydrox-
ides using SP value have been calculated. It is shown that the concentration is
lower, as a rule, than MPC in the soil. The range of MGA effectiveness in HMI
detoxification has been made depending on the nature of MGA. The formula of
MGA effectiveness evaluation has been presented.

2. The classification ofMGA as disperse systems—five types—has been presented.
The specificities of geoecochemical reactions, such as lithoreactions, soling,
stone formation and hydratation activity reaction, have been determined.
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3. Geoecochemical reactions are the basis of new geoecoprotective technologies:
lithosynthesis, soling, safing and hydratation activity. Their main advantages are
detoxifying properties and the fact that detoxified products remain in the stone
functioning as a useful product.
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Information Assessment of Natural
Geosystem Preservation
in Geoconstruction by Improving
the Quality of Concrete

Larisa Svatovskaya , Oleg Urov, Kseniia Mikhailova and Tatyana Supeliuk

Abstract The research area is natural geosystem preservation during the geocon-
struction operations. The problem is connected with the cold region because of low
temperature influence on the quality of the geoconstruction. The aim of the research
is: firstly, by improving concrete properties, to improve the quality of concrete arti-
cles in geoconstruction, their durability and, therefore, to reduce the consumption
of natural substances; secondly, to assess the achieved quality by introducing a new
summative assessment called quality index. Themethods of the research are physical-
mechanical and experimental ones for evaluation of the concrete properties, and rat-
ing method of quality assessment which has been developed and presented to testing.
The improvement of concrete properties was achieved by using sol adsorption tech-
nology. By using quality index, the quality assessment showed 37% increase. The
achieved results make it possible to reduce the consumption of natural sand and,
consequently, preserve natural geosystems in geoconstruction.

Keywords Assessment · Geosystem · Preservation · Improving · Quality

1 Introduction

Two issues are in the focus of attention of modern construction: material quality
improvement and preservation of the natural environment. Every year both in Russia
and in the whole world, the need for high-quality reinforced concrete slabs for road
and airfield surfaces is increasing. The method of absorbing silica sol by a slab
when hardening may become one of the ways of improving the quality of reinforced
concrete slabs [1–6]. This work is focused on this method and its application in
transport construction for improving the quality and, consequently, reducing the
consumption of natural raw materials.
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The aim of the research was to assess the quality of silica sol modified concrete.
It was necessary to accomplish the following tasks:

– to study the principal structural properties of the concrete developed by a modified
method of silica sol absorption;

– to develop the methodology of integrated assessment of modified articles quality
and to analyze the index of concrete quality from the geosystem preservation point
of view;

– to introduce the proposed method into experimental-industrial production of road
construction.

The object of the research was the articles made of heavy B15 concrete.
The subject of the research was the quality of concrete for road surfacing.
It should be noted that the applied methods of concrete modification often fail

to solve the problems related to the operation of concrete articles, e.g., slabs used
in road surfacing. The feature of operation of these slabs is that they are subject to
repeated loads. On high-density roads, total estimated number of estimated loading
may come up to 30 million times. It inevitably leads to concrete spalling at the points
of loading application and, therefore, to rutting. The solution of the problem could be
the increase in bending tensile strength and hardness of the concrete and the reduction
in concrete abrasion, which increases the durability of the concrete.

At the same time, in the structures where it is impossible to provide high-quality
drainage there is a problem of pavement capillary pumping. Concrete used for road
slab manufacturing has a porous structure which may be represented as the system
of capillaries of different diameter. Thus, it is subject to capillary pumping. During
operation of the articles, aggressive groundwater passes into the concrete, goes up the
capillaries until hydrostatic pressure is balanced by gravity. Groundwater is a natural
solution of salts, and when it evaporates from the concrete it leaves salt efflorescence,
destroying the concrete from the inside. Thus, preliminary impregnation of the con-
crete by solutions of particular nature can contribute to reduction in surface porosity
and stop moisture from entering the concrete during its operation, i.e., improve the
concrete quality.

In theworks [7–14], it was assumed that silica sol can be used as a solution capable
of improving concrete operational properties and its quality, on the one hand, and
solving the problemof capillary pumping, on the other hand.This assumption is based
on the fact that solid phase of sol is of silicate nature, and thus, sol impregnation at
the hardening stage will lead to additional hydro-silicates. Since hydro-silicates are
generated after the pore structure of the concrete is formed, hydro-silicate groups are
formed in the pores which block the pores stopping aggressive water from entering
the concrete body [15–17]. Lithosynthesis is used here as a method of improving
operational properties of concrete and its durability, which is a constituent part of
sol absorption technology (SAT).
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2 Methods

Absorption method (SAT) is that a concrete article at hardening age of 3 days is
wholly put into silica sol solution. The layer of the liquid over the article should be
2–3 cm. The structural properties were in accordance with GOST RF.

The following structural properties have been determined: compressive strength,
bending tensile strength, water absorbing capacity, water resistance, frost resistance,
and abrasion.

All the samples were weighed during the experiments. We observed weight gain
of the samples—0.5 g per each cm2 of the sample’s surface contacting with the sol.
This fact made it possible to draw a conclusion that water absorbing capacity depends
on the sample’s square contacting with the sol, and to introduce a new indicator
of concrete modification method—coefficient of surface absorption K, kg/m2. This
coefficient may be used to determine the quantity (consumption) of sol Q, kg, for
modification of different articles. Multiplying the coefficient by the article’s square
S, we will get the quantity (consumption) of the silica sol in kg for modification of
the article:

Q = S · K (1)

The developed methodology of the assessment of the quality of the modified
concrete introduces the indicator—quality index.

The value of the quality index is found according to rating method. In accordance
with this method, each structural property of a new material holds nondimensional
weight factors from 0 to 1 in such a way that the total amount is 1. In compliance with
the methods in current normative documents, numerical values of these properties
are determined, and the increase/decrease in each property in % compared to the
reference material is calculated. The sum of all the changes of all the properties,
multiplied by their weight factors, equals the quality index (QI). It is accepted that
the higher the level of QI is, the higher the quality of the obtained material is.

Therefore, QI can be calculated by the following formula:

QI =
∑

ki · �i (2)

where ki—weight factor of i-property, assigned by expert assessment;
�i—percentage change of i-property.
It is proposed to give weight factors to each of the properties after expert assess-

ment taking into consideration the importance of one or another property under
operating conditions of the article of a new material. The same material being used
for different purposes should go through expert assessment taking into considera-
tion certain purpose, because, for example, structural properties of modified concrete
used in wall blocks are different from those of road concrete.
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3 Results and Discussion

The experiments showed that silica sol use increases compressive strength by 15%,
bending strength by 15%, reduces water absorbing capacity not less than 60%,
increases frost resistance by 100%, and reduces abrasion by 25%.

Let us give a calculation of quality index for B15 concrete modified by SAT and
used in road slabs. The expert assessment taking into consideration the features of
road slab performance made it possible to give the following weight factors:

– Compressive strength—0.1.
– Bending tensile strength—0.3.
– Abrasion—0.3.
– Frost resistance—0.15.
– Water absorbing capacity—0.15.

Let us calculate QI by the formula (2):

QI = 1.15 · 0.1 + 1.15 · 0.3 + 1.25 · 0.3 + 2 · 0.15 + 1.6 · 0.15 = 1.37

Quality index expressed in percentage is 37%. Thus, as a result of SAT modifica-
tion the quality of road slab concrete improved by 37%. It is a quality improvement
which makes it possible to predict durability and, therefore, inform of geosystem
preservation.

The results were implemented according to the technology of building approach
motorways which include a number of operations: topsoil removal, planning the
top of the formation, filling the sand base 20–30 cm depth, and laying the slabs in
design position. After SAT modification technology, reinforced concrete slabs when
contacting with water do not need drainage basement. Taking into account increasing
problems related to availability and costs of high-quality bulk materials in central
regions of our country, it is possible to save considerable resources excluding the
operation of filling the sand base.

When building an approach road of prefabricated concrete slabs, we conducted
experimental-industrial testing of the slab modified by SAT. The 3-day-old concrete
slabs 2 × 6 m were put into wood formwork, filled by 3% silica sol solution. One
day later, the slabs were taken back from the formwork and were left for natural
hardening. The 28-day-old slabs were laid onto the prepared base.

Together with the slabs to control the quality, we tested standard samples 10 ×
10 × 10 cm using the same operations. The 28-day-old modified samples and the
unmodified samples were tested by the properties mentioned above, which gave the
quality with the coefficient 1.37. The results go in accordance with the works [18–24]
on nature and properties of modified surfaces.

Now it is important to discuss the ways’ of concrete quality improving develop-
ment. Thermodynamical calculation, Table 1, shows that the best of all is the reac-
tion 1, because of energy meaning (−740.89 kJ) and the more meaning of reaction’s
energy, the better strength of the systems and durability. Another way of quality
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Table 1 Thermodynamical calculation of the reactions with Ca(II)

Ions Reactions of silica sol, SiO2·H2O �G
◦
298, kJ of the reactions

Ca(II) 6Ca2+ + 6(SiO2·H2O) + 12OH− = 6CaO·6SiO2·H2O +
11H2O

−740.89

Ca(II) Ca2+ + 2(SiO2·H2O) + 2OH− = CaO·2SiO2·2H2O +
H2O

−201.65

Ca(II) 6Ca2+ + 3(2SiO2·3H2O) + 12OH− = 6CaO·6SiO2·H2O
+ 14H2O

−284.89

Ca(II) Ca2+ + 2SiO2·3H2O + 2OH− = CaO·2SiO2·2H2O +
2H2O

−50.65

Table 2 Interconnection of some structural, geoecoprotective, and fundamental properties of arti-
ficial mineral hydrate systems

Properties Fundamental basis Property
formalization to a
first approximation

№ Structural Geoecoprotective

1 Average density D,
t/m3

Absorbing
properties of
material Pabs and
raw material costs
predicted by the
material average
density

Physical properties
in the form of
capillary-pore
structure CP, %, and
total porosity P, %

Pabs = k(CP,
P)—direct
proportionality,
k—coefficient of
proportionality

2 Water absorption,
W, %

Absorption capacity
of inorganic and
organic pollutions,
e.g., oil products
Op, evaluating the
amount of the
absorbed product

Dhmi = k(Chs, CP,
P)—direct
proportionality,
k—coefficient of
proportionality

3 Strength, Rcompr,
MPa

Dhmi—heavy metal
ions (HMI)
detoxifying
properties of
lithosphere

The number of
hydro-silicates
(hydrates) Chs
(theory and practice
of chemistry of
complex
compounds)

4 Thermal
conductivity λ,
W/m C

Energy preservation
Pλ. Predicting it
helps to assess fuel
costs in the
operation of a
facility or a building
structure

Thermodynamic
parameters:

−�H
◦
298, �G

◦
298,

S
◦
298

Pλ = f
(−�H

◦
298

)
;

Pλ = f
(
S

◦
298

)

(according to
professor A. M.
Sychova)
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improving is to use date in Table 2. It is possible to use formalization of the first
approximation to obtain quality improvement more than 37%.

4 Conclusions

1. Themethods of modified concrete quality assessment have been presented, using
the improvement of concrete principal structural properties.

2. With the help of these methods, the numerical value of 37% quality improvement
in silica sol modification has been found.

3. The improved quality of the modified concrete makes it possible to exclude
sand base filling in motorway building, which saves natural products and, con-
sequently, contributes to natural geosystem preservation.
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Safing Technologies for Lithosphere
Geoecoprotection

Larisa Svatovskaya , Kseniia Mikhailova, Ivan Drobyshev
and Elena Bodenko

Abstract The study deals with the methods of environmental protection from pol-
lutions, in particular, safing technologies. Such kind of technologies is important in
cold region because of military waste. The aim of the work was to study the specifici-
ties of safing technologies as coatings in mineral systems and as dimensional safing.
By using a coating has been studied the depth and the composition of the layer on the
surface of concretes of self-stressing cement and expanding cement. As dimensional
safing, we considered making a phosphate artificial stone which involves binding of
heavy metal ions. The methods of the research were electron microscopical image
(EMI), electron probe microanalysis (EPM), and chemical and physical-mechanical
methods. It is shown that the coating’s layer is up to 7mm.Due to dimensional safing,
special heavy metal ions are binding and hardening of system takes place at the same
time. The study presents the development of safing technologies of geoprotection.

Keywords Safing · Technology · Lithosphere · Geoecoprotection

1 Introduction

The research deals with the issues of geoenvironmental protection from pollutions.
One of the possible solutions of these issues could be either involving the pollution
in a useful chemical process, e.g., solidification and formation of an artificial stone
accompanied by pollution detoxification, conserving the products inside the stone;
or blocking the pollutions in a mineral construction building, structure or article by
forming a preserving protective layer on the surface. Thus, the main principle of saf-
ing technologies is creating a construction system—safe, including throughout the
whole volume of either onlymineral layers on the surface of articles and construction
buildings, or any other mineral system, e.g., on concrete or soil. Mineral layer is a
kind of preserving protective screen with useful structural properties—they increase
hardness, water resistance and they act as geoecoprotection. The mineral surface
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can be created by single or numerous impregnations or, in the case of dimensional
safing, by solidification with a mineral binder or solution functioning simultaneously
as a hardener and a mineral geoantidote. The example of forming dimensional geo-
protection can be the method of phosphate solidification, when, for example, heavy
metal ions bind into low-soluble hydrophosphates, resulting in both hardening due
to hydrate formation and geoecoprotection due to heavy metal ion binding [1–5].

The works [6–9] mentioned that making a surface of one or several layers of
silica and (or) hydrosilicate calcium or silica aluminium calcium provides a positive
impact to a construction geosystem. These coatings—single or multilayered—may
perform the following functions: increase of a structure durability under operation;
conserving absorbed pollutants inside an article, structure, construction; protection
from dusting, e.g., ash mass. Impregnation layers consist of silica sol which can be
applied by several impregnations ormixedwith Ca(II) orMg(II) solutions containing
compounds as salt solutions in order to form hydrosilicates. The example of safing
coatings for a structure’s durability may be road surfaces. The example of dusting
protection may be silica sol coatings for dusting ash dumps [10–15].

It should be noted that geoecoprotective coatings represent a kind of layers of
mineral nature with the properties that should be controlled.

The aim of the study was to develop surface and dimensional safing of a certain
composition and impregnation layer depth functioning as a surface screen for articles
of two types of cements: stressing cement and expanding cement—with 3% silica
sol penetration. For dimensional safing, we made the samples of clay-containing
material with the additives 15% FeO; ZnO; CuO; NiO; and H3PO4. After making
surface or dimensional safing, we did industrial experiences on application of safing
protection technologies.

2 Methods

For our study, we used a scanning electron microscope (SEM) and an X-ray micro-
analyzer (XRM), which allows us to obtain data on the morphology, elemental and
phase composition of the sample cross-section in the direction of propagation of
the self-fertilizing compound. For this, the section in the central part was opened,
and the samples were analyzed using the methods mentioned at a depth of 0.1, 3,
5, 10, 15, and 20 below the impregnation surface to obtain comparative data on the
layer-by-layer change of materials.

The accuracy of the data obtained depends on the type of sample hole, which
has a destructive effect on the sample. To minimize damage, the dissection was
performed using a specialized cutter (Buchler) on a thin diamond disk (0.3 mm) with
low rotation and minimal load and power. The cut sample was thoroughly blown, it
was given dry polishing (without water) on a 10 micron abrasive, after which it was
placed on the board of the microscope.

This type of sample preparation (dry polishing without impregnation with epoxy
resin) allows preserving the original structure and composition of samples since
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impregnation with epoxy resin (or any other impregnating composition) of samples
with a developed surface leads to a significant impoverishment of the overall picture.
The use of an aqueous medium during polishing can cause leaching, dissolution and
modification of some components of the cement stone, including new formations
(hydroxide salts, hydrated silicates, etc.).

To avoid undesirable effects associated with charging non-conductive samples
with electron beams, as well as to increase the contrast of X-ray images, a thin Au
layer (~200 A) was sprayed onto the samples using a JFC-1100 cathode sputtering
device (JEOL). For the SEMandXRMmethods, zones of the bondingmatrix (cement
stone)were chosen, the porousmorphological structure ofwhich determines the level
and characteristics of the impregnation of the concrete sample.

As an «indicator» of the depth of impregnation, any element can be selected; the
concentration of which varies monotonically in depth and differs from the equilib-
rium one; or needle-like crystals of new formations formed by the interaction of
the impregnating composition and the cement stone. Experiments used concrete B
20–30.

3 Results and Discussion

Tables 1, 2, and 3 present the results of concrete articles impregnated with 3% silica
sol.

The XRM and SEM data in RE show that 90% of the impregnation composition
(silica sol particles) is concentrated in the near-surface layer, where the highest
density of new formations is observed.

With increasing depth, the density and size of new formations represented by sol
particles and crystalline hydrates decreases.

