[bookmark: _GoBack]L.N. Gumilyov Eurasian National University



UDK 624.131.43                                                                           On manuscript rights



BRAGAR ELENA PETROVNA



Changes in properties of the loam soil base due to cyclic freezing-thawing



8D07329 – Construction



Thesis for the degree of
doctor of philosophy (PhD)



Scientific supervisor
Doctor of Technical Sciences, 
Professor 
A.Zh. Zhussupbekov

Foreign scientific advisor
PhD, 
Distinguished Professor 
B.N. Indraratna
(Sydney: University of 
Technology Sydney)







Republic of Kazakhstan
Astana, 2024
2



CONTENT

	ABBREVIATIONS………………………………………………………….
	5

	INTRODUCTION…………………………………………………….……..
	6

	1 LITERATURE REVIEW….........................................................................
	11

	1.1 General provisions ………………………………………………………
	11

	1.2 State of the issue …………………………………………………...……
	14

	1.2.1 Impact of groundwater ………………………………………………
	15

	1.2.3 Local freezing-thawing of the soil base ………………………………
	21

	1.2.3.1 Changes in soil structure during freezing……………………….
	21

	1.2.3.2 Changes in the void ratio and density of soils during freezing-thawing …………………………………………………………………….….
	
25

	1.2.3.3 Changes in soil water permeability during freezing-thawing ………………………………………………………………….…….
	
27

	1.2.3.4 Changes in the soil strength parameters during freezing-thawing……………………………………………………………………….
	
28

	1.2.3.5 Changes in the soil deformation properties during freezing-thawing…………………………………………………………………….….
	
30

	1.2.3.6 Mathematical models …………………………………….……
	31

	1.2.4 Vibrational impact and dynamic loading…………………………….
	34

	1.3 Representative examples………………………………………………..…
	35

	1.3.1 Example 1…………………………………………………………….
	36

	1.3.1.1 Characteristics of the facility………………………………..…..
	36

	1.3.1.2 Geotechnical survey results…………………………………….
	37

	1.3.1.3 Monitoring results……………………………………………....
	38

	1.3.1.4 Diagnosis of the causes of soil bed deformations………………
	39

	1.3.2 Example 2……………………………………………………………..
	39

	1.3.2.1 Specification of the structure…………………………………..
	39

	1.3.2.2 Results of geotechnical survey…………………………….……
	40

	1.3.2.3 Soil bed deformations………………………………………..…..
	42

	1.3.2.4 Diagnosis of the causes of soil bed deformations……………….
	43

	1.3.3. Example 3…………………………………………………………….
	43

	1.3.3.1 Specification of the structure……………………………….…..
	43

	1.3.3.2 Results of geotechnical survey……………………………….…
	44

	1.3.3.3 Soil bed deformations…………………………………………...
	46

	1.3.3.4 Diagnosis of the causes of soil bed deformations……………….
	48

	1.3.4. Examples from references review……………………………………
	50

	1.4 Methods to prevent soil compaction……………………………………....
	52

	1.4.1 Application of sand beds………………………………………….…..
	52

	1.4.2 Bored piles…………………………………………………………….
	53

	1.4.3 Jet grouting…………………………………………………….……...
	54

	1.4.4 Fiber-reinforcing…………………………………………………..…..
	56

	1.4.5 Modifying by cement and nanocement……………………………….
	57

	1.4.6 Prevention of cyclic freezing – thawing………………………………
	57

	Summary of chapter one………………………………………………..……
	59

	2 MATERIALS AND METHODS……………………………………….…
	60

	2.1 Description of the soil under study……………………………………….
	60

	2.1.1 Production of twin samples…………………………………………..
	62

	2.2 Mathematical planning of the experiment………………………………..
	62

	2.3 Soil properties under study……………………………………………..….
	65

	2.3.1 Deformation properties of loams ………………………………….….
	65

	2.3.2 Strength specifications of loams………………………………….…..
	65

	2.4 Instruments and equipment …………………………………………….…
	66

	2.4.1 Instruments and equipment to determine deformation parameters of soil during tests ………………………………………………………………
	
66

	2.4.2 Instruments and equipment to determine the strength specifications of soil during tests…………………………………………………………..….
	
66

	2.5 Description of the developed mathematical model…………………..…
	67

	2.6 Example of processing laboratory results with the developed Programme………………………………………………….………………....
	
72

	Summary of chapter two………………………………………………...……
	77

	3 RESULTS OF LABORATORY STUDIES TO DETERMINE THE SOIL DEFORMATION CHARACTERISTICS……………………….….
	
79

	3.1 Results of laboratory studies …………………………………………….
	79

	3.1.1 Example of compression test data processing …………………….….
	80

	3.1.2 Measurement of vertical deformation of the sample during freezing-thawing ………………………………………………………………………..
	
84

	3.1.3 Determination of the relation of the soil void ratio on the number of freezing-thawing cycles ……………………………………………………....
	
86

	3.1.4 Results of the determination of the general elastic modulus …………
	88

	3.2 Processing of the results of laboratory studies. Determination of approximation factors and development of mathematical relation of the general elastic modulus on the studied factors…………………………..…..
	

91

	3.3 Comparison of laboratory and theoretical results ……………………….
	99

	3.4 Construction of general elastic modulus nomograms in relation to the number of freezing-thawing cycles ………………………………………….
	
102

	Summary of chapter three……………………….…………………………..
	104

	4 RESULTS OF LABORATORY STUDIES TO DETERMINE THE SOIL STRENGHT CHARACTERISTICS…………………………….…..
	
106

	4.1 Results of laboratory studies …………………………………………….
	106

	4.2 Processing of the results of laboratory studies. Determination of approximation factors and development of mathematical relation of the internal friction angle on the studied factors …………………………………
	

109

	4.3 Comparison of laboratory and theoretical results (internal fraction angle) ……………………………………………………………………..…...
	
114

	4.4 Construction of general internal friction angle nomograms in relation to the number of freezing-thawing cycles for different types of soil………..….
	
116

	4.5 Processing of the results of laboratory studies. Determination of approximation factors and development of mathematical relation of the cohesion on the studied factors ……………………………………………….
	

118

	4.6 Construction of changes for cohesion nomograms in relation to the number of freezing-thawing cycles ……………………………………….…..
	
126

	4.7 Algorithm of incorporating of the research results in engineering practice………………………………………………………………………..
	
127

	Summary of chapter four……………………………………………………...
	129

	CONCLUSION……………………………………………………………...
	130

	REFERENCES…………………………………………………………..…...
	132

	APPENDIX A – Summary table of the results of the literature review on the thesis topic……………………………………………………………………..
	
141

	APPENDIX B ‒ Adoption deed ……………………………………………..
	158





ABBREVIATIONS

	GWL
	– Ground water level

	UC strength
	– Unconfined compressive strength

	EGE
	– Engineering-geologic element

	GCE
	– Ground-cement element

	OLS
	– The least-square method

	c
	– Cohesion

	φ
	– Internal friction angle

	
	– Elastic modulus

	
	– Odometric elastic modulus

	
	– Void ratio of soil

	
	– Initial void ratio of soil

	
	– Moisture content of soil

	
	– Initial moisture content of soil

	
	– Number of freezing-thawing cycles

	
	– Liquidity index of soil

	
	– Plasticity index of soil

	
	– Soil density





[bookmark: _Toc149482358]INTRODUCTION

Relevance of the topic. Sub-zero temperatures in winter are observed over a large area of the globe, namely in Russia, the USA, Norway, Mongolia, Kazakhstan, Finland, Estonia, Canada, China, Sweden, etc. Foundation soils of buildings, earthwork structures erected in these regions are under the active influence of cyclic processes of freezing-thawing, with different moisture content, hydrostatic and hydrodynamic impact of water, etc.
It is obvious that the geotechnical properties of the foundation soils are significantly deteriorating due to cyclic freezing and thawing in cold regions. This leads to soil heaving and thawing subsidence, damage and even destruction of foundations of various industrial and civil buildings, artificial structures such as roads, pipelines and dams. In view of this, it is necessary to take into account the possible reduction during freezing-thawing of soils strength and deformation characteristics, relative to the initial values obtained during surveys when designing various structures.
This issue is also relevant to the stability of excavation slopes, trenches, ditches and embankments, the steepness of which is usually determined based on the conditions of their natural occurrence without taking into account the possible freezing and thawing. However, very often structures construction is carried out during a long period of time, covering both summer and winter months. Therefore, soils in the slopes of open trenches and excavations, as well as embankments not completed by the winter period, freeze and then thaw in the spring, often with a significant change in their construction properties.
The problem of changes in soil properties has been studied earlier by scientists from all over the world, but the issue is still open due to the diversity of soils and the lack of universal approaches describing with high accuracy the changes in mechanical properties of soils during cyclic freezing-thawing.
Consequently, this research issue remains relevant to the present time, in particular for loams with different consistency that are widespread type of natural foundation soils, including on the territory of the Tyumen Region.
Subject of study: changes in physical and mechanical properties of loams with different void ratio and moisture content due to cyclic freezing-thawing.
Object of study:  loam soil base under cyclic freeze-thaw.
Goal. The goal of the thesis is to analyze and develop mathematical dependence of changes in strength (internal friction angle and cohesion) and deformation (odometric deformation modulus) characteristics of loams of Quaternary deposit with  with different moisture content and void ratio due to cyclic freezing-thawing.
Research tasks. The following tasks were formulated in the thesis based on the target goal:
1. Determination and classifying of factors affecting the settlement of constructed buildings and structures from the position of importance, taking into account the circumstances of the construction site, silty-clay foundation soils and severe climatic conditions.
2. Analyzing the subsistent regularities of changes in strength and deformation characteristics in various dispersed soils under cyclic freezing-thawing, based on the world practice of the issue research.
3. Planning a three-factor, three-level experiment based on the factors identified in the literature review (void ratio, soil moisture content, number of freezing-thawing cycles), development of a methodology for laboratory investigation based on the current regulations.
4. Determination of vertical deformations of loams with different initial parameters (void ratio, moisture content) during cyclic freezing-thawing, as well as changes in their void ratio.
5. Development of a mathematical model of changes in deformation characteristics of loams (odometric deformation modulus) due to cyclic freezing-thawing.
6. Development of a mathematical model of changes in strength characteristics of loams ((internal friction angle and cohesion) due to cyclic freezing-thawing.
7. Proposing an algorithm for usage of the research results into the design practice of numerical modeling and predicting settlement under adverse conditions. 
Theoretical significance consists in experimental identification of patterns and development of mathematical dependences of changes in physical and mechanical characteristics of loams under cyclic freezing-thawing.
Scientific novelty consists in development of mathematical dependences of changes in strength (internal friction angle, cohesion) and deformation (odometric deformation modulus) characteristics due to cyclic freezing-thawing for loams taking into account initial void ratio and soil moisture content, and also identification of patterns of changes in loam void ratio due to cyclic freezing-thawing.
Practical significance: consists in the proposed algorithm for usage of changes in physical and mechanical characteristics of loams due to cyclic freezing-thawing, which can be used in engineering practice for verification calculations, development of preventive measures and emergency response.
Research Methods:
Loam with liquidity index , being the most widespread silty clayey soil occurred in the south of Western Siberia, the Tyumen Region, was chosen as the soil under study. The soil of the disturbed structure was tested; the samples were made by mixing dry soil and the required amount of distilled water. Soil density and soil consistency were given with regard to the required moisture content () and void ratio of the soil (). Compaction of the soil with given humidity was carried out in three stages layer by layer to the required density. The samples were made in metal rings: for shear tests - 71.5 mm in diameter and 35 mm in height; for compression tests - 87 mm in diameter and 25 mm in height.
A three-factor, three-level experiment was conducted as part of the study. The following factors were selected as the dominant ones: soil void ratio (), soil moisture content (), the number of freeze-thaw cycles (). Besides, more experiments were carried out for freeze-thaw cycles equal to 1 and 3 (or 4) to clarify the intermediate values of strength and deformation specifications. Besides, more experiments were carried out for freeze-thaw cycles equal to 1 and 3 (or 4) to clarify the intermediate values of strength and deformation characteristics
The samples were frozen at -20°C and thawed at +20°C, freezing and thawing time - 12 hours. The samples were placed in a closed system to prevent possible evaporation of water. In here, no flow of water to the samples was allowed. The method of inclusive freezing at constant temperature was used. The samples were placed in metal rings with lack of exposure to normal stresses.
During the cyclic freezing-thawing of the samples, their vertical deformations were measured by means of the dial gauge with an accuracy of 0.01mm.
The deformation characteristics of soil (elastic modulus E, MPa, modified compression index  modified recompression index ) were determined by compression method of testing the soil samples. The tests were carried out in a compression unit manufactured by Geotech company (Russian Federation). The universal computing complex (ASIS) was used for compression and filtration tests of dispersed soils. 
The strength characteristics of soil (Internal friction angle φ,°, cohesion c, kPa) were determined by shear tests of soil samples of a given density and moisture content. The tests were carried out in an in-plane shear unit (Geotech company, Russian Federation).
In order to describe the relationship between the changed soil characteristics (elastic modulus, Internal friction angle and cohesion) and the factors under study (soil void ratio, initial soil moisture, number of freeze-thaw cycles), a Programme was developed in  Delphi 7 programming support environment in PASCAL language. The Programme provides three options for processing the results: three polynomials of the appropriate order upon each variable, the sum of polynomials of arbitrary order from each parameter, expansion of a function in the Taylor series in the vicinity of a given point in three variables.
Further, the data obtained in the laboratory studies were loaded into the developed Programme in order to select the most accurate mathematical dependence for strength (Internal friction angle, cohesion) and deformation (elastic modulus) characteristics of soils.
Publications:
Articles in international peer-reviewed scientific journals with a percentile by CiteScore of at least 25 (twenty-five) in the Scopus database:
1. Evaluation of the Strength Characteristics of Silty-Clayey Soils during Freezing-Thawing Cycles // Applied Sciences (Switzerland). – 2022. – Vol. 12(2). – P. 802 (Q2).
2. Evaluation of the strength parameters of clay loams during freezing-thawing cycles // Smart Geotechnics for Smart Societies. – 2023. – P. 2036–2041 (Q3).
Articles in the proceedings of international and national conferences held in Kazakhstan and abroad:
3. Changes in soil properties at unloading of base of deep foundation pit // Geotechnics Fundamentals and Applications in Construction: New Materials, Structures, Technologies and Calculations - Proceedings of the International Conference on Geotechnics Fundamentals and Applications in Construction: New Materials, Structures, Technologies and Calculations, GFAC 2019. – 2019. – P. 290-295.
4. Risks of using artificial sand base in difficult geotechnical conditions // Journal of Physics: Conference Series. –2021. – 1928(1), 012015.
5. Changes in silty-clayed soil properties due to hydrodynamic water pressure at excavation of a deep pit // Proceedings of the 7th International Young Geotechnical Engineers Conference – Scott (Ed.), 2022 Australian Geomechanics Society, Sydney Australia, ISBN 978-0-9946261-5-8. – 2020. – P. 89-93.
Articles in other peer-reviewed scientific journals and books:
6. To the statistical analysis of soil shear tests results // Construction and Geotechnics. – 2020. – Vol. 3. – P. 8-17.
7. The influence of the area flooding process on the buildings soilbase characteristics // Bulletin of Volgograd State University of Architecture and Civil Engineering. Series: Construction and Architecture. – 2021. – Vol. 1(82). – P. 89-100.
Approbation: 
In 2019, a presentation was given on February 6-8 at International Scientific and Technical Conference “Fundamental and Applied Issues of Geotechnics: New Materials, Structures, Technologies and Calculations”, St. Petersburg, Russia.
In 2019, a presentation was given on September 25-27 at V International Young Academic and Practical Geotechnical Conference, Moscow, Russia.
In 2020, a presentation was given on November 26 at I Interuniversity Student Scientific and Technical Conference “Actual problems of underground construction”, Novosibirsk, Russia.
In 2021, a presentation was given on May 26-28 at II Russian National Conference with international participation “Deep foundations and problems of geotechnical engineering of territories”, Perm, Russia.
In 2021, a presentation was given on October 27-29 at International Scientific and Technical Conference on Geotechnical Engineering “Modern theoretical and practical issues of geotechnics: new materials, constructions, technologies and calculation methods”, St. Petersburg, Russia.
In 2022, a presentation was given on April 29-31 at The 7th International Young Geotechnical Engineers Conference, Sidney, Australia.
In 2022, a presentation was given on June 15-17 at Eurasian Innovation Forum “Actual problems of development and safety of large cities”, Almaty, Kazakhstan.
In 2022, a presentation was given on September 29 at IV International Scientific and Technical Conference “Soil Mechanics in Geotechnics and Foundation Engineering”, Novocherkassk, Russia.
In 2022, a presentation was given on November 28 at IV International Scientific and Practical Conference “ARCTICA: Modern Approaches to Industrial and Environmental Safety in the Oil and Gas Sector”, Tyumen, Russia.
In 2023, a presentation was given on April 12 at Anniversary XV Russian National Youth Conference of Postgraduates, Young Scientists, Students and Schoolstudents dedicated to the 70th Anniversary of PNIPU, Perm, Russia.
In 2023, a presentation was given on May 24 at XIX International Forum-Competition of students and young scientists “Actual problems of subsoil use”, St. Petersburg, Russia.
In 2023, a presentation was given on August 14-18 at 17th Asian Regional Conference on Soil Mechanics and Geotechnical Engineering, Astana, Kazakhstan.
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1.1 General provisions
Sub-zero temperatures in winter are observed over a large area of the globe, namely in Russia, the USA, Norway, Mongolia, Kazakhstan, Finland, Estonia, Canada, China, Sweden, etc. (figure 1.1).

[image: ]

Figure 1.1 ‒ Average temperature in January

As a result, underground structures erected in these regions suffer from climatic influences, such as freezing-thawing of the soil base, hydrostatic and hydrodynamic effects of water, etc.
The scope of this research is to study the changes in the properties of loam being the most common natural soil bed everywhere, including the territory of the south of the Tyumen region, during cyclic freezing-thawing.
Cyclic freezing and thawing in cold regions significantly worsens the geotechnical properties of foundation soil. This can cause damage and even failure of the foundations of various man-made structures such as residential buildings, roads, runways, pipelines and piles (Alkire and Morrison 1982) [1]. Due to this, it is necessary to take into account the actual (reduced) stress-strain soil conditions when designing various structures, such as high-speed railways, highways and tunnels,  (Lai et al., 2010; Lai et al., 2009) [2, 3].
Aside from that, changes in the physical and mechanical properties of soils during freezing-thawing must be taken into account when designing natural and artificial slopes as surface soil masses can move down the slope in the spring (figure 1.2) [4]. In winter, lens of ice are formed in the soil around the freezing front. These lenses gradually grow, causing frost heave. In the spring, with the air temperature rise, the ice lenses thaw, which leads to the water content increase in the soil and, as a consequence, to the movement of soil masses down the slope under gravity [5].
[image: ][image: ]

a                                                                                            b

Figure 1.2 – Slopes fracture process in spring 

Note ‒ Compiled from the source [5, p. 357]

Slope grade of pits, trenches, excavations and embankments is usually determined based on the fact the soil is undisturbed without taking into account their possible freezing and thawing. However, very often the construction of structures is carried out over an extended period of time, covering both summer and winter months. Therefore, the soils in the open trenches and pits slopes, left unfilled for the winter, as well as excavations and embankments, freeze and then thaw in the spring.
As a result of freezing of heaving soils on slopes, moisture migration to the freezing front and an increase in their volume are observed. When the soil graduates from an unfrozen state into a frozen one, its strength properties increase, and the slope stability increases in this case, despite significant textural changes. When the soils on the slopes begin to thaw in the spring, their strength properties sharply decrease. As a result, the slope stability decreases. Slopes designed and made in the summer period according to all the regulations, being stable before freezing, are destroyed after freezing and subsequent thawing in the spring. Sliding usually occurs along the plane separating thawed soil from frozen one, where the shear strength is significantly lower than that of the frozen soils in an unfrozen state, since the frozen layer is an aquifer on which water is concentrated when the upper layers are thawed [6].
Korshunov et al. [7] demonstrated, based on the example of dam design, that the stability number of slope varies from 1.129 to 2.154 throughout the year, with a minimum value in April. The main reason for the decrease in the stability number of slope is the increase in groundwater levels at the end of winter due to Intense snow melting, which is accompanied by an increase in the hydraulic gradient (from 0.1 to 14) and a decrease in soil strength. According to [8], the values of stability number of slope can decrease by 40-45% during thawing of clayey soils.
Thus, in Western Canada, the physical and mechanical properties of soils are also subject to changes as a result of freezing-thawing processes. This leads to a change in the natural structure of the soil: a fractured macrostructure of clay soils is formed, and softening occurs in the soils located in the massif at low stresses and containing swelling clay minerals [9]. In Sweden, fine-grained till is often used to install hydraulic barriers aimed at minimizing the flow of water through a structure. The clay can be subject to cyclic freezing-thawing and, as a result, undergo microstructural changes [10].
Thus, various geotechnical structures can be subject to cyclic freezing-thawing, as mentioned earlier, such as (figure 1.3):
1) road embankment;
2) open pit bottom, including deep ones (depth more than 5 m);
3) deep pit walls;
4) artificial soil structures (embankments, hydraulic barriers, berms etc.);
5) slopes.

[image: ]

Figure 1.3 ‒ Applicability of research results

When designing the above-mentioned earthworks, it is necessary to take into account possible cyclic freezing and thawing. In this regard, the issue of changing the soils characteristics was studied earlier, but is still relevant due to the lack of tools that describe with high accuracy the changes in the stress-strain properties of soils during cyclic freezing-thawing.
However, favorable engineering and geological conditions are often characteristic of abroad and, for example, on the Russian plain. These are solid rocky, low-compressible soil beds, which significantly simplifies construction in these areas.
On the territory of Western Siberia, in particular the south of the Tyumen region, complex geotechnical profile, characterized by significant diversity, prevail. Often these are silty-clayey, soft, water-saturated soils.
In [11], diagrams of typical surface soil strata characteristic of the Tyumen region are given (figure 1.4).
[image: ]
[bookmark: _Ref144888547]
Figure 1.4 ‒ Diagrams of typical geotechnical cross-sections of the Tyumen region (by Kushnir S.Ya.)