In dimensional safing, one can find the correlation between the hardening process
of a phosphate system as the basis of manufacturing artificial stone for construction
and the showof detoxification properties,which is essential for geoprotection. Table 4

Table 1 Data of the layer-by-layer x-ray image of a self-hardening cement sample impregnated
with 3% silica sol (wt%)

h, mm CaO SiO2 Al2O3 Fe2O3 MgO SO3

0 52.0 24.0 12.5 0.0 1.0 10.0

1 53.8 22.8 12.4 1.2 0.6 8.9

1.98 55.0 21.3 12.4 2.6 0.6 7.7

3 56.1 19.9 13.0 3.4 0.7 6.5

4.94 57.4 18.1 13.4 4.7 0.6 5.2

>10a 57.5 18.0 13.0 5.0 1.0 5.0

aThe sample is not exposed to a silica sol, and its chemical composition is the same as that of the
reference sample
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Table 2 Data of layer-by-layer x-ray image of an expanding cement sample impregnated with 3%
silica sol (wt%)

h, mm CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na(K)OH

0 52.0 24.1 12.5 0.0 0.9 10.0 0.5

1 49.8 20.6 16.5 0.5 1.3 10.6 0.7

2 48.3 17.7 20.0 1.0 1.0 11.5 0.5

3 47.2 15.8 22.5 1.5 1.1 11.1 0.9

5 46.2 14.5 24.5 1.9 0.8 11.5 0.6

>10a 46.0 14.0 25.0 2.0 1.0 11.5 0.5
aThe sample is not exposed to a silica sol, and its chemical composition is the same as that of the
reference sample

Table 3 A summary of samples impregnated with 3% silica sol

Sample hre, mm hxrm, mm hnf, mm S/S0, % n/f Morphological
types of n/f

Self-stressing
cement

2.0 4.0 7 37 +++ Tobermorite

Expanding cement 2.5 3.8 7 40 ++++ Ettringite

hre depth of impregnation, determined by contrast in RE
hxrm the depth of the impregnation is determined by the X-ray microanalyzer
hnf depths of electronic microscope
S/S0 the square occupied by micropores and microfractures (characterizes the level of the sample)
n/f new formations of crystals and flakes

Table 4 Dimensional safing achieved when phosphate systems are hardening

Heavy metal ion Oxide powder The main product providing strength, aquacomplex

Fe(II) FeO Fe3(PO4)2 · 8H2O

Zn(II) ZnO Zn3(PO4)2 · 4H2O

Cu(II) CuO Cu3(PO4)2 · 3H2O

Ni(II) NiO Ni3(PO4)2 · nH2O

shows the composition of a phosphate stone. The table shows that the basis of a
hardening process is formation of hydrophosphates of heavy metals and the strength
of the system constructed of them.

It should be noted that in dimensional phosphate, safing ions Fe(II), Zn(II), Cu(II),
Ni(II) provide quite high strength.

Table 5 presents concentration values of ions in the saturated solution of phos-
phates unhydrous, which is shown from calculations of solubility product (SP) values
compared to maximum permissible concentration (MPC) of soil ions.

The data in Table 5 show that ion concentration in the saturated solution of the
sediment is lower compared with MPC of soil ions (columns 5 and 6, Table 5).
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Table 5 Estimated values of heavy metal ions concentration in saturated phosphate solution by SP
and MPC of soil ions

Free ion of
heavy metal

Phosphates
of heavy
metals ions

Solubility
product, SP

Concentration of metal
Me(II) ion in saturated
solution

MPC of soil
ions, g/kg

mol/l g/l

Cu(II) Cu3(PO4)2 1.26 × 10−37 1.63 × 10−8 1.03 × 10−6 3.0 × 10−3

Ni(II) Ni3(PO4)2 5.01 × 10−31 3.47 × 10−7 2.01 × 10−5 4.0 × 10−3

Zn(II) Zn3(PO4)2 9.12 × 10−33 1.53 × 10−7 ~1.0 × 10−5 23.0 × 10−3

Fe(II) Fe3(PO4)2 1.29 × 10−22 1.14 × 10−11 0.63 × 10−9 0.1 × 10−3

Thus, it supports the hypothesis [16–22] that to increase the geosystem safety, it is
necessary for ion concentration of the sediment in the saturated solution to be lower
than MPC. The phosphate hardening method of soil geoprotection from heavy metal
ions may be presented in the following structure (Fig. 1).

The purpose of the study was to use materials, including those contaminated with
oil products and heavy metal ions, to produce artificial stone in which these con-
taminants will be blocked from interacting with the lithosphere and, thus, to protect
it (geo-protective function), as well as to assess the durability of these stones [23,
24]. Durability affects the ability to use geo-protective systems for construction pur-
poses. Geoprotection here is defined as the transformation of contaminated materials
into environmentally friendly, as well as the elimination of the need to use them by
manufacturing a durable building product. The energy for detoxifying and curing the
system with good properties is taken from the energy reserve of the system.

Table 6 shows the energy reserves of some substances. Reactions release energy,
and if the amount of mineral powder prevails over the liquid (H3PO4), then you can
get building products with good properties by reducing the energy supply of the
system. Following the purpose of the study, the properties possessed by materials

Fig. 1 Structure of safing
technology of phosphate
hardening in soil
geoecoprotection

Construction soil monitoring
↓

Heavy metal ions polluted soil
↓

Mixing the soil with H3PO4 and with 
hardening activators as oxides

↓
Artificial stone as useful product for 

construction with detoxified heavy metal 
ions 
↓

Using the stone in construction
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Table 6 Energy reserves of

raw materials, �H2
298, kJ/mol

Raw material −�H2
298, kJ/mol

Cambrian clay, Al2O3 · 4SiO2 · 4H2O −5764.6

Kaolin, Al2O3 · 2SiO2 · 2H2O −4116.0

Coal, FeO −272

H3PO4 −289.26

Sand, SiO2 −901.99

Fuel oil residual, C20H42; C20H40 −456.4
−330.8

obtained from artificially contaminated hardened solutions of soil and phosphoric
acid have been studied for more than 10 years in order to decide whether they can
be used, given their behavior over time. Tables 7 and 8 show the same result for
phosphate protection.

Tables 7 and 8 show the natural clay or artificial material in combination with
another pollutant, such as iron (II) oxide, which makes it possible to obtain a durable
structural systemwith geo-protective properties,whichmanifests itself as themixture
hardens. These properties are the process of decontamination, the idea of which is
to form sparingly soluble substances, and the process of blocking deactivation in

Table 7 Compressive strength of the protective phosphate cement system of soil contaminated
with oil

Composition, weight, % Density of H3PO4,
g/cm3

Compression
strength,
MPa,
years

Contaminated soil Clay material,
Al2O4 · 4SiO2 ·
2H2O

Sand FeO 1.42 (solids 21%) 5 10

58.0 14.0 – 7.0 1.42 4.5 5.0

12.0 12.0 48.0 7.0 1.42 2.5 3.0

64.0 8.0 – 7.0 1.42 3.5 4.0

53.0 13.0 – 14.0 1.37 7.5 8.0

Table 8 Protective phosphate-containing cement systemofAl2O4, 4SiO2, 2H2O, and sand polluted
with oil products

Contaminated sand + Al2O4 · 4SiO2 · 4H2O + Fe, % Compression strength, MPa,
timing

Sand Clay FeO Petroleum product 1 year 10 years

51.5 13.3 16.6 1.5 4.0 5.0

50.4 13.3 16.6 2.7 3.5 4.5

49.4 13.3 16.6 3.7 3.0 4.2
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the case when oil mixtures of oil are present in the mixture. Water extracts from the
system, which were made at different times (from 1 month to more than 10 years),
showed the removal of heavy metal ions.

The industrial testing of safing methods showed that heavy metal ions are not
washed away from the phosphate stone, which indicates their total binding. Volatile
products (ashes) impregnated with silica sol did not show dusting, which is also
important in geoecoprotective technologies.

4 Conclusions

1. The coating safing, which is the result of silica sol impregnation of hydrosilicate
surface, has been studied. It is shown that the depth of the screen formed is till
7 mm, which depends on the cement used.

2. It has been observed that for ions Fe(II), Zn(II), Cu(II), Ni(II), it is possible to
form a stone through phosphate hydrates of these metals which is the result of
their binding, in dimensional safing.

3. Study presents the development of safing technologies of geoecoprotection for
mineral construction system through coatings and dimensional ways.
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Specificities of Soling Processes
in Technologies of Geoconstruction

Larisa Svatovskaya , Kseniia Mikhailova, Alexander Kabanov
and Nikolay Khamenok

Abstract The study belongs to the field of silica sol technology application in geo-
construction of the cold regions. The aim of the research was to study the speci-
ficities of processes of various kinds of soling technologies—detoxification, absorp-
tion, blocking and strengthening technologies. The methods of the research were
thermodynamic, experimental ones, electronic microscope scanning, x-ray analysis,
derivatograpic and chemical analysis. The correlation of thermodynamic resolution
and formation of calcium-hydrosilicates and heavy metal ions has been found. In
the first case, this is the basis for property improvement in absorption and block-
ing technologies, in the second case—in detoxification technology. In strengthening
technology, the nature of the soil should be taken into consideration.

Keywords Soling · Process · Geoconstruction · Specificity

1 Introduction

The research area is geoconstruction with the use of sol solutions, in particular, silica
sol. In accordance with the criteria of environmental admissibility of soil mineral
substances, one can state that silica sol meets the requirements below [1–6].

1. Criterion of mineralogical compliance (CMC) determines the similarity of
input binding systems to the principal natural products of the soil—silicates
and aluminum silicates (sands, clays). This criterion protects lithosphere from
the input of harmful substances such as phenol-formaldehyde resins which are
not allowed to be used for soil strengthening within the proposed knowledge
system. The criterion is met provided the compliance of chemical and phase
compositions. Silica sol is of formula SiO2 · nH2O.
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Table 1 Silica soling technologies in geoconstruction and the achieved useful properties

Silica sol technology Achieved useful geoecoprotective properties
of a geoconstruction system

Silica sol technology of heavy metal ion
detoxification
Sol Detoxification Technology (SDT)

Heavy metal ion detoxification

Silica sol technology of soil strengthening
Sol Strengthening Technology(SST)

Similar to silicatization using Na2SiO3, but
without alkalization of the system

Blocking pollutions inside a construction
system
Sol Blocking Technology (SBT)

Blocking absorbed oil products or other
organic substances

Increase of quality index of articles by silica
soling in geoconstruction system—structures,
building facilities
Sol Absorption Technology (SAT)

20–80% improvement of structural properties
[13, 14]

2. Criterion of Gibbs free energy reduction (CEGR) represents the energy base
of detoxification and strengthening by using the full energy of the system, i.e., in
this process, this criterion reflects the change of Gibbs free energy �Gº298, kJ.
In accordance with the works [7–12], �Gº298 of silica soling processes comes
up negative.

3. Criterion of showing geoecoprotective properties (CGP) determines the capa-
bility of a binder to detoxify the pollutions in the soil being strengthened. These
properties are either already known or predicted by thermodynamic (energy) val-
ues, and they are characterized by particular quantitative values, e.g., capacity,
g/kg or kg/t. Adsorptive properties of silica sol are well-known.

4. Criterion of predicting (CP) useful properties of a strengthened system dur-
ingorafter its life-cycle. This criterion predicts the possibility of useful life of the
substances from a geoconstruction system. For geoecoprotective purposes, this
criterion can be expressed by various values, for example, a share of a replaced
natural product by using the wastes of silica sol modified articles (Table 1).

The aim of the work is to study the specificities of silica sol processes in geocon-
struction. The main target is to find out if silica sol forms chemical compounds in
reactions and what the depth off the surface of the new formations is.

2 Methods

The methods of the research are instrumental, experimental, thermodynamic and
derivatographic ones.

SDT technology was studied by the method of water extract from heavy metal ion
soils. The water extract interacted with 3–30% silica sol solution, and the obtained
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sediments were analyzed by derivatographic method. SST, SBT and SAT samples
were analyzed as samples from consolidated materials.

In order to obtain an electron microscopic image of silica gel deposits with
absorbed heavy metal ions and layers on concrete, we used signals from secondary
or reflected electrons (SE, RE), which made it possible to obtain a morphological or
compositional contrast, respectively.

The determination of the elemental composition of the samples is carried out by
electron probe microanalysis, which is based on a comparison of the characteristic
x-ray spectra of the analyzed sample and standards of known composition. The
sensitivity of the method is ~0.1 wt%.

Unanalyzed elements: H, Li.
X-ray phase analysis is based on collecting diffraction reflection spectra from

the phase structures included in the sample and their identification according to the
catalog. Amorphous component is not collected. Reflections with a large peak width
can correspond to different isostructural phases with similar grid parameters. The
sensitivity of x-ray phase analysis is ~5 wt% (given x-ray microanalyzer).

Equipment for analysis:

1. Scanning electron microscope (SEM) Vega 3SBH (Tescan).
2. Energy dispersive x-raymicroanalyzer (XRM)X-act Energy (Oxford Instrumen-

tation).
3. Installation of thermal spraying Q15R (Quortum technology).
4. RIGAKU SmartLab3 diffractometer (Rigaku).
5. Auxiliary equipment for sample preparation.

3 Results and Discussion

Table 2 presents thermodynamic analysis of silica sol systems in the technologies
under review.

Tables 3 and 4 present the results of SDT technology analysis. Table 5 presents
the results of SAT technology analysis.

Precipitation with heavy metal ions is characterized by a very high degree of
condensation. All x-ray amorphous deposits.

Data of the tables show that the sediments (Eqs. 1–8, Table 2) in SDT technology
represent chemical compounds, which is confirmed by the data of Tables 3 and 4.

Work on the modification of the surface of a concrete product and the detoxifi-
cation of the soil with heavy metal ions combine the mechanisms of SiO2 · nH2O
reactions, studied in the Russian school of academician V. B. Aleskovsky [15–20].
In accordance with these works, it can be assumed that the interaction processes
of SiO2 · nH2O are controlled by the value of the solubility product SP during the
initial interaction event, represented by sorption. Each formed substance has its own
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Table 2 Thermodynamic evaluation of silica sol processes in geoconstruction

№ Ions Chemical reactions �Gº298, kJ/mol

1 Cu(II) Cu2+ + SiO2 · H2O + 2OH− = CuO · SiO2 · 2H2O −56.7

2 Cu(II) 2Cu2+ + SiO2 · H2O + 4OH− = CuO · SiO2 · 2H2O +
Cu(OH)2

−56.7

3 Cu(II) 2Cu2+ + SiO2 · 2H2O + 4OH− = CuO · SiO2 · 2H2O +
Cu(OH)2 + + H2O

−6.8

4 Pb(II) 5Pb2+ + SiO2 · H2O + 10OH− = Pb(OH)2 + 4PbO · SiO2 +
+ 5H2O

−529.9

5 Pb(II) 3Pb2+ + SiO2 · H2O + 6OH− = Pb(OH)2 + 2PbO · SiO2 +
3H2O

−353.9

6 Pb(II) 5Pb2+ + SiO2 · H2O + 10OH− = Pb(OH)2 + 4PbO · SiO2 +
+ 6H2O

−480.05

7 Pb(II) 3Pb2+ + SiO2 · 2H2O + 6OH− = Pb(OH)2 + 2PbO · SiO2 +
+ 4H2O

−306

8 Pb(II) 3Pb2+ + 2SiO2 · 3H2O + 6OH− = Pb(OH)2 + 2PbO · SiO2
+ + 4H2O + SiO2 · H2O

−202.9

Table 3 X-ray microanalyzer data (% wt)

№ N O Na Mg2+ Si Cl− K Fe Cu2+ Pb2+ C

1,2 – 53.4 0.7 0.5 46.9 – – – – – 4

3 – 52.3 0.3 – 45.4 – – – 1.9 – 2

4 – 53.9 0.1 – 42.3 – – – 0.1 3.7 2

5 – 52.5 – – 46.0 0.2 – 1.1 0.1 – 2

1, 2—control sample, SiO2 · nH2O
3—precipitate with Cu2+

4—precipitate with Pb2+

5—precipitate with Fe3+

Table 4 illustrates the difference between control sample SiO2 · nH2O–Ca and Cu2+, Pb2+ silicasol

Table 4 Calculation of
derivatogram

Systems Mass, mol, ion Water loss according to
derivatogram, %

Silica sol-Ca2+ 40.00 25.02

Silica sol-Cu2+ 63.50 9.00

Silica sol-Pb2+ 207.00 9.89



Specificities of Soling Processes in Technologies … 425

Table 5 Data layer-by-layer x-ray image of a sample of Portland cement impregnated with 3%
silica sol (wt%)

h, mm CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na(K)OH

0 57.1 27.0 9.0 2.1 1.6 2.5 0.7

1 59.9 25.3 6.9 3.0 2.0 1.9 1.0

2 61.9 24.2 5.5 3.3 1.8 2.2 1.1

3 63.3 23.8 4.7 3.2 2.0 2.2 0.8

5 64.5 23.5 4.0 3.1 1.8 2.3 0.8

>10a 64.6 23.3 4.0 3.0 1.9 2.2 1.0
aThe sample is not exposed to a silica sol, and its chemical composition is the same as that of the
reference sample

composition and is an individual compound; while the solubility product for polysil-
icon salts is small in the works of V. B. Aleskovsky it is called the sorbed product
(Table 6).

In accordance with Table 6, salts of polysilicic acids tend to have lower values
than hydroxides (columns 3 and 5) or in some cases close to Cu(II).

Therefore, SDT technology’s feature is that under thermodynamic resolution
(reactions 1–8, Table 2) the formation of new silicate phases includes the mechanism
of ion sorption SiO2 · H2O (sol) (Table 6), and further transition into amorphous sil-
icate phases of new formations (Tables 3, 4). Judging from the data in Table 5, SAT
technology provides surface layers of new formations, the depth of which is shown
in Table 7, which goes in accordance with the works [21–24].

The data obtained in this article, the thermodynamic calculations we made, and
the data in Table 7 illustrates the potential of hydrated silicates and polysilicates
responsible for improving the properties of materials in SAT technologies. They
increase the durability ofmaterials in geoconstruction; in detoxification technologies,
they form poorly soluble compounds of heavy metal ions, which is detoxification.
In SBT technology, the penetration rate should be lower, because in this technology,
silica gel occurs after curing.

The obtained results make it possible to assume that in SST technology the com-
position of a generated silicate, or silica gel, depends on the nature of the soil, Table 8.

Table 6 Sorbability product and solubility products of polysilicic acid hydroxides

Metal ions Polysilicic salts Hydroxides

Sorb. product C, mol/l Solub. product C, mol/l

Ca(II) 10−9 7 × 10−5 5.5 × 10−6 1.1 × 10−2

Mg(II) 4 × 10−12 2 × 10−6 1.8 × 10−11 1.65 × 10−3

Al(III) 10−60 10−12 10−32 5 × 10−9

Cd(II) 4 × 10−14 10−7 2 × 10−14 1.8 × 10−5

Zn(II) 10−17 7 × 10−9 7.1 × 10−18 1.2 × 10−6
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Table 7 Summary of Portland cement samples soaked with 3% silica sol

Sample hre, mm hxrm, mm hnf, mm S/S0, % n/f Morphological types
of n/f

Portland cement 1.5 3.5 5 33 + CSH

hre depth of impregnation, determined by contrast in RE
hxrm the depth of impregnation, determined by the change in the chemical composition in the surface
layer using an x-ray microanalyzer
hnf maximum depth at which characteristic neoplasms were detected using a scanning electron
microscope
S/S0 the area occupied bymicropores andmicrocracks (characterizes the permeability of the sample)
n/f tumors, represented by needle-like crystals and flakes, and their density

Table 8 Nature of the soil
being strengthened

Nature of the soil being
strengthened

Possible new formations in
silica soling

Sandy soil SiO2 · nH2O, gel

Clay-containing soil Al2O3 · nSiO2 · mH2O

Calcium-containing soil nCaO · mSiO2 · xH2O

To develop the result of the paper it is possible to suggest other mineral geoanti-
dotes silicate nature (see Table 9).

In Table 9, there are artificial (C3S, C2S, Al2O3 · 2SiO2 (metacaolinit) and natural
substances (xMgO · ySiO2; Al2O3 · 2SiO2 · 2H2O) of the silicate nature. Such kind
of mineral substances is good enough for geosphere protection according to schemes
of Table 9.

4 Conclusions

1. The interaction of silica sol in SDT technology is based on thermodynamic res-
olution and includes the formation of a new phase, most probably, hydrosilicate;
the interaction mechanism includes sorption processes.

2. The interaction of silica sol in SAT and SBT technologies includes absorption
and generation of new formations as low-basic silicates at the depth till 5 mm.

3. The interaction of silica sol in SST technology includes the formation of an
amorphous phase, most probably, silica gel if the sandy soil is strengthened, or
more complex hydrosilicates in the other cases.
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Criteria of Green Geoecoprotective
Technologies in Transport Construction

Larisa Svatovskaya , Ivan Drobyshev, Kseniia Mikhailova
and Nikolay Khamenok

Abstract The paper concerns geoecoprotective technologies in transport construc-
tion in the cold regions. The aim of the research was to develop criteria for the
estimation of geoecoprotective properties in the sphere of transport geoconstruction
using geoantidotes as an example. Such methods as physical and chemical, physical
and mechanical as well as instrumental ones were applied during the study. Five cri-
teria for green geoecoprotective technologies with the help of mineral geoantidotes
have been developed. They are the following:

• energy of geoecoprotective processes must be based only on the internal energy
(without the consumption of any kind of natural fuel);

• detoxication products must have a very low solubility product (detoxication tech-
nology) or must be kept in a stone-like in a safe (safing technology);

• substances, articles, or structures with useful building properties must be produced
as a result of green technology, they being the same as natural ones;

• mineral geoantidotes must have nature-like any natural substance;
• there must be the field of the application of such substances after their life cycle
in order to avoid waste.

The examples of the use of precipitations of sparingly soluble compounds of lead
and barium, as well as copper, nickel, and zinc, are given.

Keywords Geoecoprotective technology · Transport · Cold · Construction ·
Geoenvironment · Geoantidote · Property

1 Introduction

The study concerns the protection of natural and man-made environment in geo-
construction. In the last decade, special attention has been paid to the neutralization
of pollutions that become dangerous when the maximum permissible concentration
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level increases [1–6]. Substances which are capable of detoxicating pollutions are
called mineral geoantidotes. They can be in the form of a dispersion, nanosolutions,
solid, or composite materials [7–14]. Thus, in accordance with the works mentioned
above, mineral geoantidotes must meet certain requirements:

• they must have a mineral composition which is similar to natural one both in the
initial form and in detoxication products;

• they must be able to detoxicate pollutions by using the internal energy of a system;
• they must demonstrate detoxication properties by producing, e.g., sparingly solu-
ble products;

• detoxication system must have useful properties in order not to pollute the envi-
ronment.

In Tables 1, 2, 3, and 4, there are examples of some mineral geoantidote reac-
tions, namely sulfate, silicate, and phosphate systems. They illustrate that there are
substances which are similar to natural ones in the left part of the equality of the
reactions of heavy metal ion detoxication. During the reactions, energy is released.
The reaction products are also like natural ones in their mineralogical composition,
and they are sparingly soluble products.

Tables 1, 2, 3, and 4 demonstrate that any geoecochemical process has the negative
meaning of �H°298 and �G°298, and it is possible to say, that any process is based
on the internal energy.

Table 1 Energy evaluation of lithosphere detoxication processes when using calcium hydrosulfate
mineral geoantidotes

Chemical
processes

�H°298, kJ/mol �H°298 of
detoxication,
kJ/mol

�G°298, kJ/mol �G°298 of
detoxication,
kJ/mol

CaSO4 · 0.5H2O
+ 1.5H2O(l) =
CaSO4 · 2H2O
(stone) control

−18.0 – −5.35 –

2(CaSO4
· 0.5H2O) +
H2O(l) + Pb2+aq= PbSO4↓(s) +
CaSO4
· 2H2O(s) +
Ca2+aq

−58.12 −40.12 −29.42 −24.07

2(CaSO4
· 0.5H2O)(s) +
H2O(l) + Ba2+aq= BaSO4↓ +
CaSO4
· 2H2O(s) +
Ca2+aq

−71.86 −53.86 −42.40 −37.05
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Table 2 Energy evaluation of lithosphere detoxication processes when using hydration active
minerals as mineral geoantidotes

Chemical
processes

�H°298, kJ/mol �H°a298 of
detoxication,
kJ/mol

�G°298, kJ/mol �G°b298 of
detoxication,
kJ/mol

2(3CaO SO2)(s)
+ 6.17H2O(l) +
Cd2+aq = 2CaO
SiO2 · 1.17H2O
(s) + CdO SiO2
H2O(s) +
4Ca(OH)2(s)

−320.20 −254 −315 −233.13

3(CaO SiO2(s)
+ 2.17H2O(l) =
2CaO SiO2
1.17H2O(s) +
Ca(OH)2(s)

−66 −81.87

2(2CaOSO2)(s)
+ 4.17H2O(l) +
Cd2+aq = 2CaO
SiO2 · 1.17H2O
(s) + CdO SiO2
H2O(s) +
2Ca(OH)2(s)

−224.25 −165.20 −171.7 −161.70

2(CaO SiO2(s)
+ 1.17H2O(l) =
2CaOSiO2
1.17H2O(s)

−59 −10

Notes (s)—solid substance; (l)—liquid substance
aEnthalpy of detoxication calculated as the difference of changes of enthalpies of processes 1 and
2; 3 and 4
bDetoxication useful work calculated as the difference of �G°298 changes of processes 1 and 2; 3
and 4

In general, the following scheme can be proposed to ensure that the technology
is green (see Fig. 1):

The scheme emphasizes five criteria that would allow to name the technology of
geoecoprotection as a green technology in terms of perfection:

• the internal energy is used, i.e., fuel is not consumed;
• mineral compositions of initial and final products are close to natural ones;
• final products are the same as natural ones;
• reaction products must have a very low solubility product, less than 10−8;
• products should have useful properties after detoxication.

It is the last criterion that is of great importance for geoecoprotection. In this
regard, it should be noted that, if adsorption method is used, when a pollution is
absorbed by artificial stone and is neutralized there, or a pollution is involved in
the formation of stone, e.g., phosphate system, the artificial stone with neutralized
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Table 3 Energy evaluation of lithosphere detoxication processeswhen using alkali binding systems

Chemical
processes

�H°298, kJ/mol �H°298 of
detoxication,
kJ/mol

�G°298, kJ/mol �G°298 of
detoxication,
kJ/mol

Al2O3 · 2SiO2 +
NaOH(s) +
2H2O(l) =
NaAlSi2O6
· H2O +
0.5(Al2O3
· 3H2O)(s)

−274.60 – −275.45 –

2(Al2O3
· 2SiO2) +
4NaOH(s) +
4H2O + Cd2+aq =
2(NaAlSi2O6
· H2O)(s) +
Cd(OH)2(s) +
Al2O3 · 3H2O(s)
+ 2Na+aq

−419.51 −144.9 −709.5 −434.05

2(Al2O3
· 2SiO2)(s) +
4NaOH(s) +
4H2O(l) + Pb2+aq= 2(NaAlSi2O6
· H2O)(s) +
Pb(OH)2(s) +
Al2O3 · 3H2O(s)
+ 2Na+aq

−682.68 −408.5 −732.48 −457.03

Notes (s)—solid substance; (l)—liquid substance

Table 4 Energy release reactions in phosphate systems

№ Chemical processes �H°298, kJ/mol

1 Al(OH)3 + H3PO4 = AlPO4 + 3H2O −17.53

2 Al(OH)3 + 3H3PO4 = Al(H2PO4)3 + 3H2O −147.60

3 Al(OH)3 + H3PO4 = Al(OH)2H2PO4 + H2O −152.44

4 Al2O3 2SiO2 2H2O + 2H3PO4 = 2(SiO2 H2O) + 2AlPO4 + 3H2O −22.61

5 Al2O3 2SiO2 2H2O + 6H3PO4 = 2(SiO2 H2O) + 2Al(H2PO4)3 +
3H2O

−282.77

6 Al2O3 4SiO2 2H2O + 2H3PO4 = 4(SiO2 H2O) + 2AlPO4 + 3H2O −55.72

7 Al2O3 4SiO2 2H2O + 6H3PO4 = 4(SiO2 H2O) + 2Al(H2PO4)3 +
H2O

−315.82

8 Al2O3 4SiO2 2H2O + 2H3PO4 + 3H2O = 4(SiO2 H2O) +
2Al(OH)2H2PO4

−325.54
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Fig. 1 Method of the absorption of a complex with silica solution by concrete

precipitations or with detoxication products is a product with useful properties, e.g.,
for construction. But if precipitations, e.g., sparingly soluble sulfates, are not formed
in the body of stone, the technology will be green in the case of the application
of lead or barium sparingly soluble compounds in an amount of 20–100 maximum
permissible concentration, e.g., as additives in the hardening of binding systems.

The aim of the work was to determine the possibility of using lead or barium
sparingly soluble salts as additives when hardening cements having silicate, sulfate,
or phosphate nature.

2 Methods

Physical and mechanical as well as physical and chemical methods were used dur-
ing the research, physical and chemical methods including derivatographic, infrared
spectroscopic, and X-ray phase analyses.

In order to study the effect of sparingly soluble substances on the strength of stone,
samples in the form of cubes with an edge size of 10 mm were made from the neat
cement paste having plastic consistency. They were tested for strength at the age of 1,
3, 7, 14, and 28 days. Sparingly soluble compositions were compoundedwith cement
before mixing it with water, and the samples were solidified at 100% moisture:
At certain times, hydration was stopped by means of acetone. The samples were
investigated by X-ray phase, derivatographic, infrared spectroscopic, and chemical
analysis methods.
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3 Results and Discussion

Table 5 illustrates the most typical results of nature and concentration effect of the
added substances on the strength of stone made from different cements. It follows
from the table that the sparingly soluble salts of lead (II) decrease the strength of the
stone at all times of hardening, reducing it to zero at the age of 1 day.

Physical and chemical studies of cement stone samples, solidified in the presence
of sparingly soluble compounds having different nature, showed that the object of
influence in the stone was alite. This fact was confirmed by derivatographic, infrared
spectroscopic, and X-ray phase analyses. In the case of negative influence, alite
hydration fell. This was the reason of property decrease.

Tables 6 and 7 present a derivatographic analysis of the systems which shows the
effects on cement hydration.

The results showed that sparingly soluble lead compounds in silicate cements
cannot be used as additives because they prevent hardening, while sparingly soluble
barium compositions can be applied as additives.

This conclusion was confirmed by infrared spectroscopic studies. The research
of sulfate and phosphate systems has shown that precipitations of sparingly soluble
of lead and barium in these systems can be “hidden” without the strength decline.

In a similar way, precipitations of sparingly soluble substances of copper, nickel,
and zinc were investigated.

Table 8 demonstrates the overall results, which is consistent with the proceedings
[15–20].

The given material about the final property of a neutralized system to be a useful
product shows that it is possible to achieve the full implementation of the criteria of
green geoecoprotective technology of neutralization, taking into account the pecu-
liarities of the chemical behavior of systems in the formation of artificial stone. The
mechanisms of these processes can be traced by means of papers [21–24].

Table 5 Cement system
strength

Added
compound—
detoxication
product

Solubility product Amount, %, of
cement mass

– – 0

PbSO4 1.6 × 10−8 2

PbCO3 1.0 × 10−13 2

PbI2 1.1 × 10−9 1

Ba3(PO4)2 6.03 × 10−39 2

Ba3CRO4 1.2 × 10−10 0.5

Ba3SO4 1.1 × 10−10 2
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Table 8 Effect of
precipitations containing
heavy metal ions on the
properties of binding
systemsa

Precipitation, its
nature

Effect on the properties of binding
systems

Silicate Phosphate Sulfate

PbSO4
PbCO3
Pb3(PO4)2

Negative Neutral or positive Positive

BaSO4 Positive Neutral or positive Positive

NiSiO3
NiCO3

Positive Neutral or positive Positive

CuCO3
Cu3(PO4)2

Negative Positive Positive

ZnCO3
Zn3(PO4)2

Negative Positive Positive

aAddition in amount of up to 5% mass of cement

4 Conclusions

1. Five criteria of green technologies of neutralizing systemswith the use ofmineral
geoantidotes are assigned. This allows geoecoprotection technology to be a green
technology.

2. It is shown that the products of detoxication of lead ions in the form of sparingly
soluble salts can be used as additives when hardening only sulfate and phosphate
systems; they cannot be applied as additives in silicate systems during their
hardening.

3. A summary of the efficiency of the use of lead, barium, copper, nickel, and zinc
sparingly soluble compounds in the hardening of binders having different nature
are given. This allows to make the choice of a system for the implementation of
green technology.
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Modification of Mineral Substance
Surfaces for Geosphere Protection

Larisa Svatovskaya , Maxim Sychov, Kseniia Mikhailova,
Alexander Kabanov and Elena Bodenko

Abstract The paper concerns geosphere protection in a cold region which can be
increased by means of raw material economy, pollution detoxication and antidusting
lay creation on a mineral surface and soil strengthening. Silica sol was chosen as the
main agent for modification. Concrete, sand, slag, limestone, ash, perlite and other
mineral articles were used as mineral surfaces. Such methods as physical, chem-
ical and instrumental ones were applied during the study. The chosen substances
were penetrated with silica sol agent as well as the second agent and after certain
operations modificated surfaces having improved technical and geoecoprotective
properties were produced. Besides, obtained compositions had higher mechanical
and absorbtion properties. A composition with modificated mineral surface can be
applied in transport geocostruction forwaste detoxication, e.g. heavymetal ion detox-
ication, for antidusting lay and geoecoprotective screen creation. The prospects of
modification use are considered in this paper.

Keywords Geotechnology · Geosphere protection · Detoxication ·Mineral surface

1 Introduction

The paper concerns problems of geosphere protection from pollutions. One of the
possible solutions of this problem may be the involvement of pollutions in a useful
chemical process, such as hardening in artificial stone [1–5]. During this process, a
neutralization of pollutions with the preservation of products in the body of a stone
takes place. Another solution of the problem is either to block pollutions in a mineral
building structure, construction or article by creating a preserving, protective layer
on a surface or to absorb a pollutant. Thus, the main idea of modifying technologies
is to create a geoecoprotective building system, including its entire volume, or only
to formmineral layers on a surface of articles and structures or any other mineral sys-
tem, e.g. on concrete surface, on soil one. The mineral layer is a kind of preserving,
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protective screen that ensures useful properties for construction, namely: the increase
of hardness, water resistance and geoecoprotective functions [6–11]. The creation
of such a mineral surface is achieved by single or repeated impregnation or, if it is
a volumetric preservation, by hardening with a mineral binder or a solution having
the functions of both a hardener and a mineral geoantidot. An example of volume
geoecoprotection creation can be a method of phosphate and alkaline hardening, e.g.
when heavy metal ions bind to sparingly soluble hydrophosphate or hydroalumosil-
icates. As a result, hardening takes place due to the formation of hydrates while
geoecoprotection occurs due to binding of heavy metal ions.

We introduce modifying technologies for geoecoprotection by creating coatings
(see Table 1).