For the south of Tyumen region the diagram 'g' is one of the most characteristic. It is determined by the presence in the upper zone of clay pan soils and stiff soils with elastic modulus of 7-15 MPa, thickness of 2-3 m and subsoil of soft clays and loams of significant thickness from soft plastic to high plasticity consistency. In this case, solid subsoils are located at depths of 13-15 m or more.
Consequently, designing various structures on the territory of the Tyumen region, the foundation soils of which may be subject to freezing and thawing in winter, implies taking into account complex engineering and geological conditions (low deformation and strength characteristics, heaving, thixotropy, etc.), which is not an easy task.

1.2 State of the issue
Vertical deformation of foundations on a subsoil is defined as [12, 13]:

	
	(1.1)



where  is the calculation value of the final settlement, calculated in accordance with regulations. The value is a consequence of the repacking of particles under load, leading to soil compaction within the compressible thickness.
 is the settlement of the soil under load corresponding to the previous natural loads. The settlement depends on the soil decompaction at stress decrease due to the excavation of a pit or trench. Moreover, elastic deformations develop under the load of soil around the pit bottom. This is further facilitated by storing soil removed from the pit on its edges. The value of settlement of soil decompaction is equal to the pit bottom elevating when unloading the foundation soils. It can be  calculated by the compaction branch of compression curve or the dependence of the rise of the test plate when unloading. However, when the pit depth is less than 5 meters, this component is insignificant, so in most cases it is neglected in calculations.
 is settlement caused by the development of plastic deformations in some zones under the foundations. These settlements are due to the loss of the bearing capacity of the foundation under significant loads and insufficient foundation area, or under weak water-saturated silty clay or silty sand in the foundation. Settlements of heaving of soil are taken into account if foundation pressure exceeds the calculated pressure on the soil bed. Often settlements of soil heaving turns out to be so insignificant that it is not taken into account when calculating.
 is settlement, depending on the degree of soil deformation in the foundation base when disturbing the base soil structure during work. It is accompanied by a change in the physical and mechanical properties of soils and, in particular, an increase in compressibility and a decrease in the shear resistance of soils, which subsequently significantly affects the settlement of buildings and structures [8, c. 3-56].
Since the disturbing the base soil structure occurs in different zones by different values, the settlements under consideration subsequently turn out to be differential.
Disturbing the base soil structure can occur as a result of:
a) weather elements (freezing and thawing; swelling and softening when moistened by precipitation; drying out of soil under solar radiation);
b) the impact of groundwater and gases (hydrostatic pressure; hydrodynamic pressure; mechanical and chemical suffusion; expansion of bubbles and release of dissolved gas);
c) dynamic loading of mechanisms and machines;
d) gross errors made by builders during the work (excess excavation and poor-quality backfilling; digging of deep pits near previously erected foundations that have a significantly shallower depth; early excavation of pits; flooding of pits with industrial and utility waters).
Thus, the settlement of disturbing the base soil structure can be written as follows:



where  is the settlement caused by climate effect (freezing-thawing);
 is the settlement caused by the groundwater;
 is the additive settlement caused by the dynamic loading of mechanisms and machines;
 is the settlement of the building caused by other impacts.
The research is focused on detecting the settlement of disturbing the base soil structure caused by cyclic freezing-thawing of the soil base .

1.2.1 Impact of groundwater
A significant part of the urban areas of the Russian Federation is subject to processes associated with increasing the groundwater level. This results in clear nonlinearity of elastic properties and heterogeneity of the foundation base and, as a consequence, extra deformations of the base.
Many scientists have studied these processes, including: Kaloshina S.V., Averin I.V., Rakitina N.N., Gavshina Z.P., Dzintser E.S., Rethati L., Zinoviev M.L., Degtyarev B.M. [14-22].
Hydrostatic pressure acting upward from the underlying waterbearing formation can deform the semipervious layer and even destroy it if this pressure exceeds the weight of the soil layer remaining below the being excavated pit (figure 1.5a).
Hydrostatic pressure is particularly strong with bedded soil structure (leaf clays and loams), which are often found in the central part of the Russian Federation. The water permeability of such soils along the bedding is 50-100 times greater than across it (figure 1.5).

[image: ]

a – hydrostatic pressure; b – the same, with the varve; c – hydrodynamic pressure; d – as a result of mechanical suffusion

Figure 1.5 ‒ Disturbance of the base soil structure affected by the groundwater

Note - Compiled from the source [8, c. 15-25]

When water enters the pit through the filter blanket from bottom to top, the soil particles experience the hydrodynamic pressure of the filtered water flow (figure 1.5c). This pressure significantly reduces the pressure in the soil skeleton under its own weight. Therefore, the shear resistance of soils and consequently its stability decreases. The ability of silty clay soils to heave increases. If the hydrodynamic pressure is high, the soil may become suspended [8, c. 3-190].
If water enters the pit through well-filtering layers, then it can carry clay and silty soil particles onto the foundations, thus forming alluvial cones (figure 1.5d) (mechanical suffusion). When the minerals of the soil or rock skeleton are dissolved, chemical suffusion occurs. As a result the physical and mechanical properties of soils deteriorate. They unevenly destruct at the base, therefore, uneven settlement under construction occurs [8, c. 3-190].
Considering the above processes, there is a significant influence of changes in the moisture content of silty-clayey soils upon the mechanical properties of soils. The strength of structural bonds in silty clay soils is influenced by a number of factors, including: density, moisture, mineral composition, dispersion degree, etc.
It is known that when soils are completely saturated with water, their elastic parameters decrease by 14-25% for bulk soils, by 23-45% for loams, and by 29-42% for clays [23, 24]. Water saturation of heaving soils can cause a decrease in the elastic modulus by up to 10 times. Clays are characterized by a decrease in the elastic modulus by 4-5 times, and for loams and sandy loams – by 5 times [25].
W. Xu and X. Wang found that the loam elastic modulus decreases linearly with  placement water content increase. This trend also persists during cyclic freezing-thawing (figure 1.6) [26].

[image: ]

a ‒ 0 cycles; (b ‒ 5 cycles; c ‒ 15 cycles

Figure 1.6 ‒ The influence of soil moisture on the elastic modulus (resilient modulus) at various confining pressures (compression test) with various numbers of freezing-thawing cycles

Applicable Code Design 22.13330.2016 [27] shows that when designing buildings and structures located in deep pits and blocking natural filtration flows, as well as altering the conditions and paths of groundwater filtration, it is important to predict alteration of groundwater regime of the construction site. This forecast can be made by modeling with analytical or numerical methods in order to avoid the situation in the figure 1.7.
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Figure 1.7 ‒ Flooding of the pit due to insufficient depth of the ground water cutoff sealing
Applicable Code Design 22.13330.2016 [27, p. 3-220] regulates the need to calculate the pressure of the piezometric groundwater level when designing structures located in deep pits below the groundwater level, as well as the need to take measures to prevent heaving of the pit bottom and filling it with water.
Condition (1.7) must be met to avoid hydraulic destruction of the active thickness of the pit bottom, suffusion and filtration of water into the pit (figure 1.8).
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Figure 1.8 ‒ Filtration into the pit with imperfect ground water cutoff

	
	(1.7)



where  is the load safety factor;
 is the gradient of hydraulic pressure in the ascending filtration flow at the exit to the pit at point A, located near the ground water cutoff.
Building Regulations SP22.13330.2016 [27, p. 3-220] presents the following dependences of the elastic modulus, Internal friction angle and cohesion on the void ratio for loams with different index of liquidity (figure 1.9, 1.10, 1.11).



Figure 1.9 ‒ Elastic modulus depending on the void ratio



Figure 1.10 ‒ Soil internal friction angle depending on the void ratio



Figure 1.11 ‒ Cohesion depending on the void ratio

Thus, the dependencies in [27, p. 3-220] can be represented by the expressions (table 1.1, 1.2).

Table 1.1 ‒ Dependence of alteration in the loams elastic modulus on the void ratio according to Building Regulations SP22.13330

	
	

	
	

	
	



Table 1.2 ‒ Dependence of alterations in the mechanical strength characteristics of loam soils on void ratio according to Applicable Code Design 22.13330
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Thus, alteration in the moisture content of silty clay soils significantly affect their mechanical properties. However, the above dependencies, which describe the alteration in the elastic modulus, soil internal friction angle and cohesion depending on moisture, are difficult to use in engineering. In addition, they need to be clarified taking into account cyclic freezing-thawing.

1.2.3 Local freezing-thawing of the soil base
The freezing and frost heaving of clay soils lead to the destruction of existing structural bonds and the formation of a certain cryogenic texture of eternally frozen ground. This resulted in studying the influence of freezing-thawing cycles upon the mechanical properties of soils carried out by many domestic scientists Goldstein, A.M. Pchelintseva, E.P. Shusherina, N.A. Tsytovich, Karlova V.D. et al [28-34].
When soils freeze, a significant alteration in their properties occurs, such as total moisture content, porosity, volumetric weight, etc. Moreover, the heat conductivity coefficient increases significantly. The most important physical and mechanical processes occurring in frost susceptible soil include moisture migration, which results in frost heaving of soils. The latter leads to the formation of a peculiar soil texture, an increase in its volume and, as a consequence, disruption of structural bonds [35].
Thus, a significant number of works have been devoted to the study of alternations in the physical and mechanical properties of soils after cyclic freezing-thawing, but their results are often contradictory. This is due to the different soils tested and freezing and thawing conditions (Appendix A).

1.2.3.1 Changes in soil structure during freezing
At subzero temperatures (below 0°C), the pore water in the soil cools, gradually turning into ice, this process is accompanied by an increase in volume by about 9%, this leads to extra pressure on the surrounding soil particles and outward forcing of the soil particles out of the pore space. Ice crystals grow until they begin to interfere with each other and neighboring soil particles [36]. The pressure exerted on soil particles leads to displacement, rearrangement and compaction of soil particles [37, 38].
If the migrating water convects sensible and latent heat to the interface at a rate equal to or greater than the rate of heat removal, the ice lens will grow to a fixed location. If the rate of heat transferred by water is less than the rate of cooling, then the soil will freeze at the interface, and then the interface will move through the unfrozen soil mass. The interface will move until a point with a sufficient supply of water is reached, where a new ice lens will subsequently form [39]. After thawing, smaller particles move to their original places, but the original soil structure cannot be completely restored. This process occurs with every freeze-thaw cycle. These alternations in microstructure lead to alternations in mechanical properties on a macroscopic scale.
This process occurs cyclically and leads to ice layers and frozen soil. The ice lenses can get several millimeters thick if the freezing proceeds slowly with a constant flow of water. Thus, in the work of Chamberlain et al. (1990) [40], the thickness of the ice lenses in the clay was 0.25 mm with a distance between them of about 1.5 mm.
When ice lenses melt, a network of cracks forms in the soil [41, 42]. In a study by Othman and Benson [43], clay samples that were freeze-thawed in laboratory conditions contained numerous cracks spaced 3 mm in the vertical direction and 15 mm in the horizontal direction. All this determines alternation in the physical and mechanical soil properties and, as a consequence, significant precipitation of thawing soils and uneven deformations of structures erected in winter [44].
Similar observations were obtained by Othman and Benson [43, p. 118-124] in a field experiment. They compacted a large sample (diameter 305 mm, thickness 914 mm) of clay in a PVC pipe and buried it in the ground for two winter months. Near the daytime soil surface, four freeze-thaw cycles were recorded, with the number of cycles decreasing with depth. Inspection of a sample of loam soil showed cracks in the horizontal and vertical directions. At the same time, the frequency of cracks decreased with depth, as did the number of freeze-thaw cycles. M.A. Othman, C.H. Benson [45] also describe cracking in clay samples during freezing-thawing (diameter 102 mm, height 114 mm, freezing temperature -5°С, thawing temperature +22°С, all-round freezing) and note both horizontal and vertical cracking of about 1.3 mm thick (figure 1.12).
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Figure 1.12 ‒ Vertical (a) and horizontal (b) sections of Wisconsin clay sample after freezing-thawing

A study [45, p. 236-245] showed that ice lenses formed after the first freeze-thaw cycle were smaller and more common in the upper part of the sample. With the depth increasing, the number of ice lenses decreased, and their size increased significantly. This is consistent with the observations of other researchers (Andersland and Anderson 1978; Dirksen and Miller 1966; Konrad and Morgenstern 1980) [39, p. 194-504; 46]. As the number of cycles increases, more and more ice lenses are formed, which are more evenly spaced and have the same thickness, and the permeability of the soil increases. For a sample frozen once, the thickness of the ice lenses is on average 1.3 mm, and the distance between them is 7.3 mm. In contrast, a sample frozen three times has, on average, thinner (0.3 mm thick) and more closely spaced (3.7 mm) ice lenses (figure 1.13). Consequently, with an increase in the number of cycles, the network of cracks becomes more branched and more homogeneous.
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a                                                                       b

Figure 1.13 ‒ Histograms of the vertical distance (a) and thickness (b) of ice lenses in a cross-section of a soil sample 

Note ‒ Compiled from the source [45, p. 242]

Graham and Au also investigated the structural changes of natural clay samples with a diameter of 76 mm collected from a depth of 9.1 m near Lake Agassiz in Winnipeg, Canada [9, p. 69-77]. The “undisturbed” sample had a layered (horizontal) texture. After three freezing-thawing cycles vertical surfaces became obvious, and after six cycles, the cracked macrostructure of the soil became clearly defined (figure 1.14), the gaps between cracks were only 1-2 mm.
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a                                                                       b

Figure 1.14 ‒ Alternations in soil structure during cyclic freezing-thawing 

Note ‒ Compiled from the source [9, p. 70]

The research results [26, p. 0000267] show that the unfrozen soil particles are in close contact with each other and have a good compact and integrated structure, as in figure 1.15a. During freezing-thawing, the micromorphological structure of soil aggregates gradually gets coarser, the structure type turns from compact to loose flocculation aggregation, and some pores and cracks form and coalesce, as in figure 1.15b. After 15 freezing-thawing cycles, the phenomenon becomes obvious: large aggregates in the soil disappear, and the particles are dispersed, as in figure 1.15c. It is obvious that after freezing-thawing the soil has a porous structure, and the inter particle force weakens, which leads to a decrease in the cohesion force.
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a                                                   b                                                   c

a ‒ 0 cycles; b ‒ 5 cycles; c ‒ 15 cycles

Figure 1.15 ‒ SEM photo of soil samples after different numbers of freezing-thawing cycles

Note ‒ Compiled from the source [26, p. 0000267]
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a ‒ 0 cycles; b ‒ 5 cycles; c ‒ 15 cycles

Figure 1.16 ‒ Equivalent percentage of pore size in samples after various numbers of freezing-thawing cycles

Note ‒ Compiled from the source [26, p. 0000267]

As shown in figure 1.16, before freezing-thawing the soil sample pores have sizes in the range of 0.1-0.8 microns. As the number of freeze-thaw cycles increases to 5, the volume fraction of pores of between 0.1 and 0.2 μm decreases from 31.7% to 19.6%, but the volume fraction of pores larger than 0.8 μm increases from 4. 5% to 29.7%. When the number of freeze-thaw cycles increases to 15, the volume fraction of pores of between 0.1 and 0.2 µm decreases to 15.4%, and also the fraction of pores of between 0.2 and 0.8 µm decreases to 33.5%. However, the volume fraction of pores larger than 0.8 μm in diameter increases to 44.6%, and the total pore diameter is concentrated in pores larger than 5 μm.
Korshunov et al. [47, 48] note the emergence of pores (micro- and macropores) as a result of formation of ice lenses, which are mainly oriented horizontally, i.e. along the frost heave front (figure 1.17). After the ice thaws, the pores slowly collapse.

[image: ]

Figure 1.17 ‒ The surface of a clay sample immediately after (a) and two days later (b) after thawing 

Note ‒ Compiled from the source [47, p. 012012]

1.2.3.2 Changes in the void ratio and density of soils during freezing-thawing 
It is well known that when freezing the volume of soil increases, which is due to an increase in the volume of ice by 9% (ice-lensing). In this regard, the process of changing the soil structure during freezing-thawing invariably leads to changes in soil porosity (figure 1.18). Moreover, this influence can be called “dual” [49-54]:

[image: ]

Figure 1.18 ‒ Effect of freezing-thawing on soil microstructure 

Note ‒ Compiled from the source [10, p. 471-472]

Option 1. When the soil freezes, its volume increases, but the soil deformation (subsidence) during thawing exceeds the previous increase in volume, which is due to the consolidation of the soil matrix, i.e. bringing together larger soil particles. This leads to an increase in soil density and a decrease in porosity [10, p. 471-476; 45, p. 236-245; 53, p. 529-536; 55-57].
Option 2: The volume of dense soil also increases when freezed, and when it thaws, most of the volume will decrease as a consequence of consolidation of the soil matrix. As a result, the void ration very dense soil may increase during freezing-thawing, since during thawing the particles may not return to their original position, which will lead to an increase in the soil volume, making its structure slightly looser than before freezing [10, p. 471-476; 26, p. 0000267; 58-60].
Thus, a literature review showed an approximate equality of studies describing each of the above options for changing porosity, void ratio, density, etc. (figure 1.19, Appendix A).


Figure 1.19 ‒ Change in soil porosity during cyclic freezing-thawing according to a literature review

Nevertheless, the study by Viklander [10, p. 471-476] describes both options for changing the void ratio, (both increasing and decreasing), which were obtained on soils with different initial void ratio. According to the results [10, p. 471-476], the void ratio decreases for samples with an initially high void ratio and increases for samples with an initially low void ratio. After 1-3 cycles of freezing-thawing, soil void ratio stabilized, tending to a value of 0.31. Viklander called this value the “residual void ratio”  (figure 1.20).
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Figure 1.20 ‒ Residual void ratio during freezing-thawing

Note ‒ Compiled from the source [10, p. 471-473]
N.A. Tsytovich [30, p. 3-440] researched models of thawing clay bases and found out that the change in the void ratio of thawed soil under load, which determines the settlement of thawing soils, decreases with depth according to the exponential law. Thus, during freezing-thawing, changes in the soil volume occur, while after thawing, the soil can have a volume both as large as the initial one (softening) and less than the initial volume (post compaction).
Thus, during freezing-thawing, changes in the soil volume occur, while after thawing, the soil can have a volume both as large as the initial one (softening) and less than the initial volume (post compaction). As a result of changes in the porosity, density and structure of the soil during freezing-thawing, changes in its water permeability occur.

1.2.3.3 Changes in soil water permeability during freezing-thawing
Changes in soil permeability depend on several factors, such as void ratio (degree of compaction), soil moisture, plasticity limit, frost susceptibility, small and large particles available, mineralogical composition [10, p. 471-476]. In addition, the temperature gradient, the number of freeze-thaw cycles and the state of stress have the greatest influence on the change in the water permeability of clay soils [43, p. 118-124].
According to the results of the conducted laboratory tests [45, p. 236-245; 55, p. 73-91; 61, 62], the water permeability of compacted fine-grained soil increases after freezing-thawing cycles. The mechanism of the increase is associated with an increase in microcracks during freezing-thawing and the formation of large pore spaces during the melting of ice crystals in the ground mass [40, p. 145-154]. This result has been confirmed by numerous studies of various soil types of and under various experimental conditions (figure 1.21, Appendix A). However, a small number of studies also indicate either a slight change in the water permeability of soil samples after cyclic freezing-thawing, or its decrease.
 

Figure 1.21 ‒ Changes in soil water permeability during cyclic freezing-thawing according to the literature review
Konrad J-M and Samson M. (2000) [63] studied kaolinite-silt mixtures and developed a quantitative model to predict soil permeability after thawing based on changes in the void ratio.
Thus, the change in the water permeability ratio during cyclic freezing-thawing has a “dual” nature similar to the change in the void ratio of the soil. It is important to note that the initial void ratio has a significant effect on changes in the water permeability ratio as a result of freezing-thawing.

1.2.3.4 Changes in the soil strength parameters during freezing-thawing
A number of factors affect the strength properties of thawing soils, viz. internal (granulometric composition, mineral composition, structure, physical characteristics of the soil) and external (thawing conditions and test conditions (closed or open test scheme, presence or absence of pore pressure, loading mode) [64].
The strength characteristics of thawing soils were studied in one way or another in the works of M.N. Zarapov and V. Karlov.D., Tsytovich N.A., Shusherina E.P., Pakhomova G.N., L. Zhigareva.A., Votyakova I.N., S. Thomson, E. Lobacz, K. Tukada, S. dr and Ogawa [65-70].
The density-humidity of thawed soil condition is a determining factor affecting the   soil shear resistance. The decrease in the strength of thawed soil compared to its strength before freezing is caused by a decrease in density and an increase in moisture as a result of moisture migration during freezing.
Many foreign scientists have been engaged in studies of changes in the soil strength properties during freezing and thawing. Some studies have shown that freezing-thawing processes lead to a decrease in soil strength (Culley 1971 [71], Graham and Au 1985, Yong et al. 1985 [72], Aoyama et al. 1985 [73], Lee et al. 1995 [74], Simonsen et al. 2002 [75], Qi and Ma 2006 [76], Wang et al. 2007, Leroueil et al. [77], Cole et al. [78], Berg et al. [79]). However, studies of slightly consolidated soil show that its strength increases (Ono and Hitachi 1997 [80], Alkire and Morrison 1982) (figure 1.22, Appendix A).



Figure 1.22 ‒ Changes in soil strength during cyclic freezing-thawing according to the literature review
Many geotechnical scientists pay great attention to the study of changes in the cohesion and the soil internal friction angle during freezing, since they are the main strength characteristics.
It is generally accepted that with an increase in the number of freezing-thawing cycles, the cohesion of the soil decreases, but the stabilized value of cohesion after several freezing-thawing cycles remains controversial [81-86]. Most of the studies show a significant change in specific soil cohesion by more than 30% (figure 1.23, Appendix A). However, some results show that the soil cohesion does not obviously tend to change during freezing-thawing [87].