It was previouslymentioned that themain positive impact on a building geosystem
is the creation of a surface with single- or multilayer coatings: silica, and (or) calcium
hydrosilicate, or calcium silicoaluminate ones. These kinds of coatings—single- or
multilayer—can perform the following functions: the increase of structure durability
during operation; the conservation of absorbed pollutants in an article, construction

Table 1 Mineral building geosystems for the creation of modified surface layers

Mineral building
geosystem with
modified surface
multilayers
(n-layers)

Type of building
geosystem

Aim of surface
multilayer
coating

Method of layer
creation

Examples

Sulphate
(gypsum)
geosystem with
silica or
hydrosilicate
layers from
complex
solutions

Article,
construction,
structure

Protection
against
pollutions
absorbed from a
geosystem
Prevention from
aggressive
environment
Strengthening

Impregnation,
e.g. with silica
sol solution
(SiO2 · nH2O)

Sulphate articles
Concrete
articles for roads
impregnated
with silica
Screens for site
foam concrete in
order to protect
the lithosphere
from pollutions
absorbed by
foam concrete,
e.g. oil products

Hydrosilicate,
hydroaluminate,
hydrosulphoalu-
minate
geosystem

Immersion in
silica solution

Soils,
embankments
and other
artificial
structures made
of silica,
calcium silicate
waste, calcium
hydrosilicate,
blast-furnace
and other slags

Subgrade Geosystem
strengthening
and pollution
preservation in it

Soils,
embankments
and other
artificial
structures made
of silica,
calcium silicate
waste, calcium
hydrosilicate,
blast-furnace
and other slags

Subgrade
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or structure; the protection, e.g. of ash mass from dusting. Impregnating layers in the
examples of Table 1 consist of silica sol, which can be applied in several impregna-
tions or mixed with solutions of Ca(II) or Mg(II) containing compounds in the form
of salt solutions in order to form hydrosilicates. An example of retaining coatings
for the durability of structures can be pavements. An example of protection against
dust is sol-silicate coatings for dusting ash dumps.

It should be noted that geoecoprotective coatings are kinds of layers having min-
eral nature. Their physical and mechanical properties should be controlled. Table 2
shows an example of changes in two properties of concrete when absorbing 3% silica
sol solution.

Table 3 summarizes data obtained by using research of electron microscopical
image (EMI) and a method of electron probe microanalysis (EPM).

The authors propose technological solutions of geoecoprotection in the form of
coatings for mineral geosystems which are single- or multilayer impregnation of
articles, constructions or structures using solutions, such as silica sol.

So, modified surface layers are new way for geoecoprotection from pollution, but
such layers can be used to save natural resources. In addition to the papers [12–15],
let us consider the synthesis of hydration active phases in a geosystem as carriers of
strength and at the same time as mineral geoantidots at the level of sparingly soluble
silicates, aluminates and phosphates. The idea is based on the reaction of binder
formation in the form of calcium and magnesium hydroaluminates. But, since there
are industrial sols—silica sols and alumina sols—they can be industrially applied as
thermodynamically permitted process:

Ca2 + SiO2nH2O + 2OH− = CaOSiO2nH2O + H2O

Table 2 Changes of concrete properties when impregnating

Concrete (strength grade) Changes of properties (when impregnating) concerning
test specimens (without impregnation), ±� %

Water absorption Hardness

B20–B30 −45 to −50 +30 to +40

Table 3 Layer characteristics

Binding article Impregnation
depth by the
method of EPM,
mm

Maximum
depth, on which
there was a new
phase, mm

Morphological
type of new
growths

Share of the area
occupied by
micro pores and
micro cracks
prior to the
formation of a
layer, %

Portland
cement,
concrete B20

3.5 5 CSH (low-basic
hydrosilicates)

Not more than
30
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Table 4 Gibbs free energy change during the synthesis of hydrosilicates from solutions

Reactions Gibbs free energy, �G°298, kg/mol

2CaO(OH2) + SiO2H2O = 2CaO · SiO2 · 1.17H2O +
1.83H2O

−95.32

Ca(OH2) + 2(SiO2H2O) = CaO · 2SiO2 · 2H2O + H2O −169.19

2CaO SiO2 · 1.17H2O + 2(SiO2 · H2O) = 2CaO · 3SiO2
· 2.5H2O + 0.67H2O

−180.56

Ca2 + 3(2SiO2 · 3H2O) + 12OH− = 6CaO · 5SiO2
· H2O + 14H2O

287.89

Table 4 shows the variants of �G°298 reactions depending on the degree of sol
and calcium reagent condensation when obtaining hydrosilicates without the use of
cement in order to save natural raw materials.

The fact of the matter is that in some construction technologies, the synthesis
of hydrosilicates which are carriers of binding properties and strength can be used.
That is why one should pay attention to the circumstances related to the protection
of geoecosystems: first, it is the methods of technological operations; secondly, the
control of geosystem properties. Geosystems require compliance with admissibility
conditions: the use of substances of mineral compositions close to natural, spontane-
ity, the formation of sparingly soluble substances and the usefulness of a product.
These conditions are met if hydrosilicates or hydroaluminates are used. Analyzing
Table 4, one can assume that the admissibility conditions of substance use are fulfilled
for the lithosphere. Another property is the technology of operations which requires
the knowledge of soil filtration characteristics, the methods and the sequence of
solutions’ introduction and their concentration as well as additives, their mixing and
the complex of their property control. To obtain binders from solutions is harmless
to the environment. Two properties can be considered for control—technical and
geoecoprotective ones. For technical properties, one can use known techniques from
the field of building material science; for geoecoprotective purposes, the choice of
additives may be oriented to obtain sparingly soluble substances.

The third direction of modification is to use the impregnation of concrete two or
more times in order to “work” with the surface of its pore and capillary volume. In
so doing, the first impregnating solutions can be contaminated with heavy metal ions
which are neutralized in the body of a stone. The second impregnation is carried out
with a solution of silica.

The aim of the work was to try to create of surface layers on mineral bases having
different nature as well as to meet the requirement of double-layer impregnation
during the hardening of concrete.
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2 Methods

In the experiments specimens ofB15-30 class concrete, dispersion of calciumcarbon-
ate, ash, perlite, expanded clay and basic blast-furnace slagwere used. The specimens
were tested by physico–chemical and physico–mechanical methods. Concrete spec-
imens were saturated with Fe(NO3)3 solution and then with 3% silica. In 28 days,
strength was investigated. The surface of different nature dispersions was saturated
with a solution of calcium or magnesium salt, and then with a concentrated silica
solution. After that the results were analysed. Finally impregnated systems were
tested as aggregates to answer the question: how to use these systems after the end
of their life cycle.

3 Results and Discussion

Studies have shown that for B15 class concrete articles, the thickness of the forming
layer corresponds to an approximate value which is up to 5 mm when impregnated,
first, with Fe(NO3)3 solution, and then with 3% silica sol concentrate. The strength
of the articles increases by more than 20% compared with the strength of the articles
impregnated only with silica. Water absorption is reduced by more than 50% and,
thus, frost resistance and water resistance increase. Improving the quality of concrete
due to themodified layer and extending its life cycle helps to reduce the level of waste
by increasing durability which is important from the standpoint of environmental
protection.

The mechanism of action is based on reactions 1, 2 and 3.

2Fe(NO3)3
︸ ︷︷ ︸

The absorbed solution,
the excess in relation to Ca(OH2)

+ 3Ca(OH2)
︸ ︷︷ ︸

It contains in concrete stone
on the basis of calcium silicates

= 2Fe(OH)3 ↓ +3Ca(NO3)2

(1)

2Fe3+ + SiO2nH2O + 3H2O = Fe2O3SiO2nH2O + 6H+ (2)

Subsequently, the neutralization of H+, ions in pores of concrete, takes place,
where pH > 7 (3):

6H+ + 6OH− = 6H2O (3)

Processes 1, 2 and 3 can enable to heal concrete pores with the formation of
a sort of its own waterproofing coating. Thus, this contributes to the increase of
construction and technical properties, such as reducing water absorption, increasing
frost resistance and water resistance. In accordance with the theoretical assumptions
and taking into account the proceedings [16–24], amethodwas developed (seeFig. 1).
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Fig. 1 Method of the
absorption of a complex with
silica solution by concrete

The method corresponds to the positions of technosphere safety because it helps
to prevent the penetration of ions into the environment, on the one hand, and to
increase the durability of articles, on the other hand.

Table 5 shows a qualitative result concerning the impregnation of different nature
dispersions with concentrated solutions of sols or complexes. It illustrates that there
is an effect of creating a screen that is strengthened when using complexes.

Prospects for the development of surface modification in geoecoprotection:

1. The production of modified dispersions of mineral geoantidots by method of
soling. In this case, it is proposed to use mineral raw materials of natural or
technical origin as a basis for soling. The idea is that the surface modified by
silica or alumina sol or their solutions can serve as an absorber for pollution. In
so doing, the modification can take place by cation or anion. The anion can be
double one, SiO2 H2O + Al2O3 nH2O, SiO2 nH2O + P2O5 nH2O, or triple one
SiO2 H2O + Al2O3 nH2O + P2O5 nH2O. It is possible to carry out modification
by cation, for example, using Ca(II) or Mg(II) ions. The technological operation
in such cases includes either sequential surface treatment with different solutions
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Table 5 Qualitative testing of concentrated sol or complexes to strengthen surface by modification

Mineral substances, dispersions Strengthening
effect—the creation of
surface screen—after
single- or multilayer
impregnation

Article, structure and
construction use after their life
cycle

By sol By complexes

Slag + + + As aggregates in the design of
building systemsLimestone + + +

Perlite + + +
Bloating clay aggregate + + +
Ash + + +

or obtainingmodified sols in advance, and thenmineral dispersions are processed
by them.
In this case, absorption capacity of the modified layer is important because it
cleans the lithosphere: it absorbs a pollutant and neutralizes it. Absorption time
and capacity of such modified mineral disperse systems depend on the level of
environmental aggression, and after the life cycle of geoecoprotective action,
the products can be used as aggregates when produced mineral systems. This
technique is called “mineral geoantidot modification” (see Fig. 2).

Fig. 2 Mineral geoantidot
scheme
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Obtained mineral geoantidot meets admissibility conditions for applying a min-
eral geoantidot in a geosystem as it has the composition which is like natural
one. It means that the processes of mineral geoantidot action are spontaneous
and Gibbs energy of a system decreases,�G°298 < 0. This forms products similar
to natural ones and, as a result, a useful product is obtained.

2. Mineral material obtaining for construction through the modification of build-
ing articles, constructions and structures by the method of soling. The idea is
to increase durability and, ultimately, to reduce the consumption of natural raw
materials due to surface modification of articles and imparting them improved
physical and mechanical properties, and, thus, to preserve a productive natural
environment. It is important for the life of the present and future people genera-
tions. Modification can be carried out with the help of both silica and its complex
compositions.

3. The method of soling can be applied to produce articles on the base of Ca(II) or
Mg(II) compounds in the formof dispersions ofmineralman-made rawmaterials.
In this case, it is possible to synthesize hydrosilicates along phase interfaces and
the appearance of strength, i.e. cross-linking of dispersions occurs according to
the scheme:

Ca(II)
︸ ︷︷ ︸

surface

−SiO2nH2O
︸ ︷︷ ︸

gel

−Ca(II)
︸ ︷︷ ︸

surface

with the formation of calcium hydrosilicates. This strengthens the contact. Such
a direction is also related with the economy of natural resources on the basis of
geoecochemical reactions.

4. One more direction is the use of sol dispersions of solid mineral bodies as aggre-
gates and fillers in order to improve physical and mechanical properties and,
accordingly, operational ones resulting in the increase of durability and, thus, the
reduction of the cost of natural raw materials. In this case, we are talking about
increasing and improving the deformation properties of materials.

5. The study of mineral geoantidots in the form of pastes having slag-lime nature.
The advantages of such substances can be considered the fact that there is unlim-
ited raw material base of clay-containing raw materials having different nature.

6. The study of the processes of lithosynthesis when neutralizing pollutants in artifi-
cial solidmaterials based on aluminate, sulphaluminate and other special binders.

7. A special area of engineering knowledge is geoecoprotection calculation of struc-
tures that ensures geoecochemical reactions. This may be structures of transport,
civil and special construction.

8. The development of modification creates a base of green geoecoprotective tech-
nologies that can be evaluated, e.g. by the rating method taking into account
weighting coefficient. In this case, the level of internal energy change in the
geoecoprotective process, absorption ability of mineral geoantidots, the accessi-
bility and scale of man-made raw material base, the use of mineral geoantidots
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in the process of geoecoprotection as a useful product in the process and after
the life cycle can be used as the main geoecological properties.

9. The development of modification can contribute to the creation of special new
building structures and constructions havinggeoecoprotective properties: shields,
barriers, coatings, fills and other “safety facilities” performing preventive and
restoration role.

4 Conclusions

1. The process step of modifying mineral surface of a material, article and structure
is suggested with the aim of improving their construction and geoecoprotective
properties. An example is shown with the use of sol solution or sol complex for
a single impregnation, and a combination of impregnation with electrolyte and
sol solution during two-time impregnation.

2. Complex modifiers based on sols are proposed to increase the level of construc-
tion and geoecoprotective properties.

3. Prospects for the use of surface modification in geoecoprotection are traced.
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A Structure of Atoms of the Main Phase
of Industrial Wastes Predict Properties
of Building Materials in Transport
Construction in Cold Regions

Natalia Babak

Abstract The main object of our research is the transport construction in cold
regions. It based on many natural resources for making building materials, which
must be adapted to low temperature. We pay the main attention to usage of industrial
mineral wastes. Comprehensive analysis of waste including the structure of atoms
of the main phase allows predicts properties of building materials. Using industrial
mineral wastes instead of mineral raw, one can affect various structural properties of
materials. 3d-metals in technogenic raw materials increase the strength characteris-
tics. And s-elements increase the heat efficiency which is crucial in cold regions. We
carried out a comparison of various wall materials with waste. S-elements improve
heat technical characteristics of bricks.

Keywords Industrial mineral wastes · Geoecological reserve · Reduce thermal
losses

1 Introduction

An impact of construction activities on the environment occurs at all its stages.
Any civil or industrial engineering begins with structural materials. Production of
structural materials is a chain of transformations performed under rock and structural
materials as elements of the inorganic world. Transport construction has high capital
costs because of structural materials (make more than 55%). Considering this fact
apparently, it is possible to claim that application of the industrial mineral wastes
is one of the paths of increase production potency of building materials [1–15]. See
also [1–8] for usage of industrial wastes in the production of ceramics and [9–15]
for the production of concrete.
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The amount of energy required to heat transport facilities throughout a cold win-
ter can be staggering. Thermal conductivity is considered to be the main component
of thermal losses through walls. Improvement of thermal insulation of walls in the
majority of structural technologies happens due to a decrease in their thermal con-
ductivity [16]. Thermal conductivity for a solid phase is entirely defined by porosity
and the structure of a solid body. According to the phonon theory, thermal conduc-
tivity of solid solutions is much less when its crystal lattice is strongly chaotic. It can
be used in the synthesis of new heat effective building materials on the basis of the
industrial mineral wastes.

2 Methods and Objects of Research

We introduce a notion of a geoecological reserve of the raw materials used for pro-
duction of construction materials. The geoecological reserve contains many aspects
including efficient use of waste instead of mineral resources.

It is known that the combination of chemical elements and their spatial distribution
in earth’s crust is in the causal dependence on the properties caused by atomic and
ion structures. The analysis of the geochemical table of Zavaritsky and Vernadsky
with Fersman says that many chemical compositions of industrial wastes are similar
to the natural minerals applied in the production of building materials [17].

Sedimentary rock is themain rawmaterial of the industry; it contains about 70%of
clays, about 20% of sands and sandstones, and 5% of carbonates. The main oxides
of the building materials industry are SiO2, Al2O3, Fe2O3, CaO, MgO, and R2O.
Analyzing the natural minerals composition used for producing building materials
and the industrial wastes composition, it can be seen that they are similar.

Building ceramics are composite materials, in which the contact phase is formed
during firing to 1000 °C. The phase of industrial waste and the phase of clay contain-
ing matrix are involved in the process. The contact formed with the donor–acceptor
mechanism. The feature of this interaction depends on the electronic structure of an
element of the main phase of waste [18–23]. Substances with donor–acceptor bonds
are widespread. The majority of bonds fall into complex compounds.

It is known that the strength of the donor–acceptor bond grow from s- to d-valence
electrons, and we see this depends for the cation of the main phase of waste. There
is the geoecological reserve of the industrial waste (Table 1).

Possible electron power conditions in the atom are defined by the size of the
principal quantum number n. The principal quantum number n defines some energy
band where the exact electron energy value is defined by the size l, an azimuthally
quantum number. It is known that a radial distribution of electronic density for each
atomic orbital consists of several maxima and is described by the difference of the
principal and azimuthally quantum numbers (n − l) [24]. The exception is made
by atomic orbitals 1s, 2p, 3d, and 4f; for each of them, the radial distribution of
electronic density consists only the single maximum. This circumstance can have a
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Table 1 Fundamental power parameters of the cation electronic structure

great influence on ability to form donor–acceptor bonds in atoms which have 2p- or
3d-valence electrons.

The analysis of literature data shows that energy of bonds in complexes changes
depending on an electronic configuration of atom. Ametal–water bond in the studied
model complexes changes from purely electrostatic (To, Sa2) to donor–acceptor with
significant transfer of electronic density on a metal ion orbital (Cu2, Zn2). Values of
energy of the covalent binding for various complexes are given in Table 2.