Figure 1.23 ‒ Change in cohesion of soil during cyclic freezing-thawing according to the literature review

Studies of changes in the soil internal friction angle during freezing-thawing are quite contradictory: according to one study [83, p. 761-768; 87, p. 435-439; 88], the soil internal friction angle increases; according to others [48, p. 2990-2993; 81, p. 1496-1501; 86, p. 1-5; 89], it decreases or remains constant. Some studies have noted the non-constant nature of the change in the soil internal friction angle during freezing-thawing [82, p. 4313-4318; 85, p. 23-31; 90] (figure 1.24, Appendix A).



Figure 1.24 ‒ Change in the soil internal friction angle during cyclic freezing-thawing according to the literature review

Work [91] confirms that the reduction in shear resistance of silty and clay soils along the thawed-frozen soil plane can reach 40%. Researchers N.K. Zakharova and E.P. Shusherina found that changes in shear resistance also depend on the frozen soil texture. If the strength characteristics decrease as a result of the freezing-thawing effect on the foundation soils, their original values can be restored by compaction.
It was found that the shear resistance of thawing soils with a layered-mesh texture can be only 60% of the initial value of the characteristic (before freezing) [92]. With a free flow of moisture under conditions of freezing of silty-clay soil, its strength decreases upon thawing by up to 3-5 times. And the initial value is restored by no more than 40-50%, however, over a long time, the strength of the soil reaches its original values when compacted under load [93].
One way or another, the scientific results obtained can be considered contradictory, and they are difficult to unambiguously apply in engineering practice.

1.2.3.5 Changes in the soil deformation properties during freezing-thawing
The fundamental works among Russian scientists in the field of changing the deformation properties of thawing soils are the works of Boldyrev G.G., Kiselev M.F., Roman L.T., Tsytovich N.A., Goldshtein M.N., Ershov E.D. and others [94-98].
Considerable laboratory work has been carried out to study the factors influencing the elastic properties of soils, including studies of freezing-thawing effects. The basic understanding is that even a small number of freezing-thawing cycles can lead to a significant decrease in the resilient modulus [99, 100]. From the literature review it is clear that freezing-thawing often leads to degradation of the soil elastic modulus. However, it should be taken into account that most of these studies were carried out on highly compacted soil, i.e. on dense soils that are prone to expansion during freezing and thawing. On the other hand, loose soils become compacted during freezing-thawing and, therefore, the elastic modulus should  increase. However, this was not confirmed by the literary sources (figure 1.25, Appendix A) [101-104].



Figure 1.25 ‒ Change in the soil elastic modulus during cyclic freezing-thawing

Johnson et al. (1979) [105] carried out field and laboratory tests to study the change in elastic modulus and Poisson's ratio during freezing-thawing cycling. The results showed that the elastic modulus and Poisson's ratio of clay soils change significantly under freezing-thawing cycling and can be represented as a function of stress conditions, moisture content, and dry soil density.

1.2.3.6 Mathematical models 	
In the study [106] it is shown that the unconfined compressive strength of soil as a freezing-thawing cycle function (straight line) tends to decrease while the number of freeze-thaw cycles increases (figure 1.26). In this case, the unconfined compressive strength was defined as the maximum axial compressive strength at fracture or the corresponding strength at 15% deformation if the maximum axial compression was not reached, whichever came first. The study showed that the soil strength properties decrease with each freeze-thaw cycle, and after 31 cycles, the unconfined compressive strength decreased by an average of 11%. The authors of [106, p. 72-80] describe the dependence of unconfined compressive strength on the number of freezing-thawing cycles by the following equation:



where  (in kPa) is UC strength;
 is the number of freezing-thawing cycles;
 is the determination factor. 
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Figure 1.26 ‒ Change in tensile strength in uniaxial compression with an increase in the number of freeze-thaw cycles 

Note - Compiled from the source [106, p. 75]


[image: ]

Figure 1.27 ‒ Change in the elastic soil modulus with an increase in the number of freezing-thawing cycles

Note ‒ Compiled from the source [106, p. 76]

The elastic modulus gradually decreases while the number of freezing-thawing cycles increase (figure 1.27). It decreases by an average of 32% after 31 freezing-thawing cycles. To predict the values of the soil elasticity modulus as a result of the effects of freezing-thawing cycles, the authors [106, p. 72-80] propose using the following linear regression equation:



where  (in MPa) is the elastic modulus.
In their study, M. Wang et al. [83, p. 761-768] propose the following expressions to calculate the soil cohesion and soil internal friction angle of clay after cyclic freezing-thawing with the use of reducing dimensionless correction coefficients (figure 1.28):

; 

where and  are soil cohesion and soil internal friction angle after freezing-thawing cycles, respectively;
 and  are correction factors depending on the number of freezing-thawing cycles;
 and  are soil cohesion and soil internal friction angle, respectively, before freezing-thawing of the soil.
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Figure 1.28 ‒ Correction curves of soil cohesion and soil internal friction angle during cyclic freezing-thawing

Figure1.28 shows the curves of the correction factors  and  for the soil cohesion and soil internal friction angle, respectively. As the number of freezinig-thawing cycles increases, the specific factor of cohesion decreases exponentially until an equilibrium value of 0.36 is reached, and the soil internal friction angle correction factor increases exponentially to 1.36.
Thus, the correction factors  and  can be written as follows:




where  is the number of freezing-thawing cycles.
The author [68, p. 527-529] proposes the following quadratic dependences of the change in the strength characteristics for loess soil, based on laboratory studies (figure 1.29):
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Figure 1.29 – Change in strength characteristics during freezing-thawing 

Note - Compiled from the source [70, p. 529]

However, the presented mathematical models describe changes in the mechanical properties of specific soils with given physical and mechanical characteristics, which were the object of each of the studies presented above, and cannot be used in the design of the foundations of buildings and structures in the south of the Tyumen region.

1.2.4 Vibrational impact and dynamic loading
The study of changes in soil characteristics as a result of vibration and dynamic effects at different times was carried out by Abelev K.M., Ponomarev A.B., Shcherba V.G., Smolin Yu.L. and others [107-110].
The studies presented in [108, p. 3-210] show that when digging deep pits in silty-clay soils using construction equipment, the upper layer of the bottom is destroyed to varying degrees. Thus, the use of the most soft method of soil excavation with hydraulic excavators on the site leads to the destruction of 10-18 cm of soil below the cutting plane (figure 1.30).
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Figure 1.30 ‒ Destruction of the soil structure due to the impact of construction machinery
When digging pits with a “face shovel of an excavator”, the destruction of the natural structure of the clay soil at the construction site reached 75 cm, when using a grab - by 45-75 cm.
Another reason for soil decompaction when digging deep pits is pumping water directly from the pit. In this case, destruction of the natural structure was observed to a depth of up to 65 cm, and a decrease in the soils  strength characteristics was observed up to 20 times.
According to GOST R 56353-2015 [111], the reduced value of the elastic modulus  under dynamic and vibration effects of equipment should be determined by the method of dynamic triaxial compression according to formula (1.10).

	
	(1.10)



where  is the eleastic modulus, determined according to [112], MPa;
 is the ratio equal to 0.8;
 is the vibration creepage deformation, fractions;
 is the static vertical stress, MPa.
The dynamic effects of the machinery can lead to significant decompaction of water-saturated clay soils containing a large amount of silty particles. For such soils, dynamic impacts that occur during the movement of heavy machinery along the pit bottom, impacts with an excavator bucket when excavating a pit, and when dropping a skull cracker or ram to loosen frozen soil before digging a pit are very dangerous. In order to preserve the natural structure, these soils are developed using light units moving along the pit edge.
A protective soil layer is left at the bottom. The soil is removed manually or with light earthmoving equipment [8, p. 3-196].
Thus, the vibration effects upon the elastic modulus of foundation soils is regulated by Russian standards, but to a greater extent relates to the operating mode of the building, taking into account its design features. In turn, the dynamic loading upon soil by the construction equipment during excavation can lead to the ground failure to a significant depth up to 0.75 m, however, this factor is difficult to take into account during the work, therefore, it must be excluded from further research.

1.3 Representative examples	
In the south of the Tyumen region, where the predominant are silty-clay foundation soils, often weak, high compressible soils, problems often arise during the of building and structure construction with a developed substructure. Therefore, to study the problem of the negative impact of various natural climatic and man-made influences on the characteristics of foundation soils, it is necessary to take into account the experience of design and construction in the region.

1.3.1 Example 1
As a typical example, we can consider the deformation of the foundation slab of Parking No. 1 in the project “Apartment residential building with non-residential premises on the ground floor and underground parking in Tyumen” (figure 1.31).
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Figure 1.31 – Residential complex

1.3.1.1 Characteristics of the facility
The construction in question is a 2-story underground parking lot adjacent to a 9-story, 4-section residential building (figure 1.32). Expansion joints are installed between the foundations of all sections.
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Figure 1.32 ‒ Layout of sections

Building with reinforced concrete monolithic braced frame. The foundations are a solid reinforced concrete monolithic slab 0.6 m thick on a modified soil foundation. The walls (supporting) are made of reinforced concrete, 6.6 m high, 0.3 m thick, located along the perimeter of the foundation slab. The walls (diaphragms) are made of reinforced concrete, 3.0 m high, 0.2 m thick. Columns are made of reinforced concrete with a section of 0.4x0.4 m, 0.4x0.5 m.

1.3.1.2 Geotechnical survey results	
The soil foundation is represented by the following engineering-geologic elements (figure 1.33. table 1.1):
1. Bulk soil, layer thickness from 0.4 to 0.7 m.
2. EGE-1 is tough clay with semi-solid layers, layer thickness from 2.3 to 3.7 m.
3. EGE-2 is plastic loam with very soft clay layers, layer thickness from 8.0 to 11.0 m. Highly deformable (loose) soil (is the load-bearing layer for the foundation slab).
4. EGE-3 is tough clay with medium-hard clay layers, loam and sand layers, layer thickness from 2.6 to 4.4 m (being the sub-grade).
5. EGE-4 is fine sand, medium density, water saturated, layer thickness from 2.6 to 2.9 m.
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EGE-4
No borehole
Level of mouth, m
Distance, m

      5                                           6                                       7                                      8


Figure 1.33 ‒ Geotechnical cross-section along line 2-2

Table 1.1 – Standard characteristics of foundation soils

	№ EGE
	Density, t/m3
	Void ratio
	Soil internal friction angle, deg.
	Soil cohesion, kPa
	Elastic modulus, MPa

	
	γн
	е
	φн
	сн
	Е

	EGE - 1
	1,89
	0,829
	13,0
	34,4
	15,28

	EGE - 2
	1,89
	0,938
	16,5
	28,6
	5,62

	EGE - 3
	1,86
	0,891
	13,0
	34,1
	10,34

	EGE - 4
	1,98
	0,651
	30,8
	7,1
	11,65


The groundwater level was at 3.2-4.0 m from the earth's surface.

1.3.1.3 Monitoring results	
In 2015, according to the project, the soil at the base of the Parking lots was stabilized (table 1.2) by ground-cement elements (GCE) with a diameter of 1.2 m, a length of 3 m, creating a reinforcement effect (figure 1.33) with a 3x3.1 m grid before excavating a pit. Under the apartment sections the soil was stabilized with a square grid of 2.8x2.9 m, the length of the GCE is 6 m.
The work was carried out as follows:
· the ground base of the GCE (11-27.11.2015) was stabilized from the ground level before the excavation;
· the parking pit was excavated not reaching the design mark of 40 cm (10-25.01.2016);
· the pit bottom was completed to the design mark (12-17.03.2016) – an waterbearing formation was developed at a depth of 5 m, an side channel (drainage) was set up to drain the pit;
· gravel layer was laid of 300 mm thick(17–20.03.2016);
· waterproofing, reinforcement , etc. were carried out. (20–25.03.2016);
· concreting the foundation slab (25.03.2016).

Table 1.2 – Settlement values of Parking lot No. 1 in mm

	№ draft marks
	Months, 2016

	
	03
	04
	05
	06
	07
	08
	09
	10
	11
	12

	1
	18
	104
	107
	119
	131
	137
	132
	127
	127
	127

	2
	16
	43
	43
	49
	61
	66
	68
	64
	68
	68

	3
	18
	83
	85
	104
	108
	113
	121
	119
	124
	124

	4
	24
	114
	143
	185
	180
	185
	191
	189
	189
	189

	Sср
	19
	86
	95
	114
	120
	125
	128
	125
	127
	127

	Smax
	24
	114
	143
	185
	180
	185
	191
	189
	189
	189





Figure 1.34 ‒ Draft charts for Parking Lot №1

Figure 1.34, based on geodetic monitoring, the ultimate settlement value was 191 mm, which exceeds the ultimate allowable deformations according to [27, p. 2-226], which are 150 mm.
The survey revealed the following defects and construction deviations of the Parking Lot №1:
1. Differential settlement of the foundation slab towards axis “A” by up to 12.5 cm.
2. Longitudinal crack in the alignment of axes “A”-“B”: opening width – up to 2 mm, depth – 240-280 mm, length – 40 m.
3. Longitudinal crack in the alignment of axes “A”-“B”: opening width – up to 1.5 mm, depth – 220–260 mm, length – 7 m.
4. Settlements under apartment sections and parking lots before the start of the superstructure erection, i.e., with approximately equal loads, differs by 1.5-2 times, with larger settlement values corresponding to the zones of the outer construction footprint boundary.

1.3.1.4 Diagnosis of the causes of soil bed deformations
Significant differential settlements of the soil bed resulted in a fracture of the foundation slab due to significant settlements which exceeded the calculated values by 1.5 times in an unloaded state. This occurred as a result of the combined action of several reasons:
1. The significant difference in the settlements of the foundation slabs of residential zones and parking lots is associated primarily with the different depths of the ground-cement elements (GCE) which, at the time of digging out the bottom of a deep pit, act as anchor elements that stabilize its state. This prevents elastic unloading and surface lift after the release of significant pressure from the own weight of the selected soil.
2. The rapid release of pressure from the own weight of the selected soil led to destructuring of soils, significant decrease in their strength and elastic modulus E in the upper layer. Thus, GSEs located under the foundation slabs of parking lots totally fall into the active unloading zone of the pit and move along with the weak bed due to insufficient length.
3. Violation of the structural bonds of the upper zone of the load-bearing layer of the soil bed occurred due to its flooding and freezing. It was determined that the pit lacked to reach the design level of 40 cm from 10.01.2016 to 25.01.2016; then, the bottom of the pit was completed to the design level only on 17.03.2016.  Obviously, this led to freezing of the pit bottom to a depth over 0.4 m. 

[bookmark: _Toc34677419][bookmark: _Toc43642240][bookmark: _Toc160460646][bookmark: _Toc160464278]1.3.2 Example 2
[bookmark: _Toc34677420]The foundation slab for a pyrolysis installation in Tobolsk is another example.

[bookmark: _Toc43642241][bookmark: _Toc160460647][bookmark: _Toc160464279]1.3.2.1 Specification of the structure
The foundation slab for the pyrolysis installation is 57.4x26.25 m in plan, 1.6 m in thickness. It is divided into 3 parts by deformation joints (figure 1.35). The pit for the slab was developed at an elevation of up to -13.05 m from the ground surface incorporating the benches. When the pit was being dug out, the groundwater level was exposed and then backfilled with fine sand to the extent of 1.56 m (figure 1.36).

Draft mark
- Draft mark number
- Settlement, mm
Graphical symbols:
Part 1
Part 2
Part 3


[bookmark: _Ref37752970]Figure 1.35 ‒ Schematic illustration of the foundation slab divided into parts 

5.0-6.0 m
Weak, softened soil
Groove Larsen L=8m
Concrete bed B7.5 – 100mm
Crushed stone 20-40mm – 220mm
Geogrid
Crushed stone 20-40mm – 220mm
Geogrid
Geotextile
Local frost-resistant fine sand – 1560mm

[bookmark: _Ref37753193][bookmark: _Ref37767804]
Figure 1.36 ‒ Schematic illustration of a pit for the foundation slab

[bookmark: _Toc43642242][bookmark: _Toc160460648][bookmark: _Toc160464280]1.3.2.2 Results of geotechnical survey 
Geotechnical survey was carried out in 2013 during a month (figure 1.37). The well - B092 was located closely to the designed structure, and the neighbouring points of cone penetration testing - RCPTU082 and RCPTUV054. In accordance with the geotechnical survey, after excavation was developed to the design level, GTU-6 appeared to be the soil bed of the designed structure, namely: hard plastic clay loams with sandy interlayers with the elastic modulus of 13.55 MPa (figure 1.38, table 1.3).

[image: ]
[bookmark: _Ref37750784]
Figure 1.37 ‒ Schematic illustration of excavations location 

Foundation slab
0-1.5m -brown loam with grey  interbed layers, heavy semi-solid, with hard-plastic interbed layers, with admixed organic substance, rusty
1.5-7.0m - brownish-grey  loam, heavy, hard-plastic, with admixed organic substance
7.0-12.6m - dark grey  loam, heavy, hard-plastic, with semi-solid interbed layers, with admixed organic substance
12.6-16.5m - dark grey  loam, light, hard-plastic, with interbed layers of sandy loams, with admixed organic substance
16.5-18.3m - dark grey  sandy loam, plastic, with admixed organic substance
18.3-20.0m - dark grey  loam, heavy, hard-plastic, with admixed organic substance
20.0-22.0m - greenish-grey sand, silty, dense, water-saturated, with admixed organic substance
22.0-24.5m - dark grey sandy loam,  plastic, with admixed organic substance
24.5-25.0m - greenish-grey sand, silty, dense, water-saturated, with admixed organic substance
Borehole
Lithologic description
Specific gravity       Classification            Undrained shear resistance
        kN/m3                       %                                         kPa
 description

[bookmark: _Ref42166921]
Figure 1.38 ‒ Geotechnical column after cone penetration testing (RCPTUV054)
[bookmark: _Toc34677421][bookmark: _Toc43642243][bookmark: _Toc160460649][bookmark: _Toc160464281]
[bookmark: _Ref37751092]Table 1.3 – Specifications of foundation soils 

	EGE, №
	Name
	Density, g/cm3
	Void ratio
	Internal friction angle, degrees
	Cohesion, kg/cm2
	Oodometric elastic modulus, MPa
	Elastic modulus, MPa

	
	
	γн
	γII
	е
	φн
	сн
	Ек
	Е

	1
	2
	3
	4
	5
	6
	7
	8
	9

	EGE-1
	Medium-hard clay loam
	1.9
	1.88
	0.797
	19
	0.62
	3.3
	11.65

	EGE -2
	Hard plastic clay loam
	1.91
	1.90
	0.829
	23
	0.37
	2.8
	8.99

	EGE -3
	High-plastic clay loam
	1.89
	1.88
	0.881
	26
	0.25
	2.9
	8.24

	EGE -4
	Plastic sandy loam
	2.05
	2.03
	0.573
	37
	0.27
	7.3
	28.25

	EGE -5
	Hard plastic clay loam
	1.92
	1.90
	0.806
	22
	0.37
	2.9
	9.98

	Continuation of table 1.3


	1
	2
	3
	4
	5
	6
	7
	8
	9

	EGE -6
	Hard plastic clay loam
	1.94
	1.93
	0.763
	29
	0.31
	3.5
	13.55

	EGE -7
	Hard plastic clay loam
	1.99
	1.98
	0.721
	25
	0.35
	3.2
	13.28

	EGE -8
	Hard plastic clay loam
	1.99
	1.97
	0.715
	28
	0.32
	3.8
	15.88

	EGE -9
	Pulverescent sand
	1.85
	1.84
	0.948
	35
	0.16
	7.9
	7.90

	EGE-11
	Medium-hard clay loam
	1.81
	1.80
	1.049
	26
	0.34
	2.8
	5.60



1.3.2.3 Soil bed deformations
Pit excavation for the foundation began in November 2016; it was made to the level of -13.05m relative to ± 0.000, i.e. it was carried out to the depth located below the groundwater level.
The pit bottom was exposed to frost action in the temperature range from -30°C to -40°C until mid–December 2016. In here, no measures were taken to protect the pit bottom against foundation soil freezing as regulated by Building Regulations (SP 45.13330.2012) [113]; this resulted in the pit bottom rise up to 15 cm. 
At low loads of 44 kPa which were equal to the weight of  the reinforced concrete foundation slab, 1.6 m in thickness and did not exceed the own weight of the selected soil during excavation, the soil bed under Part 1 of the foundation slab (table 1.4, figure 1.39) was significantly deformed.
[bookmark: _Ref37754551][bookmark: _Ref37754547]
Table 1.4 – Geotechnical monitoring results

	Draft mark, № 
	Measurement, №

	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13

	1
	34
	44
	77
	88
	101
	110
	112
	111
	122
	121
	131
	135
	143

	2
	44
	76
	94
	111
	113
	124
	135
	134
	154
	155
	160
	162
	165

	3
	50
	78
	94
	94
	104
	112
	124
	125
	134
	137
	143
	142
	144

	4
	45
	65
	80
	91
	91
	106
	121
	129
	129
	126
	134
	140
	146





Figure 1.39 ‒ Geotechnical monitoring results
In cementation of the soil bed of the foundation slab, the lack of soil strength to a depth of up to 5 m was revealed during drilling. 

1.3.2.4 Diagnosis of the causes of soil bed deformations
Soil bed deformations are caused by the following:
1. Pit excavation began in November 2016 and was carried out to a depth of -2.1 m below the foundation footing - 13.05 m, i.e. it was carried out to a depth located below the groundwater level.
2. During excavation, no measures were taken to protect the pit bottom against foundation soil freezing; thus, it resulted in exposure of soil to frost.
All this led to significant mobility in the physical and mechanical properties of soil and its softening to a depth of 5-6 m (figure 1.36). 

[bookmark: _Toc34677422][bookmark: _Toc43642244][bookmark: _Toc160460650][bookmark: _Toc160464282]1.3.3 Example 3

1.3.3.1 Specification of the structure 
The object of construction is an multi-apartment residential building located in Tyumen. The U-shape building with dimensions in axes 63,860x42,185 m consists of two four-floors-sections with residential apartments, united by a one-storey insert with non-residential premises for commercial purposes. The structural scheme of the building is a full frame of monolithic reinforced concrete. The stiffness of the building is ensured by monolithic walls of the stiffening core, as well as rigid connection of pylons with the foundation slab and monolithic slabs. The underground part of the building is a complete monolithic reinforced concrete frame (figure 1.40, 1.41).

[image: C:\Users\Mramor\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Страницы из 07-21-КР_2022.04.26 (1)-2.jpg]

Figure 1.40 – Cross-section by building

[image: Страницы из 07-21-КР_2022]

Figure 1.41 ‒ Layout of the building sections
[bookmark: 8_Описание_и_обоснование_принятых_объемн][bookmark: _bookmark1][bookmark: 7_Описание_конструктивных_и_технических_]
The building foundation is a 400 mm thick slab foundation made of reinforced concrete B25. The bottom of the foundation slab is at elevation -3,800. Under the foundation slab is provided concrete preparation of concrete B7.5 with a thickness of 70mm and a cement-sand screed with a thickness of 30 mm. External basement walls are monolithic reinforced concrete B25, 200 mm thick.

1.3.3.2 Results of geotechnical survey
Three engineering geologic elements (EGE) and 2 layers were identified at the survey site (figure 1.42, 1.3):
1. Layer 1 – Medium density fine sand with medium water saturation. 
2. Layer 2 – Technogenic (bulk soil): Fine sand with loam inclusion.
3. EGE-1 – Stiff silty loam. 
4. EGE-2 – Plastic silty loam.
5. EGE-3 – High plasticity silty loam.

[bookmark: 4_Уровень_грунтовых_вод,_их_химический_с][image: ]

Figure 1.42 – Foundation on the geotechnical cross-section

Table 1.3 – Physical and mechanical properties of soils

	Indicator
	Designation
	Unit
	Layer 1
	Layer 2
	EGE-1
	EGE-2
	EGE-3

	
	
	
	fine sand
	bulk soil
	stiff loam
	plastic loam
	high plasticity loam

	Moisture content
	W
	u.f.
	0,241
	0,226
	0,266
	0,292
	0,368

	Liquid limit
	WL
	u.f.
	-
	0,297
	0,347
	0,338
	0,385

	Plastic limit
	Wp
	u.f.
	-
	0,200
	0,216
	0,213
	0,239

	Plasticity index
	Ip
	u.f.
	-
	0,10
	0,13
	0,13
	0,15

	Liquidity index
	IL
	-
	-
	0,27
	0,39
	0,63
	0,89

	Solid particles density
	s
	g/sm3
	2,66
	2,72
	2,72
	2,71
	2,71

	Soil density
	
	g/sm3
	1,72
	2,01
	1,87
	1,91
	1,81

	Dry soil density
	d
	g/sm3
	1,38
	1,64
	1,48
	1,48
	1,33

	Void ratio
	е
	-
	0,92
	0,66
	0,84
	0,83
	1,04

	Water saturation ratio
	Sr
	u.f.
	0,694
	0,937
	0,870
	0,942
	0,955

	Elastic modulus
	Е
	MPa
	-
	-
	11,25
	10,47
	4,85

	Cohesion 
	с
	MPa
	-
	-
	0,020
	0,023
	0,023

	Internal friction angle
	φ
	degree
	-
	-
	22,62
	22,99
	33,02



The foundation is based on stiff silty loam underlain by plastic silty loam and high plasticity silty loam.
According to relative ground deformations at frost penetration, soils are EGE-1 - medium frost-susceptible loam (Еfh-6,8%), EGE-2 - medium frost-susceptible loam (Еfh-6,3%), EGE-3 - medium frost-susceptible loam (Еfh-5,4%).
Relative swelling deformation, soils in the zone of seasonal freezing in the natural state for the survey period (July 2021), are: EGE 1 - medium swell (Efh-6.8%), EGE 2 - medium swell (Efh-6.3%), EGE 3 - medium swell (Efh-5.4%) [114].
Zero-cycle construction works (excavation works, construction of foundations, construction of walls and columns of the basement floor) were performed at the period from December 2023 (figure 1.42). As a result, freezing of the base has been allowed.

[image: https://xn--80ahefirqxn.xn--p1ai/upload/resize_cache/iblock/e97/1920_1080_1/092almuh8t3fkhe9zwtsgmy2m37dv3yo.jpg]

Figure 1.42 – Zero-cycle construction works in winter period

According to engineering surveys, the established groundwater level (July 2021) was opened at a depth of 5.4-8.2 meters. During the pit excavation the groundwater level was opened at a depth of about 1.5 m from the day surface. Consequently, dewatering measures were undertaken and implemented throughout the construction period.

1.3.3.3 Soil bed deformations 
A visual inspection of the foundations found that (figure 1.43):
· along the perimeter of the building footprint the formation of a clearly visible subsidence trough of the foundation was revealed, accompanied by the development of soil fracture zones (cracks formation) and distortion of engineering structures (wells);
· opening of deformation joints of foundations and basement walls, characterized by vertical and horizontal displacements of structures relative to each other;
· formation of inclined cracks in the enclosure monolithic walls of the underground floor;
· water was pumped out of drainage wells located on the construction site.

[image: IMG20230519094228][image: IMG20230519094235][image: IMG20230519100554]
a                                               b                                              c
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d

Figure 1.43 – Defects fixed at the construction time

[bookmark: automatically]The presence of established defects of building structures indicates the development of inhomogeneous deformations of the soilbase and differential settlement of foundation (table 1.4, figure 1.44).
Geodetic observations of the foundation settlement development over time were started on 24.03.23. The observations were realized by 4 marks located on the columns of the 2nd floor along the perimeter of the Object.
From the analysis of geodetic observation data for the period 24.03.2023-05.06.2023 it was established:
· at each observation cycle (every 7 days), a significant increase in settlements was recorded, indicating developing deformations that have a continuous character;
· the highest values of settlements for the entire observation period (-205 mm) were observed for mark No.2;
· based on the results of floor slabs levelling, it was found that the deviations of the slab surface from the horizontal plane reach the value of 75 mm, which indirectly indicates the development of differential settlement of foundation.

Table 1.4 – Geotechnical monitoring results

	№ Draft marks
	Measurement, №

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	
	Date, 2023

	
	24.03
	27.03
	31.03
	07.04
	14.04
	21.04
	28.04
	05.05
	11.05
	18.05
	27.05
	05.06

	1
	0
	3
	15
	18
	25
	33
	37
	44
	50
	57
	67
	80

	2
	0
	6
	21
	24
	26
	32
	39
	60
	90
	115
	155
	205

	3
	0
	6
	17
	24
	26
	31
	37
	59
	90
	114
	156
	201

	4
	0
	5
	15
	17
	19
	23
	25
	36
	43
	46
	54
	63





Figure 1.44 – Geotechnical monitoring results

1.3.3.4 Diagnosis of the causes of soil bed deformations
The following can be attributed to the reasons for the development of foundation soilbase deformations:
1. Leaving the excavated pit during the winter period without using any measures to protect the soilbase, which resulted in freezing of the soilbase and, as a consequence, additional deformations due to soilbase thawing.
2. Groundwater level was opened at a depth of -1,500 m from the day surface. Dewatering measures were not done before excavation.
All this resulted in a significant change of physical and mechanical properties and decompaction of the building soilbase to a depth of about 2 m under the foundation slab.
In connection with the over-permitted differential soilbase deformations it was required to reinforce the foundation soilbase of the building taking into account the changes in the mechanical properties of loams, namely the actual (reduced) values of deformation (elastic modulus) and strength (internal friction angle, cohesion) characteristics of loams (Appendix B). 
On the basis of the specified values of the characteristics of the foundation soils, in order to stabilize their deformations, design solutions for soil reinforcement were proposed, namely, soil cementation using the injection method in the hydraulic fracture mode. The method involved the installation of 253 injectors with a length of 2.5 m under the base slab of the building into pre-drilled holes; injection of grouting compound into the injector under pressure (figure 1.45).

[image: ]

Figure 1.45 ‒ Вesign solutions for soil reinforcement

As a result of soilbase grouting, stabilization of building settlement was achieved (figure 1.46).

[image: ]

Figure 1.46 – Graph of geodetic mark settlements over time

At the moment the building is completed, geodetic monitoring shows stabilization of the soil base of the building (figure 1.47).

[image: https://avatars.mds.yandex.net/get-altay/7695774/2a0000018a3207af417e28e49791522a28dc/XXXL]

Figure 1.47 – Constructed building

[bookmark: _Toc160460651][bookmark: _Toc160464283][bookmark: _Toc34677423][bookmark: _Toc43642245]1.3.4 Examples from references review
When heaved seasonally frozen soils thaw, they settle and their bearing capacity decreases compared to that before freezing [6, p. 3-360]. B.I. Dalmatov in [115] described this phenomenon. Differential settlements of a strip foundation of a two-story brick building were recorded when the frozen clay bed thawed in 1953-1954.  The settlements of some foundations were accompanied by soil heaving from under the foundation footings, their pivoting and shifting inside the building (towards the basement) by 10-20 cm. These deformations resulted in horizontal cracks in the masonry walls. 
As a rule, shear resistance of soil is reduced when it thaws; this is due to extra moistening because of moisture migration. This helps increase the horizontal pressure on the foundation and reduce the resistance of the foundation soil. Destruction of the foundations constructed for metal tanks of the warehouse of benzene products in Cherepovets was caused by similar reasons.
The monolithic concrete ring around the tank was the fence of its bed which was filled out in winter from frozen medium-sized sand. Differential frost heaving of soft-plastic moraine loam and deformations of the bed during thawing led to the foundation rupture into separate blocks. The horizontal pressure of thawing sand with the surface loaded with pressure from the tank's own weight facilitated the horizontal shear of these blocks.
A decrease in the ultimate shear strength of thawed heaving soils (and hence, a decrease in the Internal friction angle and cohesion) caused a decrease in the design soil resistance,  soil bed bearing capacity during thawing, stability of slopes, and an increase in the pressure of thawing soil on fences (retaining walls). In winter, when soil froze at a high groundwater level at the embankment base, frost heaving and significant migration moisture accumulation occurred in the slope soil. The decrease in the strength parameters of thawing soil caused destruction of the slope of the railway bed due to violation of its stability. Dynamic impacts led to the additional decrease in the strength of thawing soil. 
The stability of slopes and pit fences during freezing of heaved soils in winter must be determined taking into account the decrease in the strength properties of thawing soil. Depending on the soil freezing conditions, its subsequent thawing can result in a significant decrease in the slope stability and an increase in pressure on the fence. Slopes and retaining walls which are calculated and made in summer, are destroyed during freezing in winter and thawing in  spring, though they seem stable until they freeze. Horizontal displacement of the pit fence may occur as a result of the pressure increase of thawing soil acting on it and the latter will move forming cracks on the surface with the crack growth approximately equal to the horizontal displacement of the sheet pile towards the pit.
When heaving soil freezes in the pit slopes, moisture migrates to the freezing front, excessive moisture accumulates in the frozen soil, heaving and textural changes occur. When such heaved slope soils begin to thaw in spring, their strength properties weaken and this can lead to loss of slope stability. B.I. Dalmatov and V.S. Lastochkina give such an example in their book (figure 1.48).
[image: ]
[bookmark: _Ref148520757]
Figure 1.48 ‒ Collapse of the pit slope in Cherepovets in spring 
[bookmark: _Toc160460652][bookmark: _Toc160464284]
1.4 Methods to prevent soil compaction
[bookmark: _Toc43642246][bookmark: _Toc160460653][bookmark: _Toc160464285]
1.4.1 Application of sand beds
To increase the stability of foundations built on weak, softened clays is the main reason for application of sand beds, because the strength of sand is much higher than that of water-saturated silty clays. In addition, sand beds are designed to reduce the deformability of soil bed, as the elastic modulus of sandy soils inside the sand bed reaches a value of 15-40 MPa [108, p. 3-210; 116].
Sand beds are often made during construction on weak water-saturated soils composed of sands of varying sizes: from fine to coarse. In construction practice, sand beds made of silty and clayey sands are not allowed due to heaving of such soils in winter and their frequent moving to running sand. However, this requirement is not always met during construction of certain structures, and this leads to significant deformations of buildings and structures.
Geotextile is the most effective material for making sand beds (figure 1.49).

[image: https://www.technoplast.msk.ru/upload/medialibrary/f68/f68dcd6449f2060f14b111e29bba4de7.jpg]
[bookmark: _Ref43300477][bookmark: _Ref43300473]
[bookmark: _Toc43642247][bookmark: _Toc160460654][bookmark: _Toc160464286]Figure 1.49 ‒ Sand bed incorporating geotextile  

1.4.2 Bored piles
Bored piles are constructed by various technologies, including [117]:
· continuous Flight Auger (CFA) or bore piles driven by continuous hollow auger (CHA) technology;
· drilling Displacement System (DDS) or bore piles of compaction (figure 1.50); 
· double Rotary technology for bore piles; 
Advantages of bore piles:
· minor dynamic impacts allows the technology to be used in dense urban areas;
· load-bearing capacity of piles increases due to possibility of their large diameter and considerable length;
· volumes of excavation and concrete casting are reduced; 
· possibility to use in various soil types (depending on technology).
Disadvantages of bore piles:
· difficulty (often impossibility) to monitor the integrity of the material of the manufactured piles;
· significant scatter in the bearing capacity of piles reaching 30% in weak water-saturated soils;
· technological complexity of bore piles applicability. 

[image: ТТК. Устройство буронабивных свай уплотнения (Drilling Displacement System - DDS)]
[bookmark: _Ref42267447]
Figure 1.50 ‒ Drilling Displacement System (DDS) or bore piles of compaction

Note - Compiled from the source [118]

When the foundation of the Lakhta Center (figure 1.51) was constructed, bore concrete piles of 2.0 m in diameter and 55.0 and 65.0 m in length were driven from the ground surface to prevent the negative impact of the factors described in paragraph 1.2. Moreover, the top marks of the piles coincide with the mark of the pit bottom equal to 17.0 m from the ground surface [119].
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a – engineering and geological conditions of the construction site; b – composition of the foundation

Figure 1.51 ‒ Structural features of the Lakhta Center foundation design

Note ‒ Compiled from the source [120]

1.4.3 Jet grouting 
Jet grouting is a more common method of strengthening the soil bed. It is used to prevent soil destruction during excavation [121]. The technology for soil-cement elements is shown in figure 1.52.

[image: ]2. Pile installation
(reverse motion)
1. Pilot borehole drilling
(forward motion)

[bookmark: _Ref42269970]
Figure 1.52 ‒ Schematic illustration of the jet grouting procedure

Note ‒ Compiled from the source [122]
Ground-cement elements (GCEs) can be made depending on the required diameter, strength and deformability parameters as follows (figure 1.53) ent mortar;
· two-component technology - soil is destructed with a jet of cement mortar and an air flow around the jet;
· three-component technology - soil is destructed with a jet of water in an artificial air flow, and a jet of cement mortar is injected separately; 
· modernized technologies.

cement
cement
cement
pulp
pulp
pulp
air
air
water

[bookmark: _Ref42269716]
Figure 1.53 ‒ Options of jet grouting

Note ‒ Compiled from the source [111, p. 12-36]

Advantages of jet-grouting:
· it allows the technology to be used in dense urban areas; 
· rapid performance of works;
· high predictability of the bearing capacity of piles as a result of soil strengthening; 
· this technology can be used for weak water-saturated silty clays and for flooded soils.
This method of soil foundation strengthening in conditions of digging out a deep pit was used in designing Object 1 (p 1.3.1), but it lacked to be effective. Due to the insufficient length of GCEs, their “floating” was observed (figure 1.33). GCEs were made of 1.2 m in diameter (Jet-2) on a square grid with the following dimensions: 2.8 m - for the bed under the residential zones, 3.0 m - for the bed under the parking lot (figure 1.54). 
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[bookmark: _Ref42342440]а – under residential zones; b – under parking lots

Figure 1.54 ‒ Schematic illustration of SCEs: location

1.4.4 Fiber-reinforcing
Freitag (1986) [123] proved that when fiberglass was mixed with clays, the strength and ductility of clayey soils increased. Reinforcement of silty clays with nylon fibers resulted in a significant increase in strength [124]. Cai et al. (2006) [125] carried out experiments and added fibers to soil. This resulted in improving the engineering properties of soil.
Roustaei et al. (2015) [126] determined the effect of freeze-thaw cycles on the strength of soil reinforced with polypropylene fibers with different component ratios under triaxial compression. The results showed that the strength of unreinforced soil decreased by up to 43% when the number of freeze-thaw cycles increased. In here, the strength of the reinforced samples decreased less, up to 32%.The compressive strength of samples increased after freeze-thaw cycles due to expansion in the number of fibers added [127, 128]. 
The authors [59, p. 125-130] studied the effect of reinforcing fibers (steel fibers (20 mm in length, 1 mm in diameter, 7850 kg/m3 in density) and polypropylene fibers (12 mm in length, 0.1 mm in diameter, 900 kg/m3 in density) on the mobility of strength properties of kaolinite clay during freezing-thawing. 
Thus, if 3% polypropylene fibers were added, the uniaxial compressive strength of clay samples increased by 160% and 60% before and after cyclic freeze-thaw respectively. In addition, polypropylene fibers added to clay soil also reduced the uniaxial compressive strength by 20-25% after 10 freeze-thaw cycles.
The added steel fibers could increase the uniaxial compressive strength of soil by approximately 7% before cyclic freeze-thaw and by 6% after that. The samples containing 2-3% of steel fibers had the greatest strength during the whole of freeze-thaw cycles. However, the samples reinforced with steel fibers lacked in strength.
After the book [129], when reinforced with 0.75% polypropylene fiber, the strength increased by 70% as compared to the unreinforced samples. Upon reaching the 15th cycle, reinforced samples retained their advantage. The inclusion of 0.75% basalt fiber showed the best result, since the strength increased by 41.2% before freezing and by 27.1% after the 15th cycle, but basalt fiber was inferior to polypropylene fiber.
The elastic modulus of reinforced and unreinforced samples decreased by the 8th freeze-thaw cycle and stabilized by the 15th cycle. For unreinforced samples, the elastic modulus decreased by 22.1% after 15 cycles. At the 15th cycle, the reinforced basalt fiber samples showed a decrease in elastic modulus 0.25% by 11.9%, 0.5% by 15.7% and 0.75% by 18.9%. The elastic modulus decreased by 9.6% when reinforced with polypropylene fiber at a fiber content of 0.25%, by 17.2% at 0.5% and by 29.2% at 0.75 [129, p. 18-23] 
After the book [129, p. 18-23], the soil reinforced with basalt fiber did not have any significant effect on cohesion (it decreased by approximately 54-56% after 15 freeze-thaw cycles). However, when reinforced with polypropylene fiber, the cohesion decreased by16-28% after 15 cycles, depending on the number of fibers added. The Internal friction angle of a sample containing 0.5% polypropylene fiber was 10.7%. i.e. it exceeded that of basalt fiber at the same percentage. However, when the soil was frozen and thawed, this parameter did not generally change.   

[bookmark: _Toc160460657][bookmark: _Toc160464289]1.4.5 Modifying by cement and nanocement
Additives, such as fly ash, cement, lime, etc., improve soil properties (water permeability, strength, frost heaving) [130-133].
Yousefi et al. [134] studied strength characteristics of clayey soil stabilized with cement and nanocement during cyclic freeze-thaw. It was found out that if the amount of cement and nanocement increased, the unconfined compressive strength (UCS) increased. The UCS in the stabilized samples increased by over 12 times compared to pure samples. After nine freeze-thaw cycles, the decrease in strength was 46% for pure soil samples, for those containing 4% of cement and nanocement - by 26 and 19%, respectively. 
Thus, the methods used for soil decompaction and strengthening of weak soil beds are quite diverse and depend on the type of object under construction and building criticality rating. However, in incorrect design or performance of work, they can be ineffective and lead to emergency situations.  

[bookmark: _Toc160460658][bookmark: _Toc160464290]1.4.6 Prevention of cyclic freezing – thawing
According to [64, p. 3-20], there exist two main approaches to assess the deformation properties of thawing soils: theoretical (based on physical properties) and experimental (coefficient of thawing and degree of compaction).
Settlements occurred during thawing depend on a number of factors, namely: soil structure and texture, swelling of particles, physical and chemical processes, thawing rate, etc. Settlements occurred during thawing decrease if soil density increases, but if humidity increases, the settlements increase either. It has been established that is seems difficult to draw generalized conclusions on settlements occurred during thawing versus physical properties, that is why  this issue, while remaining relevant, has not yet been fully studied. 
In addition, the frost susceptibility properties of silty clays must be taken into account when erecting buildings and structures in winter. Soil freezing and its subsequent thawing can lead to the increased pressure on the pit walls fencing, decreased stability of slopes, impact of frost heaving forces on the foundations or underground facilities, and significant reduction in the bearing capacity of soil bed  during subsequent thawing. 
Due to technological reasons, it is quite difficult, and sometimes impossible, to protect soils from freezing when pits and foundations are made in winter. If freezing of foundation soil occurs or if one intends to excavate pits in winter, then it is necessary to assess the effects of these procedures on the stability of soil beds and reliability of facilities To do this, calculations must be made based on forecasts of deformations and frost heaving forces, as well as assessments of soil strength and soil bed stability in thawing. 
Freezing of the soil bed followed by excavations or during construction of foundations causes differential settlements of structural members of buildings erected in winter which occur in spring thawing of soils (figure 1.55).
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[bookmark: _Ref37430234]
Figure 1.55 ‒ Freezing of heaving foundation soil in excavation and erection of foundation blocks with subsequent deformation of the building during thawing  

Construction that lasts over a year results in basements being left without heating during one or several winter seasons. This leads to deep freezing of the bed and differential rise of structures with crack growth. 
Temporary thermal insulation or a layer of sawdust, slag, expanded clay gravel, etc. can make it possible to overcome freezing. The required thermal resistance of the layer is calculated as follows [135, 136]. 