We offer the relative reserve energy coefficient of elements based on power char-
acteristics of an electronic level of the substance.

The relative reserve energy coefficient KRE (relate to sodium) for cation elements
of themostwastes in the crust can become the power characteristic allowing to predict
properties of building materials made with the use of these wastes. For example, low
KRE (the Ca s-element has KRE= 1.19) says about weak contact of this cation with
a clay matrix. In other words, it gives a decrease of a thermal conductivity of this
material. On the contrary, high KRE says about higher strength characteristics of
building ceramics (Table 2).

We can describe a formation of a contact zone «waste – matrix» in terms of zone
theory. This theory gives us an estimation of the donor–acceptor activity of surfaces
of solid waste [23].
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Table 2 Power characteristics of various complexes fragments

Metal ion Configuration Ionic radius
(nm)

The number
of electronic
density highs
on radial
distribution
curve (n − l)

Molar
ionization
energy
(kJ/mol)

The relative
reserve
energy
coefficient
KRE

Na+ 3s0 0.098 3 495.8 0

Al3+ 3p0 0.057 2 577.6 1.16

Ca2+ 4s0 d0 0.104 4 589.8 1.19

Cr2+ 3d4 0.083 1 652.7 1.32

Mn2+ 3d5 0.091 1 717.4 1.45

Fe2+ 3d6 0.080 1 761.6 1.54

Co2+ 3d7 0.078 1 759 1.53

Ni2+ 3d8 0.074 1 736.7 1.48

Cu2+ 3d9 0.080 1 745.4 1.50

Zn2+ 3d10 0.083 1 906.4 1.83

Therefore, it is possible to assume that if technogenic rawmaterials contain phases
with the value of width of the inhibited zone �E less than 3.5 eV, then the donor–
acceptor activity of a surface on phase boundaries increases when roasting. That
leads to the formation of ecologically steady connections which are not washing
away from a matrix.

The more phases with �E less than 3.5 eV are contained in the waste, the higher
probability of formation a contact zone by donor–acceptor interactions of boundary
phases. The highest number of such phases (up to 60%) is in d-wastes; therefore, the
probability of formation of a contact zone of a matrix with such wastes is highest.

3 Results and Discussion

We carried out a comparison of various wall materials. Results of calculation are
presented in Table 3.

The ceramic brickwithwaste from foamconcrete has restrictions onwater absorp-
tion and can be used only with a good waterproofing. But the usage of the brick with
metallurgical slag, and, in particular, in combination with a waste of copper-smelting
production, allows to create a highly effective brick.



A Structure of Atoms of the Main Phase of Industrial Wastes … 455

Table 3 Thickness of the protecting wall from various wall materials

Wall materials Density (kg/m3) Thermal conductivity λ (W/m °C) Thickness δ (m)

In a dry state Under operating
conditions

Corpulent ceramic
brick

1800 0.56 0.81 2.44

Ceramic brick
with hollows

1250 0.28 0.47 1.43

Blocks from
cellular concrete

600–800 0.14–0.21 0.26–0.37 0.8–1.13

Wood 500 0.09 0.18 0.55

Ceramic stone
with hollows (a
waste—foam
concrete, KRE =
1.19)

900 0.15 0.2 0.61

Corpulent ceramic
brick (a
waste—foam
concrete and
granulose domain
slag, KRE = 1.19)

1500 0.24 0.4 1.22

Corpulent ceramic
brick (waste of
granulose domain
slag and copper
slag KRE =
1.19–1.54)

1800 0.29 0.42 1.28

3.1 Calculation of Heat Losses for a Wall from Various
Materials

A good warming of houses is important not only from the financial point of view
for the consumer. A decrease of consumption of the incinerated fuel sharply reduces
quantity of pollutions that significantly improves an ecological situation.

Let us consider a formula of calculation of heat losses Q(W ), through enclosing
structures (e.g., walls, a floor, a ceiling, and a window):

Q = kS�t (1)

where S is the area of an enclosing structure (for example walls) in m2;
Δt is a temperature difference of internal and outdoor air, °C;
k is a heat transfer coefficient of an enclosing structure (W/m2 °C).



456 N. Babak

Analyzing a formula (1), we see that it is possible to reduce thermal losses through
a certain wall in two ways: reducing temperature difference (having lower air tem-
perature indoors) or decreasing a heat transfer coefficient of a wall.

Increasing the wall thickness or choosing material for a layer with smaller value
of a thermal conductivity λ, we reduce k, and, therefore, heat losses.

Example 1 The external wall 4 m long 3 m high consists of bricklaying 50 cm thick,
two red corpulent bricks with cement and sand solution. The layer of internal cement
plaster is 1 cm thick can be neglected. Thermal conductivity of such laying λ =
0.8 W/(m °C), heat transfer coefficient of such wall k = 1/(1/8.7 0.5/0.8 1/23) =
1.3 W/(m2 °C).

Heat losses through a wall at temperature difference 40 °C (−20 on the street 20
in room): Q = 1.3 · (3 · 4) · 40 = 624 W.

If one constructs such awall from the brickmadewith awaste of foamconcrete and
granulose domain slag (KRE= 1.19) instead of a sand 75 cm thick, heat conductivity
in a laying λ = 0.4 W/(m °C), and then a heat transfer coefficient of such wall: k =
1/(1/8.7 0.75/0.4 1/23) = 0.5 W/(m2 °C).

So that heat losses through such wall Q = 0.5 · (3 · 4) · 40 = 240 W.
Difference in heat losses of walls from a traditional brick and a brick made with

the use of wastes �Q = 624 − 240 = 384 W.
As we see, using bricks with wastes (KRE= 1.19) instead of sand, it is possible to

reduce heat losses by 2–2.5 times. And, it will reduce emissions of a carbon dioxide
and, as a result, will reduce the greenhouse effect.

Example 2 If one constructs such a wall from the brick made with the copper slag
(KRE= 1.54) instead of a sand, heat conductivity in a laying λ= 0.47W/(m °C), and
then a heat transfer coefficient of such wall k= 1/(1/8.7 0.5/0.47 1/23)= 0.82W/(m2

°C).

Therefore, heat losses through such wall Q = 0.82 · (3 · 4) · 40 = 393.6 W.
Difference in heat losses of walls from the traditional brick and brick made with

wastes �Q = 624 − 394 = 240 W.
As we see, it reduces heat losses by 3.5 times.
These examples show the advantage of using industrial wastes for building mate-

rials in cold regions.

4 Conclusions

The ceramic industry uses somewastematerials because it is similar to the natural raw
materials in structure and chemical properties. The choice of industrial wastes instead
of natural ones can provide some possibilities to extend the using building ceramics.
3d-metals in waste increase the strength characteristics of building materials; s-
elements improve heat technical characteristics of bricks, which is important in cold
regions. This forecast can be made proceeding from the fundamental knowledge
about the structure of substance.
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Silica Sol in Transport Construction

Ivan Kozlov

Abstract Research area is transport construction in cold regions in compliance
with geoecology. The goal of the article is to develop a new binder for the simul-
taneous performance of two functions—construction and technical, associated with
soil reinforcement, and detoxification of heavy metal ions (HMI). Silica sol was cho-
sen as such binder. The research methods are chemical (assessment of the silica sol
detoxifying ability), physical (determination of the required concentration of silica
dioxide), and physicomechanical (strength tests of samples). It is traced that sandy
soil reinforcement is provided by 30% silica sol with detoxification functions. The
author proposes transport construction technology in which the use of the new binder
allows to achieve higher strength indicators of reinforced structures, as well as to
ensure the implementation of the geoecological function.

Keywords Research of silica sol · Geoecology · Transport construction · Soil
reinforcement

1 Introduction

The growth of industry, increase in the number of vehicles, and development of
civil and transport construction lead to increase of atmosphere, hydrosphere, and
lithosphere pollution [1–5].

A serious danger to the environment is soil contamination with heavy metal ions
(HMI). Unlike organic pollutants, heavy metals are stored in it for a long time even
after the source of pollution has been eliminated. As a result of a pollutant intake
into a human body, the activity of the cardiovascular system is disrupted, and severe
forms of allergy occur. Therefore, in order to preserve the health of present and future
generations, soils need to be cleaned.

In order to detoxify pollution, the study aimed at detoxifying these pollutants was
performed [6–10].

I. Kozlov (B)
Emperor Alexander I State Transport University, St. Petersburg, Russia
e-mail: kis-84@list.ru

© Springer Nature Singapore Pte Ltd. 2020
A. Petriaev and A. Konon (eds.), Transportation Soil Engineering in Cold Regions,
Volume 2, Lecture Notes in Civil Engineering 50,
https://doi.org/10.1007/978-981-15-0454-9_48

459

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0454-9_48&domain=pdf
http://orcid.org/0000-0003-2751-5517
mailto:kis-84@list.ru
https://doi.org/10.1007/978-981-15-0454-9_48


460 I. Kozlov

Table 1 Functions soling•

Process Reaction

Detoxification Reinforcing

Soling nSiO2·H2O + Cd2 �
CdO·SiO2·H2O + Cd(OH)2

SiO2 · H2O � SiO2 · H2O

sol gel

Soil silication (taken for
comparison)

Na2SiO3 + H2O + Cd2 �
CdO·SiO2·H2O + Cd(OH)2
+ 2NaOH

Na2SiO3 + 2H2O �
SiO2·H2O + 2NaOH

gel

However, the physicochemical basis of the processes occurring in soils during sol-
ing suggests that in addition to the detoxifying function, there appears the reinforcing
one. From the point of view of increasing soils reinforcement, an identical function
appears during soil silication. Comparison of the processes is given in Table 1.

The known technological process of soil silication, as shown in the reactions,
has a serious minus—soil alkalization. Therefore, soling with the use of a pure
substance—silica sol, was chosen for further research.

2 Research Methods

The research methods are chemical (assessment of the silica sol detoxifying abil-
ity), physical (determination of the required concentration of silica dioxide), and
physicomechanical (strength tests of samples).

2.1 Assessment of the Detoxifying Ability of Silica Sol

The sand fraction of 0.63–1.25 mmwas used as contaminated soil. For artificial sand
contamination, three solutions were prepared containing a concentration of cadmium
ions (II) 20 times or more exceeding approximate permissible concentration in soil
(0.5 mg/kg). Qualitative analysis confirmed the presence of cadmium ions in these
solutions, since the addition of sodium sulfide (Na2S) to each sample led to the
formation of a yellow settled sludge of cadmium sulfide CdS. This fact proves the
presence of cadmium (II) ions.

The experiment showed that a sufficient volume of solution for wetting (artificial
pollution) of soil is 20ml per 100 g of sand. In the course of the qualitative analysis of
aqueous extract, it was found out that silica sol is capable of detoxifying contaminated
sand containing a concentration of cadmium (II) ions 20 or more times exceeding
the approximate permissible concentration.
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Table 2 Characteristics of “Silica Sol 30”

№ Indicator Value

1 pH, unit pH 9.0–10.5

2 Mass concentration of silica dioxide, % mass 29–31

3 Kinematic viscosity, not more 10

4 Density, g/cm3 1.196–1.210

In order to preserve and purify the natural and man-made environment of the
supertoxicants of the twenty-first century, which are heavy metal ions (HMI), such
objects as railways and highways were chosen.

It is meant that with the help of silica sol, the following possibilities occur:

• detoxifying and reinforcing of road surface during recycling;
• reinforcing the surface of unpaved roads or the main road surface of the railways;
• reinforcing the slopes of the roadbed of railways and highways in deserts and in
the Far North area, where strong winds inflate the roadbed, creating the threat
to traffic safety, and there is no possibility of mass reinforcing of slopes by the
cheapest way—sowing of grass.

In the experiments, there was used “Silica Sol 30” with the characteristics given
in Table 2.

2.2 Determination of the Required Concentration of Silica
Dioxide

When carrying out the experiments, “Silica Sol 30” was used, and it was diluted with
water to a concentration of 15 and 10%. The filler is quarry sand with particles of
a diameter from 0.063 to 2.5 mm. As a form (container) for tests, food transparent
plastic cups with a volume of 100 ml were used. The standard soil load is 100 g. The
density of the resulting sand (bulk, without additional compaction) is 1.63 g/cm3.

In the course of the experiment, sand was filled with silica sol with a volume of
100 ml (weight—121.43 g) at a certain speed. The quantity of silica sol which man-
aged to be absorbed during the infusion was taken as consumption (soil absorbency).
The overflow (unabsorbed) silica sol was drained through the perforated openings
from the first cup into the second and was removed.

As the result of testing the samples, it was possible to determine the consumption
of silica sol (soil absorbing capacity) per 100 g of sand. The data obtained are
summarized in Table 3.

The data obtained in the experiment make it possible to formulate the following
conclusions, useful for experiments on manufacturing beams for determining the
reinforced soil strength:
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Table 3 Silica sol
consumption (soil absorbing
capacity) per 100 g of sand

Sample number Silica sol concentration, %

10 15 30

Consumption, g

1 12.9 22.1 29.6

2 13.4 22.2 29.0

3 13.2 22.0 30.4

Average consumption 13 22 30

• for manufacturing of beams, you should use a larger amount of silica sol (not
just soak, but pour the sample to the brim), because silica sol absorbed during the
infusion is not enough for hardening the sample throughout the volume;

• silica sol should be poured in two or three stages depending on the state of the
sample as the silica sol shrinks.

2.3 Fabrication and Testing of Beams from Soil, Reinforced
with Silica Sol

Samples were made in standard forms for the manufacture of concrete beams. In
order not to waste silica sol and soil for testing, the remaining sieved sand from the
first experiment (first form), as well as from ordinary medium-sized quarry sand,
which builders usually use when building a roadbed, was used to make the first
standard beams 4× 4× 16 cm (second form). To prevent silica sol leakage, the form
was laid with food wrap. The sand was poured at room temperature and humidity,
not compacted.

The first form with sieved sand, which remained after the first experiment, was
filled with 15% silica sol in the hope that a greater amount of binder and periodicity
of watering will allow obtaining a reinforced soil sample capable of holding the
form. Unfortunately, beams have not been formed for 28 days. They crumble. It is
even impossible to take beams in hand. Only a small lower part of them has been
hardened.

With 15% silica sol, the strength was not reached. With the Silica sol 30, the
experiment revealed the following (see Fig. 1).

The test results of the three beams for bending and compression are shown in
Table 4.

The results of the first tests suggest that the sandy soil can be reinforced with silica
sol. The concentration should not be below 30%, and higher strength is achieved with
a higher sample mass.
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Fig. 1 Beams 4 × 4 × 16 of ordinary middle-sized sand in 28 days

Table 4 Strength of reinforced material for bending and compression, kgf/cm2

Beam № Mass (g) Bending strength Compressive strength

1 512.86 1.40 Max 9

2 471.33 1.95 Min 3

3 449.26 0.99 Average 5

3 Results and Discussion

In the development of the studies described above, this article discusses the use
of silica sol in modern and progressive construction technology—recycling roads so
that the process of road recycling can simultaneously be detoxifying. It is also known
that man-made soils can be used in the construction of dirt roads using stabilization
technology. However, such products are often polluted by HMI, which prevents their
use and the release of land occupied by waste and preservation of natural products.
But contaminated man-made products during the construction of dirt roads can be
restored (detoxified) by using silica sol solution. Next we consider both of these
technologies.
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3.1 Cold Recycling Technology

When reconstructing roads with asphalt concrete pavement, it is possible for a recy-
cler, at the same time with its well-known function of removing the old pavement,
grinding and mixing it to a certain degree of uniformity, perform a new function—
adding a new solution of silica sol during mixing.

From the point of viewof geoecoprotection, cold recyclingwith the use of silica sol
will have a significant advantage over other methods of reconstruction, not only due
to the full use of old pavement material, but also due to its detoxification. In addition,
there is no need for the supply of materials for construction, as the reconstruction is
carried out directly at the site, which reduces the pollution of the area that is inevitable
when new quarries and chamber nominations are opened.

The silica sol, SiO2·nH2O, is safe in its composition for the environment [11–15].
The detoxification function of silica sol is based on spontaneous reactions of inter-

action of heavy metal ions (HMI) with the formation of low-solubility substances:

Me2+ + SiO2 · H2O + 4OH− = Me(OH)2 ↓ +MeO · SiO2 · H2O + H2O

silica sol (1)

So, as tires are worn out in asphalt concrete, HMI accumulates, including zinc,
nickel, cadmium, and also lead. The reaction of type (1) in the recycled layer due
to the formation of low-solubility products (the right side of Eq. (1)) can reduce the
danger of HMI to the value of the maximum permissible concentration (MPC) in
the soil, i.e., minimizes danger. The latter is especially important, as it forms a new
coating during recycling, which should be safe for the lithosphere.

The principle of repairing (reconstruction) of roads by the method of cold recy-
cling consists in uniform grinding of asphalt concrete pavement, as a rule, with the
capture of part of the road base and adding reinforcing additives, such as cement or
other inorganic binders, into the resulting granulate, with further mixing, planning
and compacting obtained mixes.

Themeaningof silica soling is in adding into the resulting granulate the reinforcing
additive simultaneously with silica sol for detoxification purpose (Fig. 2).

The destruction of the old coating allows you to eliminate the source of occurrence
of new reflected cracks; moreover, the utilization of the old coating is not required.