	
	(1.8)



where  – permissible depth of soil freezing under thermal insulation, , m;
 – thermal conductivity coefficient of frozen soil, Вт/(m˚С);
 – surface heat transfer coefficient, ; 
Knowing the value of R, , one can calculate the insulation layer thickness :

	
	(1.9)



where – thermal conductivity coefficient of the insulation layer. 
Thus, local freezing-thawing significantly affects the mechanical properties of soil bed, while settlements which occur during thawing depend on a number of factors: structure, density, soil moisture, thawing rate, etc. 
Excavation works carried out in winter are challenging. To prepare soil for excavation, one can consider [8, p. 3-65]:
1) mechanical means (powerful earth-moving mechanisms and explosives);
2) thawing of frozen soils before excavation;
3) protection of soils from freezing in autumn. 

[bookmark: _Toc43642249][bookmark: _Toc160460659][bookmark: _Toc160464291]Summary of chapter one
1. Factors influencing the total settlement of a facility including “technological settlement” have been identified; their classification has been developed including the one from the position of its significance for work in severe climates (silty clays, high groundwater levels); the need of taking into account the technological component of settlements has been identified, since poor predictability of technological settlements results in emergency situations at facilities under construction.
2. Based on the review of books illustrating world experience, the most significant factors influencing technological settlements of buildings and structures have been identified including cyclic freeze-thaw of the soil bed. 
3. Based on the extensive review of books illustrating the mobility of physical and mechanical soil properties during cyclic freeze-thaw, the following factors have been identified (void ratio, soil moisture, number of freeze-thaw cycles) which affect greatly the change of elastic modulus, Internal friction angle and cohesion of soil.
4. The existing patterns of reduction in soil strength and deformation have been analyzed in various dispersed soils during freezing-thawing; it has been identified that it is necessary to develop mathematical models of mechanical characteristics of loams from  for further use in engineering practice. The loams are widely distributed throughout Europe, Russia and the Tyumen Region as well. 
5. Methods to protect physical and mechanical properties of soils from decompaction during cyclic freezing-thawing have been considered, but their possible ineffectiveness has been underlined – this can occur due to improper design or performance of works weakening the operational reliability of facilities under construction.


[bookmark: _Toc160460660][bookmark: _Toc160464292]2 MATERIALS AND METHODS

2.1 Description of the soil under study
Loam, being the most widespread silty clayey soil occurred in the south of the Tyumen Region, was chosen as the soil under study. Due to harsh climatic conditions (table 2.1, 2.2, figure 2.1), the natural soil bed composed of loams is often subjected to frost heaving in winter. This results in strength and deformation characteristics of the soil.

Table 2.1 – Climatic variables specific for the cold season in the city of Tyumen 

	Probable air temperature of the coldest days, ˚С 
	Probable air temperature of the coldest five days, ˚С
	Absolute minimum air temperature, ˚С

	0.98
	0.92
	0.98
	0.92
	

	-44
	-41
	-40
	-35
	-50

	Duration, 24-hour day, and average air temperature ˚С of the period with average daily air temperature  
	Average daily amplitude of air temperature of the coldest month, °С 

	≤ 0 ˚С
	≤ 8 °С
	

	Duration 
	Average temperature 
	Duration
	Average temperature
	

	164
	-10.8
	223
	-6.8
	9.2

	Average monthly relative humidity of the coldest month, % 
	Average wind speed, m/s for a period with average daily air temperature of ≤ 8 ˚С   
	Precipitation in November-March, mm 

	78
	2.7
	114

	Note ‒ Compiled from source [137] 


 
Table 2.2 – Climatic variables specific for the warm season in the city of Tyumen 

	Air temperature, ˚C, with a probability of
	Absolute maximum air temperature, ˚С
	Average daily amplitude of air temperature of the warmest month, ˚С

	0.95
	0.98
	
	

	23
	26
	38
	11.4

	Average monthly relative humidity of the warmest month, %
	Precipitation in April-October, mm
	Daily maximum of precipitation, mm

	70
	360
	78

	Note ‒ Compiled from source [137] 



[image: ]
[bookmark: _Ref147481400]
Figure 2.1 ‒ Average monthly/annual air temperatures in Tyumen, ˚С 

Note ‒ Compiled from source [137] 

The soil of the disturbed structure was tested; the samples were made by mixing dry soil and the required amount of distilled water [138] in accordance with GOST 30416-2020 Soils. Laboratory tests. General provisions [139]. Soil density and soil moisture were given with regard to the required consistency and void ratio of the soil. Particle density of the soil under study was 2.70 g/cm3. Compaction of the soil with given humidity was carried out in three stages layer by layer to the required density. The samples were made in metal rings: for shear tests - 71.5 mm in diameter and 35 mm in height; for compression tests - 87 mm in diameter and 25 mm in height. The main physical parameters of the soil are given in table 2.3.
The main physical parameters of the soil under study were determined in accordance with GOST 5180-2015 Soils. Methods for laboratory diagnosis of physical parameters [140]. Soil density was determined by the cutting ring method and that of humidity - by drying to a constant mass. The values obtained are shown in table 2.3. 

Table 2.3 – Physical parameters of the soil under study

	Designation
	Indicator
	Unit
	Value

	
	Particle density
	g/cm3
	2.70

	
	Plastic limit  humidity
	-
	0.15

	
	Liquid limit humidity
	-
	0.27

	
	Plasticity index
	-
	12


.
[bookmark: _Toc160460662][bookmark: _Toc160464294]2.1.1 Production of twin samples  
When disturbed soil samples were prepared, first the soil was dried, then it was fined and sifted; the sieve cells size - 2 mm.
The soil body  was calculated from the following assumption (2.1) in accordance with GOST 30416-2020 "Soils. Laboratory tests. General provisions" [138, p. 74-80]:   

	
	(2.1)



where  – inside of the working ring, cm3;
 – specified density of dry soil, g/cm3.
The amount of water needed to obtain the specified value of soil paste moisture was determined by the expression (2.2): 

	
	(2.2)



where  – mass of the soil under study at moisture content , г;
 –specified and initial soil moisture respectively, unit fraction; 
 – water density equal to 1 g/cm3.
The specified soil moisture content was applied in the middle of the range which agreed with the required soil consistency. First, the soil was moistened, and then it was thoroughly mixed and placed in an exiccator for 2 hours.
[bookmark: _Toc160460663][bookmark: _Toc160464295]
2.2 Mathematical planning of the experiment
In the framework of the research, in order to optimize the study, experimental planning was carried out, i.e. the number of tests and conditions of experimentation were selected which were necessary to solve the task [141, 142]. 
The unit of analysis was presented as a “black box” diagram, i.e. input and output parameters were controlled and measured (figure 2.2).

[image: ]Black box

[bookmark: _Ref145071095]
Figure 2.2 ‒ Schematic illustration of the “black box” 

The following groups of parameters were identified:
1) input  – impacts on the unit of analysis which had to be established – factors; 
2) output   – numerical data of the objectives of research – optimization parameters.
A three-factor, three-level experiment was conducted as part of the study.
The review of books revealed that the density-moisture state of thawed soil was the dominant factor influencing the mechanical properties of soil [6, p. 3-360]. Thus, the following factors were selected as the dominant ones (table 2.4): 
1. Soil void ratio, which was considered at three levels - 0.55 unit fraction (level “-”), 0.65 unit fraction (level “0”), and 0.75 unit fraction (level “+”).  
2. Initial soil moisture content – 22.6% (level “-”), 19.5% (level “0”) and 16.5% (level “+”). These agree with soft-plastic, hard-plastic and medium-hard soil consistency. 
3. The number of freeze-thaw cycles at three levels – 0 cycles (level “-”), 5 cycles (level “0”) and 10 cycles (level “+”). 

[bookmark: _Ref145072569]Table 2.4 – Experimental planning

	Factor
	Levels 

	
	–
	0
	+

	Number of freeze-thaw  cycles 
	0
	5
	10

	Soil moisture , %
	Soft-plastic (22.6%)
	Hard-plastic   (19.5%)
	Medium-hard (16.5%)

	Void ratio 
	0.55
	0.65
	0.75



The number of all possible experiments is determined by the formula (2.3): 

	
	(2.3)

	
where p – number of levels (table 2.3); 
k – number of factors (table 2.3). 





The matrix of the experiment is shown in table 2.5.

[bookmark: _Ref145076007]Table 2.5 – Matrix of the experiment 

	Coded factor
	Factor value

	
	
	
	(е)
	(W, %)
	(, units)

	1
	2
	3
	4
	5
	6

	–
	0
	–
	0.55
	Hard-plastic (19.5)
	0

	–
	0
	0
	0.55
	 Hard-plastic (19.5)
	5

	–
	0
	+
	0.55
	Hard-plastic (19.5)
	10

	Continuation of table 2.5


	1
	2
	3
	4
	5
	6

	–
	+
	–
	0.55
	Medium-hard (16.5)
	0

	–
	+
	0
	0.55
	 Medium-hard (16.5)
	5

	–
	+
	+
	0.55
	Medium-hard (16.5)
	10

	0
	–
	–
	0.65
	Soft-plastic (22.6)
	0

	0
	–
	0
	0.65
	 Soft-plastic (22.6)
	5

	0
	–
	+
	0.65
	Soft-plastic (22.6)
	10

	0
	0
	–
	0.65
	Hard-plastic (19.5)
	0

	0
	0
	0
	0.65
	 Hard-plastic (19.5)
	5

	0
	0
	+
	0.65
	Hard-plastic (19.5)
	10

	0
	+
	–
	0.65
	Medium-hard (16.5)
	0

	0
	+
	0
	0.65
	Medium-hard (16.5)
	5

	0
	+
	+
	0.65
	Medium-hard (16.5)
	10

	+
	–
	–
	0.75
	Soft-plastic (22.6)
	0

	+
	–
	0
	0.75
	Soft-plastic (22.6)
	5

	+
	–
	+
	0.75
	Soft-plastic (22.6)
	10

	+
	0
	–
	0.75
	Hard-plastic (19.5)
	0

	+
	0
	0
	0.75
	Hard-plastic (19.5)
	5

	+
	0
	+
	0.75
	Hard-plastic (19.5)
	10

	+
	+
	–
	0.75
	Medium-hard (16.5)
	0

	+
	+
	0
	0.75
	Medium-hard (16.5)
	5

	+
	+
	+
	0.75
	Medium-hard (16.5)
	10



Let us consider Experiment №11 as an example: here,  → «0» corresponds to the void ratio e = 0.65 unit fraction;  → «0» - to soil moisture W=19.5%;  → «–»  - to five freeze-thaw cycles . 
Experiment №16: here,   → «+» corresponds to the void ratio e=0.75 unit fraction;  → «–» - to soil moisture W=22.6%;  → «–» - to the number of freeze-thaw cycles, equal to zero.
Besides, more experiments were carried out for freeze-thaw cycles equal to 1 and 3 (or 4) to clarify the intermediate values of strength and deformation characteristics. 
The samples were frozen at -20°C and thawed at +20°C, freezing and thawing time - 12 hours. The temperatures of freezing and thawing were used in some studies before, e.g. Qi et al (2004) [143] and Ghazavi et al (2010) [59, p. 125-130]. The samples were placed in a closed system to prevent possible evaporation of water. In here, no flow of water to the samples was allowed. The method of inclusive freezing at constant temperature was used. The samples were placed in metal rings with lack of exposure to normal stresses.
[bookmark: _Toc160460664][bookmark: _Toc160464296]2.3 Soil properties under study
[bookmark: _Toc160460665][bookmark: _Toc160464297]
2.3.1 Deformation properties of loams
According to Building Regulations (SP 22.13330.2016 Foundations of buildings and structures), the elastic modulus E can be determined from the results of compression tests formula (2.4) modifying them with multiplying coefficients  [27, p. 3-220].

	
	(2.4)



where  – pressure range ( in accordance with) [27, p. 3-220].
 – relative deformation.
In addition, the required parameters of the SoftSoil model were determined [144-146]. The main parameters of the SoftSoil model include: 
 – compression index: 

	

	(2.5)



 – modified compression index:

	

	(2.6)



 – recompression index 

	

	(2.7)


 – modified recompression index: 

	
	(2.8)



[bookmark: _Toc160460666][bookmark: _Toc160464298]2.3.2 Strength characteristics of loams
The main strength characteristic of loams include the Internal friction angle φ and cohesion c. Cohesion reflects the effect of cohesion between soil particles with regard to Coulomb forces, van der Waals forces, and bonds between neighbouring ions, whereas the Internal friction angle reflects sliding of one particle in relation to another (Wang et al. 2007) [58, p. 34-42].

[bookmark: _Toc160460667][bookmark: _Toc160464299]2.4 Instruments and equipment
[bookmark: _Toc160460668][bookmark: _Toc160464300]
2.4.1 Instruments and equipment to determine the deformation parameters of soil during tests
The deformation parameters of soil (elastic modulus E, MPa, modified compression index  modified recompression index) were determined by compression method of testing the soil samples. The soil samples were of a cylindrical shape, 87 mm in diameter and 25 mm in height. The tests were carried out in a compression unit (figure 2.3) manufactured by Geotech company. The universal computing complex (ASIS) was used for compression and filtration tests of dispersed soils. 

[image: ]
[bookmark: _Ref145432703]
Figure 2.3 ‒ Oedometer of Geotech 

The sample was loaded in stages in accordance with GOST 12248.4-2020 “Soils. Determination of deformability parameters by compression method" and was taken as universal for all types of soil under study including unloading and reloading of the sample - 5 kPa, 12.5 kPa, 25 kPa, 50 kPa, 100 kPa, 200 kPa, 300 kPa, 400 kPa, 600 kPa, 800 kPa, 600 kPa, 400 kPa, 300 kPa, 200 kPa, 100 kPa, 50 kPa, 25 kPa, 12.5 kPa and 5 kPa, 12.5 kPa, 25 kPa, 50 kPa, 100 kPa, 200 kPa, 300 kPa, 400 kPa, 600 kPa, 800 kPa. Stabilization time – 12 hours. The stabilization parameter in relative units was 0.05% after GOST 12248.4-2020 [147]. 
[bookmark: _Toc160460669][bookmark: _Toc160464301]
2.4.2 Instruments and equipment to determine the strength characteristics of soil during tests
The strength characteristics of soil (Internal friction angle φ,° cohesion c, kPa) were determined by shear tests of soil samples of a given density and moisture content. Soil samples were of a cylindrical shape, 71.5 mm in diameter and 35 mm in height. The tests were carried out in an direct shear unit (figure 2.4) using ASIS. 


[image: ]                [image: ]
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[bookmark: _Ref145432871][bookmark: _Ref145432863]
Figure 2.4 ‒ Direct shear unit of Geotech 

The strength characteristics of soils were determined using the direct shear unit in accordance with GOST 12248.1-2020 “Soils. Methods for laboratory diagnosis of strength characteristics with the in-plane shear method” [148]. Each experiment involved four-six samples which were tested for a consolidated-drained shear at a normal stress of 100 kPa, 150 kPa, 200 kPa, or 300 kPa. The experiments having been over, statistical processing of the test results was carried out under each set of conditions. 
[bookmark: _Toc160460670][bookmark: _Toc160464302]
2.5 Description of the developed mathematical model
M. Wang et al [83, p. 761-768] proposed the following expressions to calculate the cohesion and Internal friction angle of clays after cyclic freezing-thawing using reducing dimensionless correction coefficients. The authors used an exponential relationship to describe the changed correction coefficients for cohesion and Internal friction angle. 

	; 


	(2.9)



where c' and φ' - cohesion and Internal friction angle after freeze-thaw cycles, respectively;
 and  - correction coefficients depending on the number of freeze-thaw cycles; 
c and φ - cohesion and Internal friction angle, respectively prior to freezing-thawing of soil;
 x – number of freezing-thawing cycles.
Thus, to describe the changed mechanical properties of soils during cyclic freezing-thawing, the following mathematical relationship was considered:

	
	(2.10)



where  can act as z;
exp – exponential;
 – required approximation coefficient;
–  initial soil moisture ;
 – initial void ratio of soil ();
– number of freeze-thaw cycles). 
 – values of initial soil moisture, initial void ratio of soil and number of freezing-thawing cycles (figure 2.5).  

[image: ]
[bookmark: _Ref145437515]
Figure 2.5 ‒ Example 1

The results obtained after the first trial linear calculations revealed the calculation error of up to 30% as compared to experimental data (the root-mean-square error of the least-square method (OLS) was 0.17) (figure 2.6). However, this result was considered insufficiently accurate, and therefore an attempt was made to increase the degree of the approximating polynomial in the exponential (figure 2.7):

	
	(2.11)



where  can act as z;
exp – exponential;
,  ,  -   required approximation coefficients;
, ,  – the same as in (2.10). 
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[bookmark: _Ref145437556]
Figure 2.6 ‒ Example 2

Polynomial:
-Product
-Sum
-Taylor series

[bookmark: _Ref145437451]Figure 2.7 ‒ Programme viewport for processing the results of laboratory experiments 

This option showed the best agreement between the results of OLS and experimental data (the root mean square error of OLS was 0.07). However, in further diagnosis of the obtained relationship performance at intermediate points of the initial parameters under study (), this relationship showed inadequate peaks; thus, it had to be refused.
Thus, in order to describe the relationship between the changed soil characteristics (elastic modulus, Internal friction angle and cohesion) and the factors under study (soil void ratio, initial soil moisture content, number of freezing-thawing cycles), a Programme was developed in  Delphi 7 programming support environment in PASCAL language. Its  viewport is shown in figure 2.8.
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[bookmark: _Ref145584949]
Figure 2.8 ‒ Example of processing results with the Programme

The Programme provides three options for processing the results; they are described below.
First option. The required relationship is the product of three polynomials which can be formally described as deployment of the relationship upon three arguments in the following order. First, ignoring other variables: 

	
	(2.12)



Taking into account the possible relationship between the specified coefficients upon another variable (with regard to the second variable): 

	
	(2.13)



Finally, upon the third variable (factor) which determines the total relationship:

	

	(2.14)



In its disclosed form, the relationship is the product of three polynomials of the appropriate order upon each variable: 

	



	(2.15)



Total  combinations of different multipliers.
When using the required OLS algorithm, the following function of squared errors will be implemented: 

	
	(2.16)



The conditions needed for the extremum existence give the following system of linear equations: 

	
	(2.17)



The second option is the sum of polynomials of arbitrary order from each parameter, namely: 
	
	(2.18)



The third option is based on possible expansion of a function in the Taylor series in the vicinity of a given point, for example, zero in three variables:  

	
	(2.19)



The result is a set of powers characteristic of the Taylor series of the function of several variables.
Thus, the developed Programme makes it possible to select one and the most accurate option among  three options of mathematical relationship for the changed mechanical properties of soils with different initial parameters during freezing-thawing. 

[bookmark: _Toc160460671][bookmark: _Toc160464303]2.6 Example of processing laboratory results with the developed Programme
Next, an example of processing laboratory results with the developed program is going to be presented. 

[bookmark: _Ref145522690]Table 2.6 ‒ Input data for data processing example

	, 
samples
	, %
	
	, MPa
	, samples
	, %
	
	, MPa

	0
	19.5
	0.55
	13.4
	0
	16.5
	0.65
	12.5

	1
	19.5
	0.55
	15.3
	1
	16.5
	0.65
	7.5

	3
	19.5
	0.55
	16
	4
	16.5
	0.65
	7.9

	5
	19.5
	0.55
	17.1
	5
	16.5
	0.65
	7.3

	10
	19.5
	0.55
	16.1
	10
	16.5
	0.65
	12.1

	0
	16.5
	0.55
	11.3
	0
	22.6
	0.75
	8.2

	1
	16.5
	0.55
	16.0
	1
	22.6
	0.75
	7.7

	4
	16.5
	0.55
	16.8
	3
	22.6
	0.75
	6.5

	5
	16.5
	0.55
	17.5
	5
	22.6
	0.75
	8.6

	10
	16.5
	0.55
	18.0
	10
	22.6
	0.75
	8.8

	0
	22.6
	0.65
	11.5
	0
	19.5
	0.75
	4.3

	1
	22.6
	0.65
	10.4
	5
	19.5
	0.75
	5.5

	3
	22.6
	0.65
	10.9
	10
	19.5
	0.75
	4.2

	5
	22.6
	0.65
	12.3
	0
	16.5
	0.75
	4.6

	10
	22.6
	0.65
	10.4
	1
	16.5
	0.75
	5.3

	0
	19.5
	0.65
	9.3
	3
	16.5
	0.75
	4.7

	5
	19.5
	0.65
	9.1
	10
	16.5
	0.75
	4.3

	10
	19.5
	0.65
	9.6
	
	
	
	



Thus, the following data were downloaded (table 2.6). It is important to underline that the whole of options for processing the results of laboratory tests were considered with fixed values of the factors' degrees:  - to the third degree; - to the second degree;  - to the first degree. In here, further when processing the actual results of laboratory tests, the factors’ degrees can be changed to obtain more accurate results. 
The first option for processing the mathematical relationship with regard to the specified degrees of the factors under study: ( - to the third power;  - to the second power;   - to the first power can be presented as follows:

	



	(2.20)



The following approximation coefficients in accordance with the downloaded input data were calculated for the first option (table 2.7).

[bookmark: _Ref146036074]Table 2.7 ‒ Approximation coefficients for the first option 

	Argument
	Approximation coefficient

	
	symbol
	value

	1
	
	-226.23097955588

	
	
	432.077870873255

	
	
	27.6362633731953

	
	
	-50.2381922680564

	
	
	-0.719488999758661

	
	
	1.31846844496701

	
	
	128.241880172344

	
	
	-306.632137923459

	
	
	-12.70158297631

	
	
	31.6996805253631

	
	
	0.313241609997921

	
	
	-0.80994735441879

	
	
	4.63418947232321

	
	
	16.6184045201297

	
	
	-0.265755963712

	
	
	-2.34660759200899

	
	
	0.00329815228017351

	
	
	0.0718357489981457

	
	
	-1.76737405494121

	
	
	1.4353306065128

	
	
	0.162057158943402

	
	
	-0.0941668524831692

	
	
	-0.0038145514734768

	
	
	0.00140646024389474


Thus, the mathematical relationship based on the downloaded laboratory data and described according to the first option with regard to the obtained approximation coefficients can be recorded as follows:  

	




	(2.21)



The second option for processing the mathematical relationship with regard to the specified degrees of the factors under study ( – to the third power; ) – to the second power;   – to the first power can be presented as follows:

	
	(2.22)



The following approximation coefficients in accordance with the downloaded input data were calculated for the second option (table 2.8).

[bookmark: _Ref146038311]Table 2.8 Approximation coefficients for the second option

	Argument
	Approximation coefficient

	
	symbol
	value

	1
	
	88.2261082831533

	
	
	-0.167720754465699

	
	
	0.104350264664086

	
	
	-0.00775319758683916

	
	
	-4.906273462075

	
	
	0.134434719211794

	
	
	-52.6720516290115



Thus, the mathematical relationship based on the downloaded laboratory data and described according to the second option can be presented as follows:

	
	(2.23)



The third option for processing the mathematical relationship with regard the specified degrees of the factors under study ( – to the third power;    – to the second power;   – to the first power can be recorded as follows:

	



	(2.24)



The following approximation coefficients in accordance with the downloaded input data were calculated for the third option (table 2.9).

[bookmark: _Ref146038324]Table 2.9 ‒ Approximation coefficients for the third option 

	Argument
	Approximation coefficient

	
	symbol
	value

	1
	
	-1576.47679722309

	
	
	3430.42697370052

	
	
	138.879153639078

	
	
	13.8577652454987

	
	
	-4938.20537185669

	
	
	-33.3316162594074

	
	
	-6.70516119443346

	
	
	-29.0744370359037

	
	
	-0.341365108515879

	
	
	-0.0320836363782198

	
	
	2519.79907369614

	
	
	3.83049024788962

	
	
	0.731924441166236

	
	
	0.108117927082276

	
	
	7.67590404667675

	
	
	0.628697624526498

	
	
	0.000828000379798427

	
	
	0.561916969528572

	
	
	-0.0126382185314224

	
	
	-0.00668934847841665



Thus, the mathematical relationship based on the downloaded laboratory data and described according to the third option with regard to the obtained approximation coefficients can be recorded as follows:  

	



	(2.25)



In addition, the developed Programme automatically calculates the function values in accordance with the downloaded input data based on the obtained relationships with regard to  the approximation coefficients (2.21), (2.23), (2.25) and the error obtained at a given point. The summary table of the mathematically processed data for three options is presented below (table 2.10).
[bookmark: _Ref146040944]Table 2.10 ‒ Summary table of the processed data 

	Input data
	Results –
 1st option for processing
 (Product)
	Results -
2nd option for processing 
(Sum) 
	Results -
3rd  option for processing 
(Taylor series)

	
	absolute error, MPa
	relative error, %
	absolute error, MPa
	relative error, %
	absolute error, MPa
	relative error, %

	13.4
	13.67
	2
	14.7
	10
	14.06
	5

	15.3
	15
	2
	14.63
	4
	14.67
	4

	16
	16.26
	2
	14.93
	7
	15.92
	1

	17.1
	16.28
	5
	15.5
	9
	16.93
	1

	16.1
	15.92
	1
	15.71
	2
	16.32
	1

	11.3
	13.04
	15
	14.9
	32
	13.62
	21

	16
	14.5
	9
	14.83
	7
	14.17
	11

	16.8
	16.65
	1
	15.41
	8
	16.23
	3

	17.5
	16.91
	3
	15.7
	10
	16.93
	3

	18
	18.33
	2
	15.91
	12
	18.64
	4

	11.5
	11.44
	1
	11.77
	2
	10.8
	6

	10.4
	10.53
	1
	11.7
	13
	10.99
	6

	10.9
	10.79
	1
	12
	10
	11.49
	5

	12.3
	12.35
	0
	12.57
	2
	11.88
	3

	10.4
	10.4
	0
	12.78
	23
	10.33
	1

	9.3
	9.05
	3
	9.44
	1
	9.08
	2

	9.1
	10.53
	16
	10.24
	12
	9.56
	5

	9.6
	9.97
	4
	10.44
	9
	9.36
	3

	12.5
	9.25
	26
	9.64
	23
	9.36
	25

	7.5
	10.07
	34
	9.56
	28
	9.01
	20

	7.9
	8.85
	12
	10.14
	28
	9.08
	15

	7.3
	8.02
	10
	10.44
	43
	9.33
	28

	12.1
	11.46
	5
	10.64
	12
	10.51
	13

	8.2
	8.45
	3
	6.5
	21
	7.71
	6

	7.7
	7.18
	7
	6.43
	16
	7.54
	2

	6.5
	6.94
	7
	6.73
	4
	7.67
	18

	8.6
	8.41
	2
	7.31
	15
	8.14
	5

	8.8
	8.81
	0
	7.51
	15
	8.74
	1

	4.3
	4.43
	3
	4.17
	3
	5.11
	19

	5.5
	4.78
	13
	4.97
	10
	3.96
	28

	4.2
	4.02
	4
	5.17
	23
	4.93
	17

	4.6
	5.46
	19
	4.37
	5
	5.87
	28

	5.3
	5.64
	6
	4.3
	19
	4.79
	10

	4.7
	3.03
	35
	4.6
	2
	3.55
	25

	4.3
	4.59
	7
	5.37
	25
	4.69
	9

	Maximum absolute  Error
	3.25
	3.6
	3.14

	Medium absolute Error
	0.64
	1.26
	0.83

	Minimum abso lute Error, %
	0.03
	1.46
	0.5

	Maximum rela tive Error, %
	35.44
	42.97
	28.07


According to the given data, the third option is the most accurate option for data processing in the example under consideration (Taylor series) (table 2.10). The maximum relative Error is 28.07%, the minimum – 0.5%. The second option for processing the results turned out to be the least accurate: maximum relative Error – 42.97%, minimum – 1.46%. However, one can adjust the accuracy of these processing options by changing the degrees of the factors under study and thus, by decomposing into a larger number of elements.
Figure 2.9 illustrates the downloaded input data (table 2.6) versus the results of processing for the whole three options (table 2.10).



Figure 2.9 ‒ Laboratory (input) data versus calculated ones

Summary of chapter two
1. Based on the factors identified in the books (soil void ratio , initial soil moisture content  and the number of freezing-thawing cycles ) the three-factor three-level experiment has been planned, the experiment matrix has been constructed in order to determine the mathematical relationships of the changed elastic modulus, cohesion and Internal friction angle.
2. The technique for laboratory testing has been developed. It is based on the valid Normative Documents (GOST 12248.1-2020; GOST 12248.4-2020) and takes into account possible cyclic freezing-thawing of soils for determining the deformation (odometric tests) and strength (shear tests) parameters of soils. 
3. Based on the data given in the books and several proposed options, the Programme has been developed. It makes it possible to perform mathematical processing of laboratory test results and determine the approximation coefficients of the mathematical relationship of the change in each soil characteristics under study (c, φ, E) versus three factors (, , ). The Programme was developed in  Delphi 7 programming support environment in PASCAL language and provides three options for processing the experimental data - “Product”, “Sum” and Taylor series expansion of the polynomial. 
4. Given is the example of how to determine the mathematical relationship of the changed elastic modulus versus the factors under study for three processing options (“Product”, “Sum” and Taylor series expansion of the polynomial) in the developed Programme; the resulting model has been analyzed with regard to certain approximation coefficients. 

































3 RESULTS OF LABORATORY STUDIES TO DETERMINE THE DEFORMATION SOIL CHARACTERISTICS

3.1 Results of laboratory studies
[bookmark: _Hlk164671554][bookmark: _Hlk164674271]The purpose of this chapter is to identify patterns, to analyze and construct a mathematical model of loams characteristic changes, depending on the soil void ratio and soil moisture content, including deformation characteristics in the case of cyclic freezing-thawing.
[bookmark: _Hlk163664235]Deformation characteristics of soil (odometric elastic modulus , modified compression index , modified recompression index ) were determined by using the compression method. Twin samples were made in metal rings made of ground paste with preset soil consistency and humidity factor and were cylindrical in shape with a diameter of 87 mm and a height of 25 mm. These samples were placed in an unvented system to prevent possible evaporation of water when interacting with the atmosphere; there was no water flowing to the samples. This way, the samples were frozen at -20°C in the freezer and thawed at room temperature of 20°C, freezing and thawing time - 12 hours.
According to the design matrix (table 2.5) samples were subjected to 0, 5 or 10 freezing-thawing cycles (), however, to clarify the change dependency in deformation characteristics of soil on the first freezing-thawing cycles, additional tests for samples, that were subjected to 1 and 3 freezing-thawing cycles, were performed. During the experiment, the method of all-round freezing at a constant temperature without exposure to normal stresses was applied. During the cyclic freezing-thawing of the samples, their vertical deformations were measured by means of the dial gauge (figure 3.1).

[image: ]       [image: ]

a                                                    b

Figure 3.1 ‒ Measurement of vertical deformations of the sample during cyclic freezing-thawing by the dial gauge
After the set number of cycles of freezing-thawing, compression tests of samples were carried out on the compression unit produced by RPE «Geotek» (Russian Federation) using the universal computing complex ASIS according to GOST 12248.4-2020 Soils. Characterization of deformability by compression method. The compression tests included load-unload-reload phases.
At the end of the test, the tabular data were processed taking into account the vertical deformations of the sample during the freezing-thawing process (para. 3.1.1), and the deformation characteristics of the soil were determined (odometric elastic modulus Eoed, MPa, modified compression index λ*, modified recompression index κ*). Furthermore, the odometric elastic modulus Eoed was determined in the pressure range of 100-200 kPa (according to applicable Code Design SP22.13330.2016 Building and Construction Bases [27, p. 3-224]), while the modified compression index λ* and the modified recompression index κ* were in the pressure range 100-600 kPa.
	
3.1.1 Example of compression test data processing
As an example, consider the laboratory experiment 11 (according to the design matrix (table 2.5) - compression of stiff loam (W=19.5%) with soil void ratio e=0.65. The sample was subjected to 5 freezing-thawing cycles. At freezing-thawing the sample’s final compaction was increased by 0.43 mm or 1.72% of the initial 25 mm height of the sample (figure 3.2).



Figure 3.2 ‒ Vertical deformation of loam sample (e=0.65, W=19.5%,Nf-th=5) at cyclic freezing-thawing

So, after 5 cycles of freezing-thawing, the sample was compressed. At the end of the test, the results can be obtained in tabular form from the ASIS 3.3 program (GEOTEK LTD) (table 3.1). However, taking into account the fact that 5 freezing-thawing cycles added 1.72% to the sample’s final compaction, its relative vertical deformation obtained from the test should be recalculated (table 3.1, last column).
Table 3.1 ‒ Results of loam compression tests (

	Stage, 
No.
	Vertical load, kPa
	Vertical deformation, mm
	Vertical load, MPa
	Relative vertical deformation
	Recalculated relative vertical deformation

	1
	4,428276
	0,1688801
	0,004428276
	0,006755204
	0,006884635

	2
	11,95634
	0,3629984
	0,01195634
	0,01451993
	0,014798141

	3
	24,79834
	0,6459212
	0,02479834
	0,02583685
	0,026331887

	4
	49,59668
	1,02557
	0,04959669
	0,04102281
	0,041808806

	5
	100,079
	1,607942
	0,100079
	0,06431767
	0,06555002

	6
	199,8106
	2,394862
	0,1998106
	0,09579447
	0,097629923

	7
	300,1809
	2,775618
	0,3001809
	0,1110247
	0,113151977

	8
	399,663
	3,035582
	0,3992189
	0,1214233
	0,123749776

	9
	599,908
	3,473753
	0,5999081
	0,1389501
	0,141612434

	10
	799,6548
	3,727121
	0,7996548
	0,1490849
	0,151941337

	11
	599,908
	3,716562
	0,5999081
	0,1486625
	0,151510885

	12
	399,663
	3,690163
	0,399663
	0,1476065
	0,150434692

	13
	300,1809
	3,669044
	0,3001809
	0,1467617
	0,149573746

	14
	200,2547
	3,642644
	0,2002547
	0,1457058
	0,148497513

	15
	100,079
	3,589846
	0,100079
	0,1435938
	0,146345128

	16
	49,59668
	3,547607
	0,04959669
	0,1419043
	0,144623196

	17
	25,24117
	3,510648
	0,02524117
	0,1404259
	0,14311651

	18
	12,39917
	3,47369
	0,01239917
	0,1389476
	0,141609865

	19
	5,313931
	3,436731
	0,005313931
	0,1374692
	0,14010318

	20
	12,842
	3,436731
	0,012842
	0,1374692
	0,14010318

	21
	24,35551
	3,44201
	0,02435552
	0,1376804
	0,140318386

	22
	50,03951
	3,489529
	0,05003951
	0,1395812
	0,142255565

	23
	100,079
	3,526488
	0,100079
	0,1410595
	0,14376225

	24
	200,2547
	3,589846
	0,2002547
	0,1435938
	0,146345128

	25
	300,1809
	3,642644
	0,3001809
	0,1454946
	0,148497513

	25
	399,663
	3,674323
	0,399663
	0,1469729
	0,149788952

	26
	600,3519
	3,748241
	0,6003519
	0,1499296
	0,152802324

	27
	799,6548
	3,827438
	0,7996548
	0,1530975
	0,156030901



Therefore, the correlation of the relative vertical deformation of the ε sample to the normal stress σ for the test in question can be shown as follows (figure 3.3).


Figure 3.3 ‒ Graph of relative vertical strain of ε sample on normal voltage σ for loam (

Figure 3. 3 presents a compression curve for loading-unloading-reloading of the soil sample. By means of this graph as well as data of table 3.1, it is possible to define the soil elastic modulus by using the formula (3.1):

	
	(3.1)



Thus, according to the initial data in the pressure range of 100-200 kPa (according to applicable Code Design SP 22.133302026 [27, p. 3-220]), the odometric (secant) elastic modulus is determined by formulas (3.2)-(3.4):

	

	(3.2)

	

	(3.3)

	

	(3.4)


[bookmark: _Ref153307322]Similarly, the odometric elastic modulus can be calculated in pressure ranges of 200-300 kPa and 300-400 kPa. The results of the determination of the odometric elastic modulus as an example are presented in table 3.2.

Table 3.2 ‒ Results of odometric elastic modulus of loam ( in different pressure ranges

	Deformation modulus, MPa
	Pressure range, kPa

	
	100-200
	200-300
	300-400

	
	3,11
	6,47
	9,35

	
	46,54
	92,85
	115,55

	
	38,78
	46,43
	77,03



Figure 3.4 presents a graph of the change in the soil void ratio during the test. In this case, it can be divided into two parts: 1 - a change in the soil void ratio of the sample due to the increased final compaction during cyclic freezing-thawing; 2 - a change in the soil void ratio from the applied vertical load. 

[bookmark: _Ref150272304][image: ]
Figure 3.4 ‒ Graph of change of loam void ratio ( during the test

In addition, the results of the study can determine the parameters required for the SoftSoil model: compression index , modified compression index , recompression index , modified recompression index :

	

	(3.5)

	
	(3.6)

	

	(3.7)

	
	(3.8)



3.1.2 Measurement of vertical deformation of the sample during freezing-thawing
Figure 3.5 shows the vertical deformation of samples of medium-hard loam with different void ratios. Thus, it has been determined that at void ratio e=0.65 loam gets a maximum vertical deformation during 1 cycle - increase by 0.13 mm at the initial height of the sample at 25.0 mm (0.52%). For void ratios e=0.55 and e=0.75 during the first cycle, the deformation is at its lowest - 0.16% and 0.24% respectively.
At further freezing-thawing, samples of loam with void ratio e=0.55 and e=0.65 continue to decompact, resulting in an increase in the height of samples by 0.2 mm (0.8%) and 0.27 mm (1.08%) respectively. However, the sample of medium-hard loam with e=0.75 after 10 cycles became slightly compacted (0.20%).

[image: ]

Figure 3.5 ‒ Vertical deformation of medium-hard loams ()

At the first freezing of the stiff loam with different void ratio (e=0.55; e=0.65; e=0.75) frost boil was observed at 0.04-0.08%, but with further freezing-thawing the samples postcompacted (figure 3.6). The maximum thawing deformation was 3.12% for the stiff loam with e=0.55. This can be explained by repacking of the particles when defrosted under its own weight.  
[image: ]

Figure 3.6 ‒ Vertical deformation of stiff loams ()

In the first freezing cycle, the height of plastic loam with a void ratio e=0.65 increased by 0.44%, with e=0.75 - by 0.12% (figure 3.7). However, both samples have compacted to 2.88% and 1.76% of the original height at further freezing-thawing, which can be explained by the redistribution of moisture inside the samples and by repacking of the soil particles.

[image: ]

Figure 3.7 ‒ Vertical deformation of soft loams ()
Thus, during freezing (1 cycle) frost boil is observed, which reaches up to 0.44% of the initial height of the sample. As a result of further cyclic freezing-thawing of the samples, most of the samples are compacted to 3.12% of the initial sample value. The highest final compaction is observed in samples with the lowest soil void ratio. The exception is medium-hard samples, which after freezing-thawing either have decompacted (the sample height has increased to 1.2%) or have remained almost unchanged.

3.1.3 Determination of the relation of the soil void ratio on the number of freezing-thawing cycles
Based on the data obtained from the vertical deformation of the soil samples, graphs for soil void ratio changing during cyclic freezing-thawing were created (figure 3.8, 3.9, 3.10).



Figure 3.8 ‒ Changes of soil void ratio е=0,55 during cyclic freezing-thawing



Figure 3.9 ‒ Changes of soil void ratio е=0,65 during cyclic freezing-thawing



Figure 3.10 ‒ Changes of soil void ratio е=0,75 during cyclic freezing-thawing

On the basis of the constructed graphs (figure 3.8, 3.9, 3.10) mathematical relations of change of soil void ratio on the number of freezing-thawing cycles for each soil were determined. These mathematical relationships are shown in table 3.3.



[bookmark: _Hlk164688830]Table 3.3 – Mathematical relations of soil void ratio change on the number of freezing-thawing cycles
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Thus, mathematical of soil void ratio change on the number of freezing-thawing cycles were determined.

3.1.4 Results of the determination of the general deformation modulus
Table 3.4 presents the results of laboratory studies on the soil deformation characteristics, taking into account their compaction or decompaction during cyclic freezing-thawing (figure 3.5, 3.6, 3.7).

Table 3.4 – Results of laboratory studies on the soil deformation characteristics

	Soil void ratio e
	Initial soil moisture content W, %
	Number of cycles 
	Odometric elastic modulus , MPa
	Modified comp ression index 
	Modified recomp ression index 

	
	
	
	 in the range of 100-200 kPa
	 in the range of 100-200 kPa
	 in the range of 200-300 kPa
	 in the range of 200-300 kPa
	
	

	1
	2
	3
	4
	5
	6
	7
	8
	9

	0,55
	19,5
	0
	4,48
	56,25
	7,35
	90,96
	0,0332
	0,0025

	0,525
	19,5
	1
	5,02
	52,17
	8,42
	118,89
	0,0313
	0,0025

	0,512
	19,5
	3
	5,21
	66,22
	8,27
	93,48
	0,0309
	0,0023

	0,509
	19,5
	5
	5,55
	45,83
	8,57
	66,18
	0,0294
	0,0033

	0,502
	19,5
	10
	5,19
	64,88
	7,61
	91,40
	0,0315
	0,0022

	0,55
	16,5
	0
	5,75
	51,39
	7,64
	51,58
	0,0357
	0,0030

	0,543
	16,5
	1
	5,30
	52,80
	7,23
	119,24
	0,0320
	0,0025

	0,552
	16,5
	4
	5,69
	59,99
	8,41
	96,34
	0,0304
	0,0024

	0,555
	16,5
	5
	5,84
	59,04
	9,11
	121,24
	0,0283
	0,0021

	0,562
	16,5
	10
	5,90
	47,84
	8,12
	96,11
	0,0307
	0,0019

	0,65
	22,6
	0
	4,25
	67,24
	7,63
	95,06
	0,0346
	0,0022

	Continuation of table 44


	1
	2
	3
	4
	5
	6
	7
	8
	9

	0,625
	22,6
	1
	3,81
	58,38
	6,03
	93,68
	0,0394
	0,0024

	0,614
	22,6
	3
	3,94
	66,25
	7,13
	155,18
	0,0364
	0,0019

	0,604
	22,6
	5
	4,45
	66,29
	7,53
	116,08
	0,0346
	0,0024

	0,602
	22,6
	10
	3,60
	57,61
	6,46
	91,56
	0,0397
	0,0024

	0,65
	19,5
	0
	2,69
	65,81
	6,46
	114,86
	0,0435
	0,0022

	0,639
	19,5
	1
	2,85
	67,59
	5,29
	157,31
	0,0456
	0,0020

	0,625
	19,5
	3
	3,31
	51,20
	6,52
	157,04
	0,0428
	0,0017

	0,619
	19,5
	5
	3,20
	44,51
	5,98
	93,11
	0,0429
	0,0029

	0,614
	19,5
	10
	3,55
	42,39
	5,63
	115,38
	0,0425
	0,0024

	0,65
	16,5
	0
	3,42
	60,46
	5,06
	119,12
	0,0526
	0,0021

	0,658
	16,5
	1
	2,79
	68,47
	5,10
	119,48
	0,0505
	0,0021

	0,662
	16,5
	3
	2,74
	59,24
	4,61
	95,80
	0,0529
	0,0022

	0,664
	16,5
	4
	2,94
	43,09
	4,40
	96,23
	0,0540
	0,0025

	0,665
	16,5
	5
	2,89
	56,21
	5,06
	95,67
	0,0501
	0,0024

	0,668
	16,5
	10
	4,06
	53,12
	5,95
	78,76
	0,0397
	0,0021

	0,75
	22,6
	0
	3,40
	78,44
	7,42
	159,06
	0,0385
	0,0020

	0,740
	22,6
	1
	3,20
	47,90
	6,47
	158,11
	0,0416
	0,0022

	0,734
	22,6
	3
	2,69
	59,26
	5,77
	94,67
	0,0468
	0,0024

	0,728
	22,6
	5
	3,54
	67,51
	6,23
	118,06
	0,0407
	0,0020

	0,719
	22,6
	10
	2,77
	54,93
	6,03
	116,63
	0,0432
	0,0021

	0,75
	19,5
	0
	1,78
	-
	4,53
	-
	0,0626
	-

	0,740
	19,5
	1
	2,24
	52,14
	5,83
	94,69
	0,0499
	0,0024

	0,733
	19,5
	3
	2,19
	116,10
	5,68
	117,90
	0,0514
	0,0014

	0,731
	19,5
	5
	2,35
	67,01
	5,51
	117,48
	0,0506
	0,0023

	0,730
	19,5
	10
	2,08
	53,47
	4,54
	93,74
	0,0607
	0,0024

	0.75
	16,5
	0
	1,92
	58,90
	3,51
	118,56
	0,0706
	0,0021

	0.74
	16,5
	1
	2,19
	53,24
	3,97
	80,16
	0,0620
	0,0027

	0.734
	16,5
	3
	1,96
	-
	3,74
	-
	-
	-

	0.728
	16,5
	5
	1,77
	52,35
	4,89
	78,32
	0,0599
	0,0019

	0.719
	16,5
	10
	1,78
	98,57
	4,00
	137,48
	0,0662
	0,0014



The graphics presented in table 3.4 are shown in figure 3.11, 3.12, 3.13.
According to figure 3.5, in the first cycle of loam freezing-thawing (), the sample has been compacted by 0.08%, which is a consequence of the 9% increase in the odometric deformation modulus. However, further freezing-thawing obviously leads to macro-structural changes, as confirmed by the literary review, which, as a result, leads to a slight decrease in the elastic modulus by 7% of the initial value (figure 3.11).
However, the decompaction of samples with e=0.55 and e=0.65, W=16.5% and 1.08% (figure 3.5) results in a decrease of the odometric elastic modulus by 8% and 20% respectively on 1-3 freezing-thawing cycles. However, further thawing leads to a gradual recovery of the original value of the loam elastic modulus (e=0.55, W=16.5%) and even to an increase of 19% (loam e=0.65.W=16.5%).