Fig. 2 Geoecoprotective road recycling
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The silica sol is introduced in the recovering contaminated raw materials using a
pump, equipped with recyclers. The dosage and delivery of the fluid are controlled
by the microprocessor in relation to the amount of material in the mixing chamber.
Silica sol is pumped through nozzles (channels) that are located on the distribution
pipeline and injected with even layer across the entire width of the mixing chamber.

The recycler works together with large tankers (including those containing silica
sol), which are combined with the recycler, after which it pushes them or hauls them.
The tankers carry a supply of liquid impurities, and separate tankers are used for
each type of binders, including for silica sol. The complex is considered usual when
the recycler has one tanker.

To obtain a homogeneous mixture, silica sol is mixed with recycled material. The
water supply is adjusted so that the moisture percentage is satisfactory for the desired
firming. Through the strip, milled with a cutter drum, the solution enters the mixing
chamber, where the process of alignment takes place on the back part before filling
this strip. After the work of the recycler, the roller performs compaction of asphalt
for the grader, which in turn smoothes the road surface to a certain height level.

A rather detailed examination of the cold recycling technology has shown that
there are no restrictions for giving it a geoecoprotective function. The water used
in this technology can be replaced by silica sol, which, in addition to the main
detoxification function, reinforces the soil.

3.2 Stabilization Technology (Soil Reinforcement)

The aim of the work was to propose the possibility of preserving natural and man-
made systems during the construction of dirt roads and other road infrastructure
objects by using silica sol. It is proposed to use it in the technology of reinforcing
dirt roads, including man-made ones, while in cases of contamination by HMI, the
above-described process takes place (see Formula 1).

Under the preservation of the natural environment, in this case, the saving of
natural resources and the restoration of polluted mineral products are meant.

Furthermore, the silica sol solution (according to [16–20]), due to the possibility
of transition to silica gel, in addition to detoxification, HMI holds the soil particles
together, reinforcing it, i.e., acts as an inorganic binder:

sol gel

SiO2 · nH2O → SiO2 · nH2O (2)

The mode of silica-firming action for soils is similar to the known use of liquid
glass:

Na2SiO3 + 2H2O = 2NaOH + SiO2 · H2O

silica gel (3)
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However, unlike reaction (3), silica gel obtained by silica soling is pure due to the
sol–gel transition and does not alkalize the building systemwith strong alkali, NaOH,
and thus does not pollute the lithosphere, as in reaction (3). This is its principal
geoecological advantage, i.e., silica gel obtained from silica sol is a pure mineral
product with detoxifying and binding properties.

Moreover, in the case of reinforcing of dirt roads and other objects of the road
infrastructure, polluted under service, as well as when using for reinforcing polluted
mineral waste production, by adding silica sol, spontaneously reacting with danger-
ous pollutants—heavymetal ions—and forming silica gel as a pollution absorber, the
stabilization technology acquires a geoecoprotective function. This function works
not only when the substance is added into the soil, but also when being under service,
since the known absorption properties of SiO2*nH2O in the form of silica gel allows
to provide these properties during the road operation—as the dirt absorber will be
present in the dirt road.

The analysis of recovery of contaminated products, used as part of soil reinforce-
ment during the dirt roads construction, shows the possibility of adding silica sol into
the soil when the HMI soil is contaminated in quantities comparable to the 1000-fold
MPC excess (for reference, MPC in soil: Cu (II)—1 mg/kg; Pb (II)—20 (30) mg/kg;
Cd (II)—0.5 mg/kg).

From a practical point of view, the stabilization of soils with modern single-pass
means of mechanization (such as WR 2500 from Wirtgen, Germany) includes the
grinding of soil and/or man-made product and the supply of cement and water with
simultaneous mixing of soil with layer.

In case of soil reinforcement with cement, the amount of water added must also
be determined taking into account laboratory tests. In this case, in the technological
chain of machines, after the binder dispenser, a water tanker truck is added.

Taking into account the above mentioned, silica sol, being an aqueous solution of
silica dioxide, in certain proportions of the laboratory mixes with water, replacing a
part of it, or is poured into a tank truck instead of water (Fig. 3).

This technology of dirt roads construction minimizes the negative impact on the
lithosphere and is economically beneficial as it not only reinforces the local soil
directly on the road, which is a known advantage, but also significantly reduces
the amount of imported soil by using man-made materials without detoxification of
unsuitable ones—i.e., there is a detoxification of the entire mineral building system,
which is the geoecoprotective function of silica sol.



Silica Sol in Transport Construction 467

Fig. 3 Scheme for adding of
silica sol when reinforcing
the soil to detoxify pollution
and protect the lithosphere

4 Conclusions

The concentration dependence of the strength when using silica sol has been traced,
and the values of the strength indicators of soil samples reinforced with silica sol
have been obtained.

The possibility of providing a geoecoprotective function of soil stabilization tech-
nologies and road recycling using silica sol has been proposed. Furthermore, the
equipment used in the technological chain of machines in these technologies is pro-
vided.
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The Method of Producing
Non-autoclaved Foam Concrete Based
on Polymers for the Construction
of Various Road Structures in Cold
Regions

Anastasiya Sychova , Yuriy Kamenev, Larisa Svatovskaya
and Alexandr Avseenko

Abstract The purpose of the investigation is to obtain the non-autoclaved foam con-
crete with increased thermal protection properties for various road structures. It is
shown that to achieve this goal, polymers and dolomitized limestone are to be intro-
duced into the foamconcrete composition,which results in the decrease of the thermal
conductivity coefficient of more than a class of average density. The interrelation of
thermal conductivity coefficient of foam concrete with physical–chemical character-
istic of its stone interlayer (crystal–amorphous ratio characterizing the amorphism
degree of its stone structure) is scientifically proved. New technological solutions
for road structures construction are proposed. It is shown that the use of foam con-
crete based on polymers in road structures allows to provide high frost resistance,
which is especially important for construction in cold regions. In such regions, in
order to arrange road structures on permafrost and heaving soils, they need increased
thermal protection characteristics. The use of materials with a reduced thermal con-
ductivity coefficient in their composition will prevent their destruction. When using
foam concrete in railway embankments, the load on weak foundations is reduced. It
is established that the solutions with simultaneous application of foam concrete of
different classes of average density are the most effective. Fourier transform infrared
spectroscopy and derivatographic methods of analysis were used in the study of the
material obtained. The calculation of road structures was carried out in accordance
with the regulatory documentation and showed a significantmargin of frost resistance
and the load reduction in a weak base.
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1 Introduction

The relevance of the work is due to the fact that 60% of the territory of Russia is in the
first road-climatic zone. This zone is characterized by low average daily temperatures
of the cold period of the year, as well as the presence of heaving and subsidence
of soils. So, in order to ensure the durability of pavement structures operating in
difficult climatic and hydrogeological conditions, the use of the following materials
is required: with a reduced density for decreasing the load on a weak base, with high
thermal protection properties for increasing the frost resistance of the entire road
structure [1, 2].

The use of polystyrene foam in road embankments on weak soils is known from
the literature [3–5]. Road structures with light materials require little time for their
construction [6, 7]. It is known to use geofoam EPS as an embankment for the
foundations of bridges [8]. In recent years, expanded polystyrene (EPS) geofoam has
successfully been used to reduce the acting vertical and horizontal stresses in several
geotechnical applications due to its lightweight, compressibility, and durability [9–
11]. Material such as foam polystyrene (EPS) can be used as an energy-absorbing
material [12]. But foam polystyrene (EPS) has the following disadvantages: high
cost, the ability to destruction, and the possibility of using only blocks (the use of
monolithic material is not possible).

To create a non-autoclaved foamconcretewith increased thermal characteristics, it
is proposed to increase the degree of amorphismof its stone structure. The amorphous
structure will be known to reduce [13] the rate of thermal wave’s propagation and
the coefficient of the material’s thermal conductivity.

It is proposed to increase the degree of the phase structure amorphismof foam con-
crete by introducing polymers with amorphous structure and dolomitized limestone
into its composition. High fineness of limestone grinding increases the amorphous
phase in its composition. With the introduction of the polymer together with the
limestone into the of the foam concrete composition, it is possible to increase the
amorphism degree of its stone structures significantly [14].

The degree of amorphism is supposed to be estimated by a new characteristic—the
crystal–amorphous ratio (�), formula is (1):

� = crystalline phase,mg

amorphous phase,mg
(1)

The calculation is based on the results of derivatographic analysis of the foam
concrete samples and gives the possibility to determine the amount of crystalline
and amorphous phase in the material.

The greater the amorphous phase in the material, the lower is the value � and the
coefficient of thermal conductivity of foamconcrete and higher its thermal properties.
It should be taken into account that the crystalline phase largely provides the strength
of foam concrete to a considerable degree. That is why the ratio of these phases in
the material is especially important.
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Fig. 1 Method of determining the value of the crystal–amorphous foam concrete ratio, �

For Fig. 1, the method of determining the value of the crystal–amorphous ratio of
foam concrete is based on polymers.

2 Experiment

Then, the synthesis of non-autoclaved foam concrete with the increased heat-
shielding properties was carried out. In developing the composition of the material,
the following factors were taken into account:

1. To exclude the slowing effect of polymers on the processes of cement hydration,
they are supposed to be introduced into the foam concrete in the form of a
complex additive together with a hardening accelerator. NaCl was chosen as a
hardening accelerator, as it can exert a significant activating influence on the
cement hydration processes [2].

2. It is necessary to choose the stabilizers of a construction foam on a protein basis
because the hardening accelerators can cause its destruction. As a stabilizer, a
polymer (latex SCS-65 GP) was also proposed [15] because it was supposed to
be able to form chemical bonds with the molecules of the protein foaming agent,
which would strengthen the protein film and ensure the stability of the building
foam in the presence of the introduced hardening accelerator [15, 16].

The experiment showed that the foam resistance time will increase by more than
2.5 times. Fourier transform infrared spectroscopy confirmed that the effect of the
foam stability increase is connected with the formation of hydrogen bonds between
the molecules of the foaming agent and latex SCS 65-GP [17].

Further, the composition of the complex additive was selected for the introduction
into the foam concrete mixture, as well as the composition of non-autoclaved foam
concrete classes in the average densityD500 andD1000.On the basis of experimental
studies, the following composition of the complex polymer additive (mass%) was
selected: 77 (polyvinyl acetate): 23 (NaCl).

The complex additive was introduced into the mixture together with mixing water
in an amount of 13% byweight of cement. The fast-hardening Portland cement CEM
I 42.5 B was used as a binder. A part of the aggregate (sand with a grain size of not
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more than 0.63 mm) was replaced by the dolomitized limestone with a specific
surface area of 3000 cm2/g in the amount of 30%. Hardening of samples was carried
out in the mode of heat and humidity treatment.

3 Results and Discussion

Physical and mechanical tests of the developed foam concrete show that the com-
pressive strength increases up to 65%; tensile strength in bending—up to 25%; frost
resistance increases up to 27%; the coefficient of thermal conductivity decreases by
more than a class of average density (Table 1) [18–20].

The derivatographical analysis of samples carried out (Table 2) shows the presence
of the low-basic hydrosilicates—CSH (II) and C6S6H in the material which are

Table 1 Physical and mechanical properties of the foam concrete developed

Physical and
mechanical
characteristics

Simples

Class on average density

D500 D1000

Control sample A sample of the
complex polymer
additives

Control sample A sample of the
complex polymer
additives

Bending tensile
strength (MPa)

2.7 3.1 6.9 9.3

Compressive
strength (MPa)

3.7 5.6 14.8 18.2

Thermal
conductivity
(W/m °C)

0.12 0.10 0.29 0.19

Frost resistance
(cycles)

15 19 41 52

Table 2 Derivatographic analysis of the foam concrete samples

Sample
type

Effects (°C) Mass loss
in the
crystalline
phase, mg

Mass loss
in gel
(amor-
phous)
phase, mg

I-(64-
120)CSH(II)

II-(463-
513)Ca(OH)2

III-(613-
725)C6S6H

IV-(725-
888)C6S6H

Weight loss on effects, mg

Control
sample

16.4 6.4 16.0 – 38.4 25.3

A sample
of the
complex
polymer
additives

22.5 9.0 13.5 29.25 74.25 64.75
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Table 3 Relationship between the crystal–amorphous ratio and the thermal conductivity coefficient
of the developed foam concrete

Sample type Crystal–amorphous ratio Thermal conductivity, λ
(W/m °C)

Control sample 1.5 0.19

A sample with the complex
polymer additives

0.9 0.155

characterized by high strength [21]. Also, the results of the analysis show an increase
in the amount of Ca(OH)2, which indicates an increase in the degree of cement
hydration in the presence of the introduced complex additive. These results explain
the increase in physical and mechanical characteristics [16] of the foam concrete
obtained.

The results of the calculation data of the derivatographical analysis (Table 3)
show that the proposed value of the crystal–amorphous ratio is reduced by 1.6 times,
and the coefficient of thermal conductivity—by more than one class of the average
density in comparison with the control sample. These results confirm the previously
stated assumptions about the influence of the degree of amorphous stone structure
of foam concrete on its thermal properties.

Further, new technological solutions of the received foam concrete application in
various road designs were developed.

The first technological solution for the pavement construction (Fig. 2) proposes to
use the developed foam concrete as a carrier base performing simultaneously a heat-
shielding function (D1000), as well as an additional heat-insulating layer (D500).
This solution allows to reduce the thickness of other layers of the road structure,
to improve the water-heat regime of the roadbed and frost resistance of the entire
structure. This is necessary for their arrangement in the Northern regions where the
permafrost and heaving soils are present [22–24].

Fig. 2 Road constructionwith the use of the developed foam concrete of different average densities:
1 coating; 2 foam concrete D1000; 3 foam concrete D500; 4 soil subgrade
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Table 4 Design strength characteristics of the road pavement when the developed foam concrete
is used

Calculation conditions Margin according to the terms of the
calculation when using a new technological
solution N = 7.68·106

According to the permissible elastic deflection
of the entire structure

1.9

According to the resistance to stresses arising
under the influence of the repeated short-term
loads

1.86

According to the unacceptable residual
deformation in the underlying soil and low
connective layers of road pavement

2.14

According to the resistance 2.83

Table 4 shows the characteristics of the road constructions with the use of the
foam concrete developed. The developed pavement calculation was carried out for
the group of the design load A3 which corresponds to the standard static load on the
axis 130 kN [25].

Table 4 shows that the reserves according to the frost resistance exceed the required
ones superior to 2.83 times [26]. From this result, it follows that the developed foam
concrete is an effective building material which is advisable to use in road structures
in the Northern regions.

The second technological solution offers to use the developed foam concrete as a
material of railway embankment (Fig. 3).

Instead of a part of the railway embankmentmaterial, the developed foam concrete
of the average density of D500 with a layer height of 4 m is placed.

The construction of a railway embankmentwith foam concrete is carried out under
the condition of its quick fill whole the, which is impossible when using sand or local
soil are used [25, 27, 28].

Table 5 shows the design characteristics of the railway embankment while using
the foam concrete developed [29].

The table shows that the load from the embankment with the foam concrete use is
lower compared to the sand embankment by 32%; the weak base is able to withstand

Fig. 3 Railway embankmentwith the use of the foamconcrete developed: 1 ballast layer; 2 embank-
ment soil; 3 non-autoclaved foam concrete of medium density D500
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Table 5 Calculation results of the railway embankment while using the developed foam concrete
of the average density D500

Calculation type Design characteristics Value

The calculation of load on a weak basis The estimated load from the
embankments with the use of foamed
concrete (kN/m2)

104

The estimated load from the sand,
embankment (kN/m2)

320

Safe loading (kN/m2) 112

The calculation of the precipitation of the
weak base

A finite amount of precipitation of the
foundation within the active zone of
compression (cm)

19.7

Permissible value of the base
precipitation (cm)

20

the embankment with foam concrete, while in using the sand embankment additional
measures are required to strengthen it.

The developed technological solutions can be recommended for areas of the per-
mafrost soils (the Far North and the Arctic), since the frost resistance of such struc-
tures ensures the preservation of soils in the frozen state throughout the service life,
and their reduced weight decreases the load on the weak bases.

For both technological solutions, it is assumed to lay monolithic foam concrete
at the average daily air temperature of up to minus 15 °C, and to lay foam concrete
mats at the average daily temperature below minus 15 °C.

4 Conclusions

1. To assess the degree of the foam concrete stone structure amorphism, it is pro-
posed to use the value of the crystal–amorphous ratio�, determined by the results
of derivatographic analysis.

2. It is proposed to introduce a polymer in the form of a complex polymer additive
(polyvinyl acetate+NaCl), as well as dolomitized limestone in order to increase
the heat-shielding properties of cellular concrete.

3. It is shown that the developed foam concrete with a complex polymer additive
reduces the value of the crystal–amorphous ratio by 1.6 times, increases strength
characteristics up to 65%, and decreases the thermal conductivity coefficient by
more than a class of average density.

4. The use of foam concrete with different densities in the pavement layers which
perform the carrier and thermal insulation function as well as a railway embank-
ment is presented.
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5. The calculation of road structures with the use of the foam concrete developed
showed a significant margin of frost resistance as well as the load decrease on a
weak base.
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Conservation of Mineral Resources
in Transport and Civil Construction

Marina Baydarashvili , Antonina Sakharova and Natalia Shrednik

Abstract Mineral resources conservation has been gaining importance in trans-
port and civil construction, including in cold climates. Numerous experiments have
established that conservation of mineral resources is possible when using silicic acid
nano-solution at the stage of production of cement-base building systems. Some
resource-saving technological decisions are present. The article presents the cal-
culated data on the economy of natural resources using these decisions. Resource
consumption coefficient is offered. This coefficient determines natural raw materi-
als efficiency. There is another way to preserve natural resources—geoecoprotective
decoration of white cement construction products. This decision involves the use of
colored solutions of metals instead of the natural mineral pigment. The calculation of
the mineral coloring component consumption per 1 m3 of the concrete product was
carried out. The valuation showed that the use of colored solutions when painting the
surface of the product significantly reduces the cost of natural mineral raw materials.