Figure 3.11 – Relation of medium-hard loam elastic modulus (W=16.5%) on number of freezing-thawing cycles

The first freezing-thawing cycle results in a compaction in the loam (e=0.55; W=19.5%) rising by 1.6%, resulting in a 12% increase in the deformation modulus. With further freezing-thawing (10 cycles), the sample is compacted to 3.2%, and the elastic modulus increases to 16% (figure 3.6, 3.12).



Figure 3.12 ‒ Relation of the stiff loam elastic modulus (W=19.5%) on the number of freezing-thawing cycles

Stiff loams (W=19.5%) with e=0.65 and e=0.75 in the first freezing-thawing cycle are compacted up to 0.6%, resulting in an increase of the elastic modulus by 6% and 26%, respectively. However, if the loam is further subjected to freezing-thawing (e=0.75; W=19.5%), the elastic modulus normalizes, after 10 cycles the increase in the elastic modulus from the initial value is only 17%, despite an increase in the relative deformation of the sample (1.16%). The loam elastic modulus (e=0.65; W=19.5%) increases by 32% after 10 cycles due to further soil compaction (2.16%) (figure 3.6, 3.12).
The changes in plastic loam elastic modulus (W=22.6%) in cyclic freezing-thawing has no obvious dynamics. However, it can be noted that despite the significant compaction in soil density, at 1-3 cycles there is a significant reduction of the elastic modulus by 13 and 21% for loams with e=0.65 and e=0.75 respectively. This value normalizes on the 5th freezing-thawing cycle, exceeding the initial number by 4-5%. By the 10th cycle, the elastic modulus reaches the minimum values recorded on 1-3 cycles (figure 3.13).


Figure 3.13 ‒ Relation of the plastic loam elastic modulus ()  on the number of freezing-thawing cycles

In addition, the maximum change of the odometric elastic modulus occurs on 1-3 cycles, as confirmed by the literature review.

3.2 Processing of the results of laboratory studies. Determination of approximation factors and development of mathematical relation of the elastic modulus on the studied factors
The laboratory results are processed for the secant odometric modulus of general deformation in the range of 100-200 kPa. The source data uploaded to the program, based on the least square method, is shown in table 3.5.
The developed program for processing laboratory data and finding the approximation factors in the desired relation allows to vary the degree of each factor when put in a series in a range from 1 to 3. Thus, the number of possible options for 1 and 2 (Product and Sum) is  The Taylor series allows varying the degree of only one of the factors ( - the number of freezing-thawing cycles), i.e. three options of the series are possible.
Table 3.5 ‒ Source data for uploading to the program

	Number of freezing-thawing cycles
	Initial soil moisture content W, %
	Soil void ratio е
	Odometric modulus in the range of 100-200 kPa, MPa

	
	
	
	

	
	
	
	

	0
	19,5
	0,55
	4,48

	1
	19,5
	0,525
	5,02

	3
	19,5
	0,512
	5,21

	5
	19,5
	0,509
	5,55

	10
	19,5
	0,502
	5,19

	0
	16,5
	0,55
	5,75

	1
	16,5
	0,543
	5,30

	4
	16,5
	0,552
	5,69

	5
	16,5
	0,555
	5,84

	10
	16,5
	0,562
	5,90

	0
	22,6
	0,65
	4,25

	1
	22,6
	0,625
	3,81

	3
	22,6
	0,614
	3,94

	5
	22,6
	0,604
	4,45

	10
	22,6
	0,602
	3,60

	0
	19,5
	0,65
	2,69

	1
	19,5
	0,639
	2,85

	3
	19,5
	0,625
	3,31

	5
	19,5
	0,619
	3,20

	10
	19,5
	0,614
	3,55

	0
	16,5
	0,65
	3,42

	1
	16,5
	0,658
	2,79

	3
	16,5
	0,662
	2,74

	4
	16,5
	0,664
	2,94

	5
	16,5
	0,665
	2,89

	10
	16,5
	0,668
	4,06

	0
	22,6
	0,75
	3,40

	1
	22,6
	0,74
	3,20

	3
	22,6
	0,734
	2,69

	5
	22,6
	0,728
	3,54

	10
	22,6
	0,719
	2,77

	0
	19,5
	0,75
	1,78

	1
	19,5
	0,74
	2,24

	3
	19,5
	0,733
	2,19

	5
	19,5
	0,731
	2,35

	10
	19,5
	0,73
	2,08

	0
	16,5
	0.75
	1,92

	1
	16,5
	0.749
	2,19

	3
	16,5
	0.747
	1,96

	5
	16,5
	0.746
	1,77

	10
	16,5
	0.747
	1,78
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Table 3.6 ‒ Comparison of results of mathematical processing of compression tests

	Power of  ()
	Power of  ()
	Power of  ()
	1 option – 
Product of three polynomials
	2 option – 
Sum of polynomials of arbitrary order
	3 option – 
Taylor series

	
	
	
	minimum rela tive error, %
	maximum rela tive error, %
	minimum relative error, %
	maximum relative error, %
	minimum relative error, %
	maximum relative error, %

	1
	1
	1
	0.14
	31.37
	0.30
	34.09
	0.30
	34.09

	1
	1
	2
	0.95
	36.34
	1.64
	30.18
	
	

	1
	1
	3
	0.59
	36.77
	0.17
	33.76
	
	

	1
	2
	1
	0.13
	22.92
	0.39
	29.67
	
	

	1
	2
	2
	0.02
	19.19
	0.41
	33.35
	
	

	1
	2
	3
	0.03
	14.21
	1.63
	35.21
	
	

	1
	3
	1
	0.42
	25.83
	0.18
	29.28
	
	

	1
	3
	2
	0.20
	37.15
	0.23
	31.80
	
	

	1
	3
	3
	300.00
	1448.96
	1.70
	48.01
	
	

	2
	1
	1
	0.42
	31.12
	0.79
	33.67
	0.47
	24.45

	2
	1
	2
	0.01
	34.60
	1.71
	29.87
	
	

	2
	1
	3
	0.02
	33.13
	0.08
	33.31
	
	

	2
	2
	1
	0.65
	21.56
	0.18
	30.34
	
	

	2
	2
	2
	0.03
	8.52
	0.07
	32.71
	
	

	2
	2
	3
	0.00
	6.25
	1.57
	35.59
	
	

	2
	3
	1
	269.71
	1456.68
	0.26
	30.27
	
	

	2
	3
	2
	300.00
	77425.92
	0.11
	33.15
	
	

	2
	3
	3
	300.00
	11550.61
	0.04
	30.05
	
	

	3
	1
	1
	0.32
	33.01
	0.64
	36.27
	0.09
	21.52

	3
	1
	2
	0.02
	35.95
	0.05
	33.67
	
	

	3
	1
	3
	0.01
	33.52
	0.00
	38.56
	
	

	3
	2
	1
	0.06
	17.88
	0.27
	29.76
	
	

	3
	2
	2
	0.00
	6.53
	0.63
	39.24
	
	

	3
	2
	3
	0.01
	2.99
	0.13
	41.03
	
	

	3
	3
	1
	300.00
	39334.89
	0.48
	29.60
	
	

	3
	3
	2
	300.00
	394151.88
	0.61
	38.31
	
	

	3
	3
	3
	52.45
	8595.78
	0.45
	45.37
	
	



Table 3.6 presents the results of a comparative analysis taking into account all possible degrees of factors when expanding into relation. It turned out that the maximum accuracy when calculating the values of odometric elastic modulus when using the Program is achieved with 1 expansion of polynomial (Product) with  (number of freezing-thawing cycles , ea) in the third power,  (initial soil moisture content , %) - second power and  (soil void ratio e) - third power, where the maximum relative error reaches 2.99%, minimum -  0.01% (row 24, table 3.6).
However, next possibilities were also taken into account: the second option of polynomial expansion (Sum) with  (, ea) to the first power,  (W, %) to the third power and  (e) to the first degree, where the maximum relative error reaches 29.28%, minimum 0.18% (row 7, table 3.6) and the third option (Taylor series) with  (, ea) cubed with a maximum relative error of 21.52%, minimum -  0.09% (rows 19-27, table 3.6).
The first option of processing of mathematical relation with reference to specified powers of the studied factors ( - in the third power,  - in the second power, е - in the third power) can be written as follows:

	








	(3.9)



[bookmark: _Hlk164863226]For the processing of the first option, the software calculated the following approximation factors according to the uploaded source data (table 3.7).

Table 3.7 – Approximation factors for the first option

	Input
	Approximation factors

	
	notation
	value

	1
	2
	3

	1
	
	31063.6408162627

	
	
	-89823.2146006956

	
	
	65932.4767265363

	
	
	-1776.28728389514

	
	
	-3979.04093938963

	
	
	12424.7399809218

	
	
	-11070.1314797086

	
	
	2095.20088762417

	
	
	123.243446208116

	
	
	-404.896752474782

	Continuation of table 3.7


	1
	2
	3

	
	
	400.257531169258

	
	
	-105.764882720044

	
	
	-23252.4197888009

	
	
	33070.1522254579

	
	
	47997.8808697204

	
	
	-67721.1827843402

	
	
	3092.79404205489

	
	
	-6001.63417329733

	
	
	-1807.975871363

	
	
	5754.62634502865

	
	
	-99.5874768671772

	
	
	230.834688149146

	
	
	-49.0957508968283

	
	
	-109.000144019713

	
	
	-1247.89934738434

	
	
	3448.77003119349

	
	
	945.583320008868

	
	
	-4567.59078440876

	
	
	93.3728280080076

	
	
	-192.57864530489

	
	
	-367.98353336584

	
	
	626.080236844202

	
	
	-1.26858407935543

	
	
	-0.119005648121727

	
	
	17.5187613822857

	
	
	-20.5231631663049

	
	
	-13.5799313653428

	
	
	1084.27652239354

	
	
	-3292.23052466291

	
	
	2497.77919105677

	
	
	-13.3894965964648

	
	
	-40.0558620962591

	
	
	224.842711366267

	
	
	-196.996435686925

	
	
	0.970979902014359

	
	
	-2.0585244384339

	
	
	-0.768917242101573

	
	
	2.37963536586292



[bookmark: _Hlk164867743]Thus, a mathematical relation based on uploaded laboratory data and described in the first option of result processing with the obtained approximation factors can be written as follows:
	
	(3.10)



The second option of processing of mathematical relation with reference to specified powers of the studied factors ( - in the first power,  - in the third power, е- in the first power) can be written as follows:

	
	(3.11)



The following approximation factors have been calculated for this option using the developed program according to the uploaded input data (table 3.8).

Table 3.8 ‒ Approximation factors for the second option

	Input
	Approximation factors

	
	notation
	value

	1
	
	26.3548812866211

	
	
	-0.00183759088810855

	
	
	-0.755994558334351

	
	
	-0.030752882361412

	
	
	0.00174165912903845

	
	
	-14.939935803504



Thus, a mathematical relation based on uploaded laboratory data and described for the second option of the result processing with the obtained approximation factors can be written as follows:

	
	(3.12)



The third option of processing of mathematical relation with the consideration of the specified powers of the studied factors ( - in the third power) can be written as follows:
	



	(3.13)



For the third processing option, the software calculated the following approximation factors according to the uploaded source data (table 3.9).

Table 3.9 ‒ Approximation factors for the third option

	Input
	Approximation factors

	
	notation
	value

	1
	
	274.636005237213

	
	
	-843.600408449315

	
	
	-10.0508269091242

	
	
	-2.84419403907248

	
	
	898.333051373533

	
	
	21.5544375565284

	
	
	0.0620252678875916

	
	
	7.42842172139557

	
	
	0.0207347382945684

	
	
	0.14885012740157

	
	
	-344.040678338019

	
	
	-9.34066928895339

	
	
	-0.209584412925652

	
	
	0.00262389479655362

	
	
	-7.71534244828689

	
	
	0.123584802039085

	
	
	-0.00246621732365162

	
	
	-0.00135092510143102

	
	
	-0.0029322075291951

	
	
	-0.00622144083499307



Thus, the mathematical relation can be written as follows:

	



	(3.14)



Table 3.10 provides a comparison of the results of mathematical processing of laboratory studies on the three options.




Table 3.10 ‒ Comparison of mathematical processing results of laboratory studies on three options

	Laboratory elastic modulus , MPa
	Results for 1 processing option (Product)
	Results for 2 processing option (Sum)
	Results for 3 processing option (Taylor series)

	
	design elastic modulus , MPa
	error, %
	design elastic modulus , MPa
	error, %
	design elastic modulus , MPa
	error, %

	1
	2
	3
	4
	5
	6
	7

	4.48
	4.48
	0
	4.62
	3
	4.45
	1

	5.02
	5.02
	0
	4.99
	1
	4.98
	1

	5.21
	5.21
	0
	5.18
	1
	5.29
	2

	5.55
	5.55
	0
	5.22
	6
	5.5
	1

	5.19
	5.19
	0
	5.32
	2
	5.19
	0

	5.75
	5.76
	0
	5.12
	11
	5.6
	3

	5.30
	5.29
	0
	5.22
	2
	5.66
	7

	5.69
	5.71
	0
	5.08
	11
	5.53
	3

	5.84
	5.83
	0
	5.03
	14
	5.65
	3

	5.90
	5.9
	0
	4.92
	17
	6.01
	2

	4.25
	4.25
	0
	3.96
	7
	4.04
	5

	3.81
	3.81
	0
	4.33
	14
	4.03
	6

	3.94
	3.94
	0
	4.49
	14
	4.07
	3

	4.45
	4.45
	0
	4.63
	4
	4.28
	4

	3.60
	3.6
	0
	4.65
	29
	3.59
	0

	2.69
	2.67
	1
	3.12
	16
	2.85
	6

	2.85
	2.89
	2
	3.28
	15
	2.79
	2

	3.31
	3.28
	1
	3.49
	5
	3.01
	9

	3.20
	3.22
	0
	3.58
	12
	3.43
	7

	3.55
	3.55
	0
	3.64
	3
	3.62
	2

	3.42
	3.4
	1
	3.62
	6
	3.16
	8

	2.79
	2.83
	1
	3.5
	25
	2.87
	3

	2.74
	2.76
	1
	3.44
	25
	2.87
	5

	2.94
	2.85
	3
	3.4
	16
	3.02
	3

	2.89
	2.95
	2
	3.39
	17
	3.24
	12

	4.06
	4.06
	0
	3.33
	18
	3.75
	8

	3.40
	3.41
	0
	2.46
	28
	3.24
	5

	3.20
	3.2
	0
	2.61
	18
	3.15
	2

	2.69
	2.7
	0
	2.69
	0
	3.13
	16

	3.54
	3.54
	0
	2.78
	21
	3.34
	6

	2.77
	2.77
	0
	2.91
	5
	2.78
	0

	1.78
	1.77
	1
	1.63
	9
	2.16
	22

	2.24
	2.28
	2
	1.78
	21
	2.01
	10

	2.19
	2.16
	1
	1.88
	14
	2.02
	8

	2.35
	2.37
	1
	1.9
	19
	2.27
	4

	2.08
	2.08
	0
	1.91
	8
	2.1
	1

	1.92
	1.95
	2
	2.13
	11
	2.19
	14

	2.19
	2.13
	3
	2.14
	2
	1.88
	14

	1.96
	2.02
	3
	2.17
	11
	1.72
	12

	1.77
	1.75
	1
	2.18
	23
	1.91
	8

	Continuation of table 3.10


	1
	2
	3
	4
	5
	6
	7

	1.78
	1.78
	0
	2.15
	21
	1.88
	5

	Maximum absol. error, MPa
	0.09
	1.05
	0.44

	Average absol. error, MPa
	0.02
	0.4
	0.16

	Minimal relat. error, %
	0.01
	0.18
	0.09

	Maximum relat. error, %
	2.99
	29.28
	21.52



In the initial analysis, it can be observed that the most accurate definition of the Computed odometric elastic modulus is the first option of the expansion of the polynomial by the method of least squares (Product), where the maximum relative error in the calculation of values doesn’t exceeding 3%, meanwhile in the second option of polynomial expansion (Sum), the maximum relative error is 29%, in the third option (Taylor series) 22%.

3.3 Comparison of laboratory and theoretical results
To assess the accuracy of previously found mathematical relations (3.10, 3.12, 3.14), interpolational calculations were made to determine the odometric elastic modulus at points where no experimental values were obtained. Figure 3.14, 3.15, 3.16 are giving the values of the design modulus of loam deformation from the number of freezing-thawing cycles.
For example, in figure 3.14 it was observed that despite the high accuracy of the obtained mathematical relations at the points that were experimentally determined, significant emissions were observed at intermediate points as both positive and negative, which indicates that the resulting equation is significantly deficient (3.10). Another disadvantage of this relations is the form of the notation provided by the forty-eight summands.
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a – medium-hard; b – stiff; c – plastic

Figure 3.14 Relations of the loam elastic modulus on the number of freezing-thawing cycles (for the first option (Product)

Figure 3.15 also shows comparative graphs for the experimental and calculated values defined by equation (3.12). It is necessary to note the smooth nature of the obtained relations, but there is a significant deviation from the curves of experimental data, there is an inconsistency, as well as a large error relative to experimental data (up to 30%). All the above, despite the simplicity of the equation (3.12), does not allow it to be used for further engineering applications.
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a – medium-hard; b – stiff; c – plastic

Figure 3.15 ‒ Relations of loam elastic modulus on the number of freezing-thawing cycles (for the second option (Sum)

In figure 3.16 a similar comparison of experimental and calculated data according to equation (3.14) is given. It is shown that despite the maximum relative error of about 20% (table 3. 10), these relations have a fairly high accuracy, and the nature of the change of the curve position of odometric elastic modulus in cyclic freezing-thawing is close enough to experimental and is smooth. 
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a – medium-hard; b – stiff; c – plastic

Figure 3.16 ‒ Relations of loam elastic modulus on the number of freezing-thawing cycles (for the third option (Taylor series)

Thus, the polynomial expansion into the Taylor series is considered the most accurate of the considered and recommended for further use in engineering:

	



	(3.15)



where  – soil void ratio;
 – soil moisture content, %;
 – number of freezing-thawing cycles.

3.4 Construction of general elastic modulus nomograms in relation to the number of freezing-thawing cycles
For the convenience of applying the obtained relations equation (3.14), nomograms for changes of the odometric elastic modulus from the number of freezing-thawing cycles (figure 3.17, 3.18, 3.19) were constructed.


Figure 3.17 ‒ Nomogram for changes of the medium-hard loam () elastic modulus from the number of freezing-thawing cycles



Figure 3.18 ‒ Nomogram for changes of the stiff loam () elastic modulus from the number of freezing-thawing cycles



Figure 3.19 ‒ Nomogram for changes of the plastic loam ()  elastic modulus from the number of freezing-thawing cycles
Thus, if the subgrade is allowed to freeze, the nomograms obtained allow to perform a test recalculation of the subgrade deformations in order to identify the need to strengthen the subgrade.