Keywords Mineral resources conservation · Resource consumption coefficient ·
Silicic acid nano-solution · Geoecoprotective decoration

1 Introduction

There are various ways to preserve mineral resources in construction. On the one
hand, it can be the development of buildings, structures projects that provide mini-
mal costs for construction and operation. On the other hand, it is possible to create
resource-saving types of building materials, products, and related technologies of
their production [1–8]. In the article [9] were conducted studies that showed the
possibility of using waste foundry in the hot sand-asphalt production. Studies have
shown that replacing 25% of sand with burnt earth improves performance. In foreign
practice, great attention is paid to the possibility of using various wastes as aggre-
gates in the concrete production [10–19]. Such concretes are referred to as «green»
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or «ecological» concretes, because they have less impact on the environment, help in
solving the problem of construction and industrial wastes utilization, and contribute
to the natural resources preservation.

It should be noted that the problems of building long-term buildings and structures
and their operation are particularly acute in cold climates. A significant part of these
problems is related to the stability of buildings and structures on frozen soils, the
impact of snow loads on buildings and structures, environmental protection, and
recycling of man-made waste. As a result of high requirements to the quality of
buildings and structures construction, environmental safety, builders use the most
efficient, energy- and resource-savingbuildingmaterials, structures and technologies.

2 Scientific Basis of Resource Conservation in Construction

It is possible to distinguish two fundamental characteristics of construction sys-
tems that will lead to resource-saving in construction activities and in construction
technologies. The first is the size of the particles, including nanoscale (1–100 nm).
Nanoparticles provide additional energy. The second is the ability of a capillary-
porous mineral body (for example, a building product of a cement base) to absorb
nanoparticles and their further participation in processes that provide resource econ-
omy [20–23].

As nano-solution was taken from the solution of silicic acid sol, which has excess
surface energy and surface area, which ensures high reactivity.

As a result of capillary rise, silicic acid sol interacts with the components of
the building hydrosilicate system. This process is energetically beneficial and is
accompanied by the formation of an useful product. The results of research have
shown that the use of silica solution increases the strength of buildingmaterials,which
increases the structural quality coefficient (SQC) of the material. This coefficient is
calculated as the ratio of the strength to the relative average density. It characterizes
the technical and economic quality of the material (Table 1).

To assess the consumption of natural resources in the various construction mate-
rials and products production have been proposed geoecological indicator—the ratio
of the mineral resources cost krc. This coefficient is associated with the coefficient of

Table 1 Results of the calculation of SQC samples of control and saturated with silica solution

Average density of hydrosilicate systems (kg/m3) SQC, MPa, determined at the age of
28 days

Test With absorbed silicic acid sol

400 1.12 2.00

500 1.86 4.18

600 2.28 4.45

2000 7.04 12.3
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Fig. 1 Resources cost indicators of control concretes and concretes with absorbed silica

constructive quality inverse relationship. It shows the following. The lower its value,
the less natural raw materials are consumed. Therefore, decreasing this coefficient
shows that such technical and technological solutions in the construction activities
become geoenvironmental protective.

Figure 1 shows the values of krc for control samples of building systems and
systems modified with silica solution.

Figure 1 illustrates the idea that the absorption of nano-solution construction
hydrosilicate system leads to saving of resource consumption by increasing the prop-
erties level of the building system. In other words, the absorption of the silica solution
and its further interaction with the components of the construction hydrosilicate sys-
tem leads to the synthesis of the properties of such a system, which were previously
provided by the use of natural raw materials [24–28].

3 Technological Solutions for the Mineral Resources
Conservation in Construction

The first solution was applied to underground construction structures operated in
high humidity conditions-strip foundations, piles, pasture columns, etc., when it is
important to increase geosecurity to provide reduced water absorption of the under-
ground part. Studies have shown (Fig. 2) that the processing of such structures of
average density of 2000 kg/m3 silica solution leads to a decrease in water absorption
and to an increase in the life of such products and structures of them.

Figure 3 shows the calculated data on the amount of natural raw materials that
will be saved when using resource-saving technologies that provide for an increase
in the service life of the construction system.
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Fig. 2 Geoenvironmental protective (for waterproofing) properties that determine the material
durability

Fig. 3 Saving of natural raw
materials

The second solution is applied to the resource-protection technology of painting
the surface of finished building products of white color for decorating products. Such
products do not carry a surface load and are operated in favorable (non-aggressive)
conditions for this material (for example, small-piece products made of silicate brick,
foam, aerated concrete remaining after construction, repair, reconstruction, etc.).
This solution is based on the absorption and interaction of colored solutions with the
components of the building system, which leads to the coloring of the product. This
reduces the resource costs for the production of pigments used for decoration. There
are two ways of painting concrete products in construction. The first is to add dyes
at the stage of mixing the solution; the second method involves applying paint to the
surface of the finished product.

To paint the building products in yellow, red, black, and brown colors are often
used iron oxide pigments containing in their composition of iron oxides and hydrox-
ides [29]. In this case, the amount of pigment administered varies from 0.2 to 5% of
the weight of the prepared cement. The pigment content depends on the intensity of
staining (Table 2).
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Table 2 Consumption of
natural mineral iron oxide
pigment depending on the
color intensity

Pigment consumption per 100 kg
of cement (kg)

Color intensity

1–2 Weak color, pastel colors

3–4 Average intensity

5–6 Intense color

Iron oxide (III) is the basis of iron oxide pigments. Analysis of reference data [19]
showed that its content is 90%. Then, for the production of 1 m3 of colored concrete
product of the initial average density of 2000 kg/m3, painted in pastel colors, with
a cement consumption of 500 kg, it is necessary 2 × 500/100 = 10 kg of pigment,
that is 10 × 0.9 = 9 kg of iron oxide (III). Iron (III) oxide is about 70% of enriched
iron ores. Then for producing 1 m3 of colored concrete products will be required
to 12.9 kg of natural raw materials, for 1000 m3 of 12.9 tonnes, which speaks of
resource-intensive technologies of this type of construction.

Thus, the development of technological solutions aimed at reducing resource con-
sumption in this type of construction activitywill be the geoenvironmental protective.

The first studies were aimed at determining the lowest concentration of the initial
solution at which the color of the product appears. These studies are dictated by the
need for safe disposal of such solutions. Samples of foam concrete and silicate brick
ware chosen as construction materials to be painted.

Staining products occurred at the followingminimum concentrations: when using
a solution of copper (II)—0.025%; when using a solution of Nickel (II)—0.025%;
when using a solution of iron (III)—0.005% (Fig. 4).

The following studies were aimed at determining the “washout” of metal cations
from painted products. To do this, the stained samples were immersed in distilled
water. After 1, 7, and 30 days,water sampleswere taken to detect heavymetal cations.

These studies showed the absence of metal cations in all samples. This fact indi-
cates the safety of the color of the product, on the one hand, and the environmental
safety of such technology for the environment, on the other.

Fig. 4 Result of the process of decorating samples of silicate bricks (a) and foam concrete (b)
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Table 3 Consumption of mineral coloring component per 1 m3 of concrete product, which deter-
mines the consumption of natural mineral resources

№ Pigment
(contains iron
(III)
compound)

Pigment
consumption
per 1 m3 to
create a weak
color

In what form is
used

The content of
the coloring
component (%)

Consumption
of the coloring
component,
kg/m3, to
create a weak
color (pastel
colors)

1 Red iron oxide 10 kg Solid 97 9.7

2 Brown iron
oxide

10 kg Solid 84 8.4

3 Orange iron
oxide

10 kg Solid 83 8.3

4 Yellow iron
oxide

10 kg Solid 87 8.7

5 Iron (III)
nitrate

1 L Solution 0.025 0.00025

Thus, the processes of absorption and interaction of metal cations with the com-
ponents of the construction system can be used in the decoration technologies of
building cement products using colored solutions with copper (II), Nickel (II), and
iron (III) ions. It can significantly reduce the consumption of natural ores, which are
also mined for the pigments and dyes production. Table 3 shows the quantities of
coloring components (containing iron (III) compounds) per 1 m3 of finished cement
products with an initial average density of 2000 kg/m3 and a cement consumption
of 500 kg/m3. It should be noted that the first four pigments are added at the stage
of mixing solutions that stain the product throughout. The fifth, which is proposed
in this article, involves painting the surface of the finished product. In this regard, a
condition is introduced that the goal of decoration is to paint the product surface.

According toTable 3, the use of solutions of non-ferrousmetal ions on the example
of iron nitrate (III) can significantly save natural resources related to non-renewable.

4 Conclusions

1. To assess the consumption of natural resources in the various construction mate-
rials and products production have been proposed geoecological indicator—the
ratio of the mineral resources cost krc. The lower its value, the less the natural
raw materials are consumed.

2. Conservation of mineral resources is possible with the use of solution silicic
acid sol at the stage of cement products production. The absorption of the silica
solution and its interaction with the components of the hydrosilicate system
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leads to the synthesis of the properties of such a system, which were previously
provided by the use of natural raw materials.

3. Conservation of mineral resources is possible in the technology of coloring con-
crete products in white. The technology allows to refuse the pigments received
from natural ores.

4. Painting the surface of the product with a colored metal solution reduces the
consumption of mineral resources by four orders of magnitude.

5. These decisions on the conservation of mineral resources allow us to solve some
of the problems of building long-term buildings and structures in cold climates,
which were described in the article.
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The Acceleration of Hardening
of Non-autoclaved Foam Concrete
with the Mechano-Activated Binder
When Constructing in the Arctic
and Cold Regions

Andrey Solomahin, Larisa Svatovskaya and Yuriy Kamenev

Abstract The purpose of the investigation is to obtain high strength characteristics
of foam concrete during its hardening at sub-zero temperatures and using in road
embankment structures. It is scientifically proved that the introduction of the gran-
ulated slag and waste molding mixture jointly ground with cement into the binder
composition reduces the time of cement hydration inwinterwithout using themodern
methods of concrete hardening acceleration. The optimal combination of the com-
plex binder components and the amount of injected polymer for foam stabilization
are determined. The kinetics of the calcium release in the process of hydration at the
initial phases is shown, and the rate of decrease of the alite component in the samples
with the mechano-activated binder and polymer foam stabilizer is estimated. It was
found that the introduction of the polymer into the active foam does not slow down
the hydration process of silicates when introducing a mechano-activated binder. It
is shown that the joint grinding of silicate components violates the crystal lattice of
minerals and leads to the change in their surface properties. The method of X-ray
phase analysis was used in the study of cement stone hardening processes. The paper
proposes constructive solutions of road embankments with the use of non-autoclaved
foam concrete on the basis of a mechano-activated binder. The use of non-autoclaved
foam concrete based on mechano-activated binder is relevant to the construction in
the Northern regions. Receive when you activate the secondary of active sites of
hydration helps to reduce the binding time binding.

Keywords Non-autoclaved foam concrete ·Mechano-activated binder · Polymer
stabilizer · Hydration of silicates · Roads
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1 Introduction

The use of polystyrene foam in road embankments on weak soils is known from
the literature [1–3]. Road structures with light materials require little time for their
construction [4, 5]. It is known to use geofoam EPS as an embankment for the
foundations of bridges [6]. In recent years, expanded polystyrene (EPS) geofoam has
successfully been used to reduce the acting vertical and horizontal stresses in several
geotechnical applications due to its lightweight, compressibility, and durability [7–
9]. Material such as foam polystyrene (EPS) can be used as an energy-absorbing
material [10]. But foam polystyrene (EPS) has the following disadvantages: high
cost, the ability to destruction, and the possibility of using only blocks (the use of
monolithic material is not possible). Non-autoclaved foam concrete can serve as
an alternative to polymer products. It is free from the disadvantages of polymeric
materials.

To obtain high strength characteristics of foam concrete of non-autoclaved hard-
ening used in the construction of buildings and structures as well as in the process of
construction of road and railway embankments in the Arctic and cold regions is quite
a difficult task. The problem of reducing the time of cement hydration becomes even
more important with the introduction of the concrete mix composition for obtain-
ing higher physical–mechanical characteristics of polymeric components. Moreover,
polymer components (polyvinyl acetate, divinyl-styrene latex) can be introduced as
a foam stabilizer both into the mixing water and into the foam concentrate.

The introduction of a dispersion of polyvinyl acetate (PVA) into the foam concrete
promotes an increase in compressive strength and flexural tensile strength [11–13].
This effect is due to the fact that polyvinyl acetatemolecules (1mk. long) are attracted
by adhesion to the crystalline particles of the cement stone. When testing the foam
concrete for stretching in the process of bending, a polymer film which works in
stretching increases the strength and special properties of foam concrete several
times.

The main disadvantage of polymer-cement foam concrete with latexes of vari-
ous modifications and dispersions of PVA is the high shrinkage during hardening.
According to A. V. Satalkina, it is necessary to use polymer additives that interact
with cement and give concrete the positive properties of cement and polymers in
polymer-cement concretes. These properties can correct the disadvantages of the
cement binder due to the individual properties of polymers [14].

2 Results and Discussion

The problem of obtaining high-quality foam concrete with a stable rheological com-
position and the required physical and mechanical characteristics can be solved by
polymer foam stabilization and joint mechanical activation of the hydraulic binder
(cement) and foundry waste based on the molding mixture and quick cooling slag.
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Portland cement (CEM 1 of the classes 32.5 (GOST 31108-2003)) of Pikalevsky
plant was used as a hydraulic binder. As the initial components of the mineral addi-
tive, wasted molding mixtures (WMM) and granulated slags of several metallurgical
enterprises of St. Petersburg were selected. The main components of the WMM are
SiO2, Al2O3, Fe2O3, the amount of Al2O3, Fe2O3 being increased in comparison
with the initial molding sands. The increase of Al2O3, Fe2O3, CaO, Na2O3, K2O,
MgO content increases the pH value in comparison with the initial sands. In order
to assess correctly, the effectiveness of the WMM and the metallurgical slag use as
an additive in cement, and special studies were conducted concerning the correspon-
dence of WMM and slag requirements to the mineral additives in cement. It was
concluded that all the additives investigated met the requirements of TU to the active
mineral additives in cement. This conclusion appeared to be decisive in the choice
of the main directions for the next stage of our research.

Further fine grinding of raw materials is the most important technological oper-
ation in the production of the binders which determines the quality of the binder to
a great extent [15, 16]. In accordance with the principle of Gibbs-Curie, the higher
the substance dispersion the higher is its solubility and chemical activity. In general,
the mechanism of mechano-chemical processes can be defined as the initiation of
chemical reactions under the influence of elastic energy. The degree of the processes
proceeding during the mechanical activation can be estimated only by the products
of chemical reactions after testing. A common feature of the activation processes is
the increase in the excess energy of solids which occurs due to the increase of the
free surface and because of the defects of the spatial atomic or molecular structure
of the treated bodies.

During the studyof hydration processes, itwas assumed that the introduction of the
granulated slag and WMMwith joint activation with cement and subsequent mixing
with the polymer would significantly increase the rate of the alite phase decrease as
a result of the significant increase in the concentration of the active centers, which
leads to the intensification of the complex binder hydration (Figs. 1 and 2).

Thus, it will give the opportunity to hydrate more binder (Figs. 1 and 2). This
assumption is based on the fact that the activated slag with added water will have a
pronounced alkaline medium which, in its turn, also makes it possible to carry out
the hydration reaction in the most complete form.

This assumption was confirmed by the results of X-ray phase analysis which
allowed us to come to the following conclusions:

1. The polymer introduction slows down the process of silicates hydration.
The reason is the form of the polymer particles of the introduced polymer (latex
globules, polyvinyl acetate film). The films provide a greater overlap of the
hydrated minerals surface than the balls. Hydration in the presence of latex sta-
bilized by liquid glass can be increased at the initial stage (up to 3 days) of the
process compared with the PVA dispersion:

(a) due to the presence of soluble silicate ions;
(b) due to the alkaline environment.
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Fig. 1 Rate of alite
decrease: (1) samples based
on CEM 1 of the classes 32.5
with polymer-free mixing;
(2) samples based on CEM 1
of the classes 32.5, MD with
polymer-free mixing

Fig. 2 Rate of alite
decrease: (1) samples based
on CEM 1 of the classes 32.5
and PVA; (2) samples with
the mechano-activated
binder with mineral additives
(MAV M) and PVA; (3)
samples on the basis of MAV
MD and latex; (4) samples
based on CEM 1 of the
classes 32.5 and latex

2. The introduction of the additives leads to the acceleration (as compared with the
number 1) of the hydration reaction due to a faster set of alkalinity by the system
(Fig. 1), despite the fact that the reaction completeness is different (Fig. 3). The
set of alkalinity is due to the fact that according to the X-ray phase analysis, the
CFS is almost a pure crystalline quartz while slags are amorphous silica with pH
= 10.

3. When introducing the additives, there is a sharp increase in the rate of alite
hydration at the initial stage-up to 3 days. During the period from 3 to 7 days,
there is a redistribution of the speeds. The slowest speed takes place in the cement
samples with mineral additive based on polyvinyl acetate dispersion (Fig. 4).
Further, there are samples on the basis of cement without additives and PVA.
An even higher speed of samples hydration on the basis of latex takes place.
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Fig. 3 Release of CA during
the hydration process of the
initial phases in the samples
based on cement and binder
MD at the unparalleled
mixing: (1) samples based on
CEM 1 of the classes 32.5
with polymer-free mixing;
(2) samples based on CEM 1
of the classes 32.5, MD at
polymer-free mixing

Fig. 4 Release of CA during
the hydration process of the
initial phases in samples
based on MV MD at
polymeric mixing: (1)
samples based on CEM 1 of
the classes 32.5 and PVA; (2)
samples based on MAV MD
and PVA; (3) samples based
on MAV MD and latex; (4)
samples based on CEM 1 of
the classes 32.5 and latex

The most complete process of hydration occurs in polymer-free samples on pure
cement, although the rate of alite decrease they have is the slowest (Fig. 2).

As mentioned above, the introduction of a polymer binder usually slows down
the process of cement hydration. However, its introduction in the range of 15–25%
of the weight of the hydraulic binder and the implementation of mechano-chemical
activation of the binder bymeans of amineral additive allows to activate the hydration
process. The tables shows the indicators of increase in bending strength (Table 1) and
compression (Table 2) of foam concrete samples of beams of different composition
for grades D900, D500.

It should be noted that it is not always possible to use standard approaches to the
embankment device. This is due to the construction area, the terrain relief, and the
ground characteristics at the base.
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Table 1 Strength characteristics of samples—beams of foam concrete D900, D500 (Rbt)

Name of samples Rbt, MPa
3 days
D900/D500

Rbt, MPa
7 days
D900/D500

Rbt, MPa
28 days
D900/D500

Model No. 1
cement + water

1.39/1.03 2.48/1.83 4.2/3.1

Model No. 2
cement + PVA

1.74/1.28 3.1/2.28 5.25/3.86

Model No. 3
cement +WMM +
slag + PVA

1.65/1.22 2.95/2.18 5.0/3.68

Model No. 4
cement +WMM +
slag + water

1.26/0.93 2.25/1.66 3.8/2.8

Model No. 5
cement +WMM +
slag + latex

1.13/0.83 2.01/1.48 3.4/2.5

Model No. 6
cement + latex

1.32/0.98 2.36/1.74 4.0/2.95

Table 2 Strength characteristics of samples—beams of foam concrete D900, D500 (Rbt)

Name of samples Rb MPa.
3 days
D900/D500

Rb MPa.
7 days
D900/D500

Rb MPa.
28 days
D900/D500

Model No. 1
cement + water

3.57/1.85 6.38/3.31 11.0/5.8

Model No. 2
cement + slag +
latex

2.55/1.34 4.55/2.4 7.7/4.06

Model No. 3
cement + slag +
PVA

2.00/1.06 3.57/1.89 6.05/3.19

Model No. 4
cement +WMM +
latex

1.31/0.69 2.34/2.09 3.96/2.09

Model No. 6
cement +WMM +
slag + latex

1.42/0.75 2.54/1.34 4.29/2.27

Model No. 5
cement +WMM +
PVA

2.25/1.19 4.03/2.13 6.82/3.60

Model No. 7
cement +WMM +
slag + PVA

4.57/2.44 6.38/3.31 10.8/5.6
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Fig. 5 Example of an embankment structure on a weak base for a railway track: (1) ballast layer
of crushed stone; (2) sand drainage layer; (3) monolithic polymer-cement foam concrete D900;
(4) spatial polymer lattice; (5) foam concrete D500; (6) waterproofing polymer layer; (7) ground
dusting

In this paper, we propose to use non-autoclaved polymer-cement foam concrete
based on the mechanically activated binder in typical and individual embankments
structures (Fig. 5) for the railways and highways when building on weak soil foun-
dations [17–19].

3 Conclusions

1. The use of man-made products of the metallurgical processes with a high content
of R2O allows to increase the concentration of alkaline ions, resulting in the
increase in the calcium ions concentration in the solution. This leads to the
intensification of the hydration processes and increased exothermia.

2. As a result of the mechano-chemical activation of the binder with mineral addi-
tives, the chemical bonds of the raw material particles break. Having no time to
recombine with each other, they form acidic and basic centers which also activate
the hydration processes.

3. The use of mineral additives with a high content of R2O in polymer-cement con-
cretes activates the processes of formation of portlandite and calcium carbonate,
which results, respectively, in a higher degree of the alite phase decrease. The
crystal structure of alite is formed already at the early stages of the foam concrete
curing.
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Effective Building Ceramics
for Transport Infrastructure

Ludmila Maslennikova , Natalia Babak, Anna Slavina and Igor Naginskii

Abstract In this article the possibility of using porous silicate-containing waste
when receiving an effective ceramic brick (which is used for erection of a trans-
port infrastructure buildings and constructions at low temperature) is considered.
The purpose of study was development of ceramic brick compositions made with
using of granulated blast-furnace slag and with using of a ground foam concrete
crush, which has a lower thermal conductivity coefficient of a crock, and meets
the requirements of state standards for other indicators. Optimum compositions of
materials and physical-mechanical characteristics of received materials are given. To
study the composition of technogenic raw materials and the structure of synthesized
ceramic materials the following methods were used: X-ray phase and differential-
thermal methods, IR- Fourier-transform spectroscopy, electron microscopy, mercury
porometriya method. The estimation of ecological and economic efficiency of use of
porous silicate-containing waste is given. This estimation shows a significant reduc-
tion of anthropogenic load on the environment, i reduction of the cost of production
of ceramic bricks with improved heat technical characteristics, what is needed for
erection of buildings and constructions in cold regions.

Keywords Effective brick · Granulated slag · Foam concrete waste · Conductivity
coefficient

1 Introduction

Currently, more and more attention is being paid to improving energy saving and
energy efficiencyworldwide. Thismakes it urgent to improve the heat-shielding prop-
erties of building materials, including ceramic bricks, especially in cold regions. At
the same time, the emergence of new requirements for thermal protection of buildings
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and structures dictates the need to create new building materials with improved ther-
mal protection properties. In this regard, research, aimed at reducing heat conduction
of ceramic crock by attracting porous silicate-containing technogenic components,
is relevant. Research on the decline of heat conductivity of ceramic brick with the use
of porous silicate-containing technogenic components are actual, as allow complex
to decide the questions of resource and energy-savings, guard of environment and
deficit of separate raw material.

1.1 Purpose and Objectives of the Study

The aim of the work was to develop and study the compositions of effective ceramic
bricks using porous silicate-containing technogenic raw materials.

To solve this problem, the following research objectives were formulated:

– to determine the criteria for assessing the choice of technogenic raw materials for
improving the performance characteristics of ceramic bricks;

– to develop optimal compositions of effective ceramic bricks with the use of porous
silicate-containing technogenic raw materials;

– to establish the regularities of the effect of the injected silicate-containing techno-
genic raw materials on the pore structure, thermal conductivity coefficient and
other physical-mechanical characteristics of a ceramic brick.

1.2 Short Literary Review

The influence of technogenic components on the improvement of the physical and
mechanical properties of ceramic bricks has been considered in many works [1–25],
however, the existing technological methods (such as burnout additives, increase of
emptiness) for receiving an effective ceramic brick are largely exhausted. Moreover,
issues of reducing the thermal conductivity of wall ceramic materials by adding of
technogenic raw materials with its own porosity and chemical nature insufficiently
studied.

In this regard, to reduce a density of a ceramic it is advisable to consider the use
of porous silicate-containing technogenic raw materials.

2 Methods and Experiments

In order to improve the thermal propertieswithout significantly reducing the strength,
it is necessary to take into account two contradictory points: on one hand, the higher
the porosity of the ceramic material, the lower the density and thermal conductivity,
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on the other hand, the increase in porosity leads to a decrease in strength and frost
resistance. This is consistent with research of [26], who additionally allocated an
interval of intermediate poreswith size from0.5 to 10μmin the existing classification
of A. S. Berkman and I. G. Melnikova.

Along with the porosity, it is necessary to take into account the chemical nature of
the solid, because the prevailing mechanism of heat transfer in ceramics is a phonon
conductivity, which is realized by lattice vibrations. In research of U. D. Kingery
[27] is shown that the complication of the crystal lattice (which is characterized by
a large violation of the systematicity and by a scattering of phonons in a ceramic
matrix) leads to a decrease in the thermal conductivity of the entire composition.

The complexity of the structure of amaterial can be assessed using energy indexes.
Lower values of a standard enthalpy (energy content) formation of−�H0

298, kJ/mol,
and more high molar masses M, g/mol of the basic phases of the material inform
about its lower values of heat conductivity. It was found by research of scientists
of the department «Engineering chemistry and natural sciences» PSTU under the
guidance of the professor L. B. Svatovskaya in a cement materials science.

In accordance with the above ideas, it is possible to formulate criteria for the
selection of technogenic raw materials in order to obtain an effective ceramic brick.
These criteria are: own porosity with a preferential pore size of less than 10 μm,
complex mineral composition in the form of silicates, alumo-silicates and hydrosili-
cates of calcium and magnesium, which have lower values of an enthalpy and higher
values of molar masses in comparison with quartz.

A granulated blast-furnace slag (GBFS), which is formed as a waste at met-
allurgical plants satisfies such conditions. It has a size modulus 2.4–2.9, its phase
composition is represented by helenite, akermanite and other silicates of calcium and
magnesium. The conducted studies of porosity by the mercury porosimetry method
showed that pores with size less than 10 μm occupy 80–85% of the total volume
of a GBFS. It was also taken into account that during the heat treatment of GBFS
stable crystalline phases of slag glass can be formed (they affect the increase in
bending strength of the material). The second technogenic component which meets
the selected criteria is a foam concrete crush autoclave and non-autoclave hardening,
whose phase composition is represented by quartz, tobermorite, xonotlite and by
other hydrosilicates. By using the mercury porometriya method, it was found that
pores with a size of less than 10 μm occupy 80–85% of the non-autoclave foam
concretes volume and 90–94% of the autoclave foam concretes volume (of the total
volume). During the firing the final dehydration product of hydrosilicates is wollas-
tonite, this will facilitate the simplification of the entire structure of the material with
the additional effect of lightening the brick.

Cambrian clay (Krasny Bor deposit) was used as a clay component. This clay is
widely distributed in the North-West region of Russia and the Baltic countries. Sand
for construction works with the size modulus 1.9–2.4 was used as an emaciating
material for control samples.
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Table 1 Physical-mechanical characteristics of laboratory samples

Composition
wt%

Water
absorption by
weight, W, %

Average
density,
g/sm3

Coefficient of
thermal
conductivity,
λ, Wt/(m K)

Strength limit, MPa Brick color

At bending,
Rb

At
compression,
Rc

Control
composition:
Clay—70
Sand—30

7.1 1.91 0.31 Av. 3.9
Min. 2.9

Av. 15.9
Min. 13.6

Brick-red

Composition
1
Clay—65
foam
Concrete—
35

26 1.41 0.15 Av. 3.1
Min. 2.9

Av. 12.2
Min. 11.5

Light beige

Physico-mechanical studies were carried out on laboratory samples-beams the
size 160 × 40 × 40 mm samples-cubes 50 × 50 × 50 mm. The firing tempera-
ture, traditionally adopted in the North-West region for firing ceramic bricks on the
Cambrian clay, is 980 °C.

The foam concrete crush was coarsely ground to a particle size of less than 1 mm
and was injected into a burden as an emaciating material.

Using the method of mathematical modeling, the optimal composition was found,
it contains 65wt%of clay and 35wt%of foamconcrete crush. The results of physical-
mechanical studies of the obtained samples are presented in Table 1.

As can be seen from Table 1, injecting 35 wt% of ground foam concrete allowed
to reduce the density of the brick by 26% and to reduce the coefficient of thermal
conductivity by 2 times in comparison with the control sample.

The color of the front surface of thematerial is light beige. Strengths of a sample of
composition 1 are decreased, however, despite the decrease in bending and compres-
sive strength, the ratio Rb/Rc of the composition with a foam concrete remained at the
level of the control. By the X-Ray phase method and IR- spectroscopy it was estab-
lished that in the “clay—foam concrete” system during the firing, the phases of wol-
lastonite crystallize β-CaO·SiO2 (−�H0

298 = 1634.2 kJ/mol, M = 116.1 g/mol) and
melilite phases Ca2(Al,Mg,Si)Si2O7 (−�H0

298 = 3898.1 kJ/mol, M= 326.7 g/mol).
Melilite is a continuous series of solid solutions of a helenite with an akermanite.

In order to increase the strength of the products while maintaining the light beige
tone of the ceramic matrix, the foam concrete was used in the finely ground state
(the remainder on a sieve with a cell size of 0.14 mm is not more than 2%). For
comparison building sand and GBFS were injected into the burden as an emaciating
material.

For further research a compositionwith a 20%content of foam concrete andGBFS
was taken. The results of physical-mechanical studies of the samples obtained are
presented in Table 2.

The porosity characteristic determined by the mercury porosimetry method is
shown on Fig. 1 and in Table 3. An analysis of the results obtained showed that
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Table 2 Physical-mechanical characteristics of brick samples

Composition,
wt%

Water
absorption by
weight, W, %

Average
density,
g/sm3

Strength limit, MPa λ, Wt/(m K) Brick colour

At bending
Rb

At
compression,
Rc

Composition
2
Clay—60
Fine-grained
foam
concrete
Crush—20
Sand—20

20.9 1.54 Av. 1.8
Min. 1.7

Av. 11.1
Min. 0.2

0.29 Light beige

Composition
3
Clay—60
Fine-grained
foam
concrete
Crush—20
GBFS—20

22.0 1.52 Av. 4.2
Min. 3.9

Av. 15.3
Min. 3.2

0.24 Light beige

Fig. 1 Integral curves of
pore size distribution:
1—control sample;
2—sample with sand and
foam concrete; 3—sample
with slag and foam concrete

Pore volume V, sm3/g

Lg[d],d–pore diameter, Å

in samples with fine ground foam concrete (compositions 2 and 3) a predominant
increase in the pore volume of 1–5μm. In the same time in a control sample the pore
volume of this size does not practically increase.

Curves 2 and 3, which reflect the increase in pore volume in samples with fine
ground foam concrete, have a jump in the pore size range from 1 to 5 μm. It means
that pores of this size predominate in the total pore volume.

Pore volume size 1–5 μm increases (Table 3) in the row from the control sample
to the sample 2 and further to the sample 3. In the same sequence the structure of the
material becomes more complicated, this should lead to a corresponding decrease in
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Table 3 Characterization of porosity of ceramic samples

Composition
ceramic brick

Average density,
g/sm3

Specific surface
of pores m2/g

Total pore
volume, sm3/g

Pore volume
size
1–5 μm
from the
total volume

sm3/g %

Control
Composition

1.86 32.44 0183 0009 4.9

Composition 2
(sample 2)

1.54 13.22 0217 0106 48.8

Composition 3
(sample 3)

1.52 7.53 0258 0188 72.8

the thermal conductivity of the brick. The measured coefficients of thermal conduc-
tivity of the samples under stationary thermal conditions (National State Standard of
Russia 7076-99) confirm the revealed dependence.

Comparing the available data on the reduction of thermal conductivity in the
samples compositions 2, 3 and in the control one, also the obtained data on the distri-
bution of pores we can conclude that the maximum contribution to the improvement
of the heat-shielding properties of the ceramic material is introduced by pores with
a diameter from 1 to 5 μm.

In a Fig. 2a, b the slag grain (X) with spheroidal pores and the inclusion of foam
concrete (P) are shown. They form channel porosity in the clay matrix and have
their own capillary porosity (Fig. 2c).

Fig. 2 Microstructure of sample 3 after firing: a slag grain (X); b foam concrete parts (P) in
ceramic matrix; c foam concrete grain with its own capillary porosity
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Table 4 Physical-mechanical characteristics of laboratory samples of effective brick with the
selected technogenic raw material

Compositions The main identified
phases of neoplasms
after firing

Physical-mechanical characteristics of the material obtained

Average density,
g/sm3

λ, Wt/(m K) Ratio Rb/Rc Coefficient of
constructive
quality, CCQ

Control with
sand

CaO·Al2O3·2SiO2,
SiO2

1.91 0.31 0.25 8.3

Composition 2 CaO·Al2O3·2SiO2,
β-CaO·SiO2,
2CaO·Al2O3·SiO2,
2CaO·MgO·2SiO2,
3CaO·MgO·2SiO2

1.52 0.24 0.28 10.1

Composition 3 CaO·Al2O3·2SiO2,
β-CaO·SiO2,
Ca2(Al,Mg,Si)Si2O7

1.41 0.15 0.26 8.7

3 Results and Discussion

The achieved results on improving the operational properties of effective ceramic
bricks with the selected technogenic raw materials are presented in the summary
Table 4.

As expected, the combined injection of GBFS and fine-grained foam concrete
makes it possible to obtain a light beige color of a brick, to reduce the thermal
conductivity coefficient by 23% and to increase the coefficient of constructive quality
by 22% in comparison with the control sample.

Thus, possibility of decline of coefficient of heat conductivity of ceramic brick is
reasonable due to using silicate-containing of technogenic rawmaterial. This techno-
genic raw material should have its own porosity with a predominant pore size of less
than 10 μm. The use of such bricks in the construction of transport infrastructure
buildings will reduce the load on the foundation and reduce the thermal conductivity
of the walls, which is an important factor for cold regions.
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