Summary of chapter three
1. The regularities of vertical deformations of loams with and  in cyclic freezing-thawing have been identified. It is noted that plastic loam ()with soil void ratio  in cyclic freezing-thawing are gradually compacted to 3,1, 2,2 and 1,2% of the original height respectively. Similarly, the stiff loam () with a soil void ratio  during the freezing-thawing process is compacted to 3,1, 2,2 и 1,2% of the original height respectively. The change in the soil volume (after compaction) during the process of freezing-thawing can be explained by repacking of the particles when thawed under the soil’s own weight. However, the volume of the medium-hard loam samples () with soil void ratio  and  is increased by 0.8% and 1.1% respectively, i.e. the soil is decompacted due to changes in the microstructure of the soil during freezing processes.
2. Mathematical relations of soil void ratio change to the number of freezing-thawing cycles for soils with different initial soil void ratio and humidity were obtained.
3. It is established that the maximum change of the elastic modulus occurs on 1-3 cycles and is directly dependent on the change in the volume of the sample. Odometric elastic modulus of stiff loams () with soil void ratio ,   and  after 10 freezing-thawing cycles increases by 16%, 32% and 17% respectively. In addition, during the first freezing-thawing cycle of loams (), the elastic modulus increases by 9% due to soil compaction, but after 10 cycles of freezing-thawing the elastic modulus decreases by 7% from the initial value. The decompaction of samples with , leads to a reduction of the odometric soil elastic modulus by 8% and 20% respectively on 1-3 freezing-thawing cycles. However, further freezing-thawing leads to a gradual recovery of the original value of the loam elastic modulus () and even to an increase of 19% (loam ). This kind of modification of the elastic modulus is observed in samples of plastic loams () - despite the significant compaction of loams with  and   on 1-3 cycles, the elastic modulus is significantly reduced by 13% and 21% respectively, then normalized on the 5th cycle, exceeding the initial value by 4-5%, and after 10 cycles -  achieves the minimum values noted on 1-3 cycles. This can be explained by macrostructural changes in soil samples. 
4. Based on the processing of the laboratory studies results, an experimental and theoretical dependencies were determined. They were based on the polynomial expansion into the Taylor series by the method of least squares, on the determination of the change of the odometric elastic modulus in the pressure range 100-200 kPa due to cyclic freezing-thawing for loams with   and , widespread in the Tyumen region as the natural base of buildings and structures. This relation allows to take into account the soil void ratio, the humidity and the number of freezing-thawing cycles, to which the soil was exposed to in the real world. The use of the obtained dependence will allow to perform the repeated calculation of deformations in the case of the assumption of subgrade freezing on the construction site, taking into account their deformation (additional compaction) in the freezing-thawing process.
5. Nomograms for changes of odometric elastic modulus in the pressure range of 100-200 kPa due to cyclic freezing-thawing for loams of different humidity and soil void ratio (with   and ) were created for further use in engineering.




4 RESULTS OF LABORATORY STUDIES TO DETERMINE THE SOIL STRENGHT
[bookmark: _Toc160460681][bookmark: _Toc160464314]
4.1 Results of laboratory studies
The purpose of this chapter is to identify patterns, to analyze and construct a mathematical model of loams condition changes, depending on the soil void ratio and soil humidity factor, in the case of cyclic freezing-thawing. 
Soil strength (internal friction angle , cohesion ) were determined by using the in-plane shear method. Twin samples were made in metal rings made of ground paste with preset soil consistency and humidity factor and were cylindrical in shape with a diameter of 71,5 mm and a height of 35 mm. These samples were placed in an unvented system to prevent possible evaporation of water when interacting with the atmosphere; there was no water flowing to the samples. This way, the samples were frozen at -20°C in the freezer and thawed at room temperature of 20°C, freezing and thawing time - 12 hours.
According to the design matrix (table 2.5) samples were subjected to 0, 5 or 10 freezing-thawing cycles (), however, to clarify the change dependency in soil strength during the first freezing-thawing cycles, additional tests for samples, that were subjected to 1 and 3 freezing-thawing cycles, were performed. During the experiment, the method of all-round freezing at a constant temperature without exposure to normal stresses was applied. 
After the set number of freezing-thawing cycles the samples were placed in a pre-compression device to stabilize vertical deformations from the load applied by the steps. The stabilization time was at least 12 hours.  The samples were then tested in an in-plane shear device (a consolidated-drained shear) using a universal ASIS computing complex at normal voltages of 100 kPa, 150 kPa, 200 kPa and/or 300 kPa according to GOST 12248.1-2020 Soils. Determination of strength characteristics by in-plane shear [148, с. 2-23]. After the experiments, statistical processing of test results was carried out for each set of conditions.
Table 4.1 presents the results of laboratory studies of soil strength during freezing-thawing cycle.

[bookmark: _Ref152666933]Table 4.1 ‒ Results of laboratory studies to determine the soil strength characteristics

	Soil void ratio 
	Initial soil moisture content 
	Number of freezing-thawing cycles Nf-th
	Internal friction angle ,°
	Cohesion , kPa

	
	
	
	
	

	
	sample
	%
	
	
	

	1
	2
	3
	4
	5
	6

	0.55
	stiff 
	19.5
	0
	16
	44

	0.525
	stiff 
	19.5
	1
	20
	39

	0.512
	stiff 
	19.5
	3
	16
	28

	0.509
	stiff 
	19.5
	5
	24
	18

	0.502
	stiff 
	19.5
	10
	24
	8

	0.55
	medium-hard 
	16.5
	0
	14
	49

	Continuation of table 4.1


	1
	2
	3
	4
	5
	6

	60.543
	medium-hard 
	16.5
	1
	14
	40

	0.552
	medium-hard 
	16.5
	3
	16
	29

	0.555
	medium-hard 
	16.5
	5
	24
	16

	0.562
	medium-hard 
	16.5
	10
	20
	11

	0.65
	plastic 
	22.6
	0
	17
	10

	0.625
	plastic 
	22.6
	1
	21
	13

	0.614
	plastic 
	22.6
	3
	13
	23

	0.604
	plastic 
	22.6
	5
	9
	30

	0.602
	plastic 
	22.6
	10
	14
	29

	0.65
	stiff 
	19.5
	0
	20
	14

	0.639
	stiff 
	19.5
	1
	17
	8

	0.625
	stiff 
	19.5
	3
	13
	3

	0.619
	stiff 
	19.5
	5
	19
	3

	0.614
	stiff 
	19.5
	10
	19
	5

	0.65
	medium-hard 
	16.5
	0
	10
	47

	0.658
	medium-hard 
	16.5
	1
	11
	40

	0.662
	medium-hard 
	16.5
	3
	11
	14

	0.665
	medium-hard 
	16.5
	5
	13
	10

	0.668
	medium-hard 
	16.5
	10
	16
	6

	0.75
	plastic 
	22.6
	0
	12
	13

	0.74
	plastic 
	22.6
	1
	8
	13

	0.734
	plastic 
	22.6
	3
	6
	8

	0.728
	plastic 
	22.6
	5
	10
	7

	0.719
	plastic 
	22.6
	10
	18
	5

	0.75
	stiff 
	19.5
	0
	14
	3

	0.74
	stiff 
	19.5
	1
	9
	7

	0.733
	stiff 
	19.5
	3
	8
	4

	0.731
	stiff 
	19.5
	5
	14
	2

	0.73
	stiff 
	19.5
	10
	15
	3

	0.75
	medium-hard 
	16.5
	0
	12
	2

	0.749
	medium-hard 
	16.5
	1
	9
	26

	0.747
	medium-hard 
	16.5
	3
	8
	25

	0.746
	medium-hard 
	16.5
	5
	11
	20

	0.747
	medium-hard 
	16.5
	10
	13
	17



[bookmark: _Hlk165216680]Figure 4.1 graphically shows the results of laboratory studies on the change of internal friction angle and cohesion from the number of freezing-thawing cycles.
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a – medium-hard; b – stiff; c – soft and cohesion of loams; d – medium-hard; e – stiff; f – soft

Figure 4.1 ‒ Dependence of change of internal friction angle for loams

Experimental data (figure 4.1) show no significant change in the Internal friction angle during freezing-thawing cycle, but it is possible to note the non-obvious nature of the curves of its change, accompanied by both a decrease and an increase.  At the same time, after 10 freezing-thawing cycles, an increase in the Internal friction angle to 50% or a return of the value to the original (before freezing-thawing) has been observed. The results are consistent with the review of the literature.
On the other hand, the cohesion tends to decrease by up to 8 times during freezing-thawing cycle, which is also confirmed by the literary review.

4.2 Processing of the results of laboratory studies. Determination of approximation factors and development of mathematical relation of the internal friction angle on the studied factors
The developed program for processing laboratory data and finding the approximation factors in the desired relation allows to vary the degree of each factor when put in a series in a range from 1 to 3. Thus, the number of possible options for 1 and 2 (Product and Sum) is The Taylor series allows varying the degree of only one of the factors (the number of freezing-thawing cycles), i.e. three options of the series are possible.
Table 4.2 presents the results of a comparative analysis taking into account all possible degrees of factors when expanding into relation for internal friction angle. It turned out that the maximum accuracy when calculating the values of internal friction angle when using the Program is achieved with 1 expansion of polynomial (Product) with (number of freezing-thawing cycles, ea) in the third power,  (initial soil moisture content, %) - second power and (soil void ratio e) - third power, where the maximum relative error reaches 3.79%, minimum - 0.01%. In addition, the third option (Taylor series) by  (, ea) cubed with a minimum relative error of 0.21%, a maximum - 36.31%, was considered.
The second option (Sum) has not been taken into account due to a significant error in the calculated values relative to the experimental data (more than 55%).  
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[bookmark: _Ref152679417]Table 4.2 – Comparison of results of mathematical processing of internal friction angle

	Power  ()
	Power  ()
	Power  ()
	Results for 1 processing option (Product)
	Results for 2 processing option (Sum)
	Results for 3 processing option (Taylor series)

	
	
	
	minimum rela tive error, %
	maximum rela tive error, %
	minimum relative error, %
	maximum relative error, %
	minimum relative error, %
	maximum relative error, %

	1
	1
	1
	1.71
	89.76
	0.81
	89.13
	0.81
	89.13

	1
	1
	2
	0.99
	93.96
	1.36
	90.58
	
	

	1
	1
	3
	0.08
	54.46
	0.19
	92.37
	
	

	1
	2
	1
	0.40
	82.59
	0.54
	76.14
	
	

	1
	2
	2
	0.49
	54.76
	0.91
	75.48
	
	

	1
	2
	3
	0.18
	58.52
	0.09
	76.54
	
	

	1
	3
	1
	0.96
	158.85
	0.57
	76.29
	
	

	1
	3
	2
	300.00
	73377.84
	0.93
	75.56
	
	

	1
	3
	3
	300.00
	308907.14
	0.79
	79.66
	
	

	2
	1
	1
	2.19
	40.68
	1.38
	73.91
	0.27
	66.32

	2
	1
	2
	0.07
	40.03
	1.68
	75.40
	
	

	2
	1
	3
	0.09
	36.05
	1.23
	76.91
	
	

	2
	2
	1
	0.16
	37.64
	0.58
	61.19
	
	

	2
	2
	2
	0.04
	33.24
	0.34
	61.10
	
	

	2
	2
	3
	0.01
	40.37
	0.26
	62.21
	
	

	2
	3
	1
	300.00
	36787.54
	0.53
	61.40
	
	

	2
	3
	2
	300.00
	6327044.83
	0.27
	61.23
	
	

	2
	3
	3
	300.00
	354963.33
	0.75
	55.38
	
	

	3
	1
	1
	0.14
	29.83
	0.63
	88.43
	0.21
	36.31

	3
	1
	2
	0.63
	25.59
	0.13
	86.67
	
	

	3
	1
	3
	0.03
	23.81
	0.18
	79.28
	
	

	3
	2
	1
	0.01
	22.16
	0.77
	76.14
	
	

	3
	2
	2
	0.00
	18.03
	0.99
	76.37
	
	

	3
	2
	3
	0.01
	3.79
	0.68
	73.08
	
	

	3
	3
	1
	300.00
	13194.13
	0.59
	76.54
	
	

	3
	3
	2
	300.00
	119281.65
	0.82
	76.73
	
	

	3
	3
	3
	300.00
	39769.78
	0.99
	72.62
	
	



The first option of processing of mathematical relation with reference to specified powers of the studied factors ( - in the third power,  - in the second power, е) - in the third power) written in the equation (3.9).
The following approximation factors (table 4.3) were calculated to determine the relation between the variation of the internal friction angle and the factors under consideration.

[bookmark: _Ref152683579]Table 4.3 – Approximation factors for the first option to determine internal friction angle

	Input
	Approximation factors

	
	notation
	value

	1
	2
	3

	1
	
	1546028.84526297

	
	
	-5770819.97475007

	
	
	6989538.55841161

	
	
	-2724955.30922411

	
	
	-168027.018307302

	
	
	622614.232291151

	
	
	-746529.552594243

	
	
	286807.510642522

	
	
	4569.89351898744

	
	
	-16841.9834904357

	
	
	20042.0901235408

	
	
	-7614.29103275124

	
	
	20087.2665396723

	
	
	-656001.187989369

	
	
	1668171.45129983

	
	
	-1101278.11663273

	
	
	-7519.30951247619

	
	
	98515.9951843184

	
	
	-226211.594931228

	
	
	143823.537952205

	
	
	307.121354432719

	
	
	-3209.4014162057

	
	
	7036.11176116212

	
	
	-4391.02951334948

	
	
	-120506.753493559

	
	
	303856.587359393

	
	
	-50785.104511849

	
	
	-190817.683209973

	
	
	13393.0820701592

	
	
	-34450.3530232115

	
	
	7735.60674737764

	
	
	19614.5869207717

	
	
	-383.11823673375

	
	
	1036.40477425363

	
	
	-380.612251655041

	Continuation of table 4.3


	
	
	

	
	
	-438.273590553854

	
	
	588.502312169024

	
	
	11612.2618234514

	
	
	-40160.9692414038

	
	
	31457.0268673611

	
	
	-340.668616487768

	
	
	133.365409800108

	
	
	2048.88569951559

	
	
	-2152.47301175998

	
	
	19.5947077659754

	
	
	-55.8934559649162

	
	
	31.2683862404378

	
	
	10.8734225965691



Thus, for the internal friction angle a mathematical relation based on uploaded laboratory data and described in the first option of result processing with the obtained approximation factors can be written as follows:

	











	(4.1)



No processing has been done for the second option (Sum) due to a significant error in the calculated values relative to the experimental data (more than 60%). 
For the third processing option equation (3.13), the following approximation factors have been calculated according to the uploaded source data (table 4.4).
[bookmark: _Ref152688137]
Table 4.4 ‒Approximation factors for the third option to determine the inner friction angle

	Input
	Approximation factors

	
	notation
	value

	1
	2
	3

	1
	
	1046.93700736519

	
	
	-6331.33755752769

	Continuation of table 4.4


	1
	2
	3

	
	
	36.1612133706878

	
	
	40.8432673595095

	
	
	8037.19273206357

	
	
	137.64325771824

	
	
	-3.7576442516163

	
	
	-59.3958530815792

	
	
	-1.7057907720425

	
	
	-0.499385895340019

	
	
	-2717.66746927018

	
	
	-158.468913284617

	
	
	1.73917502806271

	
	
	0.0394933383458648

	
	
	15.8435982008155

	
	
	1.45265541061604

	
	
	0.00509640968356007

	
	
	1.04123189771682

	
	
	0.044583011610265

	
	
	-0.0649118708025529



Thus, the mathematical relation can be written as follows:

	



	(4.2)



Table 4.5 provides a comparison of the results of mathematical processing of laboratory studies to determine the internal friction angle.

[bookmark: _Ref152701538]Table 4.5 ‒ Comparison of mathematical processing results of laboratory studies to determine the internal friction angle

	Internal friction angle experimental value , °
	Results for 1 processing option (Product)
	Results for 3 processing option (Taylor series)

	
	internal friction angle modulus , °
	error, %
	internal friction angle modulus , °
	error, %

	1
	2
	3
	4
	5

	16
	16.02
	0
	18.12
	13

	20
	19.98
	0
	17.14
	14

	16
	16.02
	0
	19.00
	19

	24
	24.00
	0
	22.95
	4

	24
	24.01
	0
	23.49
	2

	14
	13.99
	0
	13.42
	4

	14
	14.03
	0
	14.35
	2

	16
	15.98
	0
	16.87
	5

	24
	24.01
	0
	21.76
	9

	Continuation of table 4.5


	1
	2
	3
	4
	5

	20
	20.00
	0
	21.52
	8

	17
	16.99
	0
	21.04
	24

	21
	21.01
	0
	15.74
	25

	13
	12.99
	0
	11.76
	10

	9
	9.00
	0
	12.27
	36

	14
	14.00
	0
	13.69
	2

	20
	19.87
	1
	18.98
	5

	17
	17.20
	1
	16.04
	6

	13
	12.87
	1
	15.09
	16

	19
	19.05
	0
	17.74
	7

	19
	19.00
	0
	18.80
	1

	10
	10.07
	1
	11.26
	13

	11
	10.86
	1
	9.90
	10

	11
	11.12
	1
	10.79
	2

	13
	12.95
	0
	14.31
	10

	16
	16.01
	0
	14.77
	8

	12
	11.99
	0
	11.45
	5

	8
	8.02
	0
	8.76
	9

	6
	5.98
	0
	6.29
	5

	10
	10.01
	0
	9.14
	9

	18
	18.00
	0
	17.83
	1

	14
	13.88
	1
	12.79
	9

	9
	9.30
	3
	10.47
	16

	8
	7.70
	4
	9.26
	16

	14
	14.13
	1
	11.8
	16

	15
	14.99
	0
	16.28
	9

	12
	12.10
	1
	11.55
	4

	9
	8.79
	2
	8.98
	0

	8
	8.18
	2
	8.42
	5

	11
	10.92
	1
	11.28
	3

	13
	13.01
	0
	12.78
	2

	Maximum absol. error, °
	0.30
	5.26

	Average absol. error, °
	0.06
	1.28

	Minimal relat. error, %
	0.01
	0.21

	Maximum relat. error, %
	3.79
	36.31



In the initial analysis, it can be observed that the most accurate definition of the computed internal friction angle is the first option of the expansion of the polynomial by the method of least squares (Product), where the maximum relative error in the calculation of values doesn’t exceeding 3.79%.
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4.3 Comparison of laboratory and theoretical results (internal friction angle)
To assess the accuracy of previously found mathematical relations of internal friction angle during freezing-thawing cycle, interpolational calculations were made to determine the internal friction angle at points where no experimental values were obtained (figure 4.2, 4.3).
For example, in figure 4.2 it was observed that despite the high accuracy of the obtained mathematical relations at the points that were experimentally determined, significant emissions were observed at intermediate points as both positive and negative, which indicates that the resulting equation is significantly deficient (3.10). Another disadvantage of this relations is the form of the notation provided by the forty-eight summands.
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a – medium-hard (); b – stiff (); c – plastic ()

Figure 4.2 ‒ Relations of the internal friction angle of the loam on the number of freezing-thawing cycles (for the first option (Product)

Figure 4.3 similarly compares experimental and calculation data according to equation (4.2). It is shown that despite the maximum relative error of about 36% (table 4.5), this relation has a fairly high accuracy, and the nature of the location of the curves of the change in the internal friction angle of the soil during freezing-thawing cycle is close enough to experimental and has a characteristic smoothness.
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a – medium-hard (); b – stiff (); c – plastic ()

Figure 4.3 ‒ Relations of loam internal friction angle on the number of freezing-thawing cycles (for the third option (Taylor series)

Thus, the polynomial expansion into the Taylor series equation (4.2) is considered the most accurate of the considered and recommended for further use in engineering.
[bookmark: _Toc160460684][bookmark: _Toc160464317]
4.4 Construction of general internal friction angle nomograms in relation to the number of freezing-thawing cycles for different types of soil
For the convenience of applying the obtained relations equation (4.2), nomograms for changes of the internal friction angle from the number of freezing-thawing cycles (figure 4.4, 4.5, 4.6) were constructed.

[bookmark: _Ref160037615]
Figure 4.4 ‒ Nomogram for changes of the medium-hard loam () internal friction angle from the number of freezing-thawing cycles 



Figure 4.5 ‒ Nomogram for changes of the stiff loam () internal friction angle from the number of freezing-thawing cycles 



Figure 4.6 ‒ Nomogram for changes of the plastic loam ()  internal friction angle from the number of freezing-thawing cycles
Thus, if the subgrade is allowed to freeze, the nomograms obtained allow to perform a test recalculation of the subgrade deformations in order to identify the need to strengthen the subgrade.
[bookmark: _Toc160460685][bookmark: _Toc160464318]
4.5 Processing of the results of laboratory studies. Determination of approximation factors and development of mathematical relation of the cohesion on the studied factors
The developed program for processing laboratory data and finding the approximation factors in the desired relation allows to vary the degree of each factor when put in a series in a range from 1 to 3. Thus, the number of possible options for 1 and 2 (Product and Sum) is  The Taylor series allows varying the degree of only one of the factors ( - the number of freezing-thawing cycles), i.e. three options of the series are possible.
Table 4.8 presents the results of a comparative analysis taking into account all possible degrees of factors when expanding into relation for cohesion. It turned out that the maximum accuracy when calculating the values of cohesion when using the Program is achieved with 1 expansion of polynomial (Product) with  (number of freezing-thawing cycles , ea) in the third power,  (initial soil moisture content , %) - second power and  (soil void ratio e) - third power, where the maximum relative error reaches 27.76%, minimum - 0.00%.
The option of processing of mathematical relation ‘Product’ with reference to specified powers of the studied factors ( - in the third power,  - in the second power, е - in the third power) can be written as follows:

	






	(4.3)



For the processing of the this option, the software calculated the following approximation factors according to the uploaded source data (table 4.6).

Table 4.6 – Approximation factors for the first option

	Input
	Approximation factors

	
	notation
	value

	1
	2
	3

	1
	
	-85788.687231563

	
	
	250382.09913765

	
	
	-180298.011932942

	
	
	9282.83138942807

	
	
	-27003.6114297343

	
	
	19401.5867319829

	Continuation of table 4.6


	1
	2
	3

	
	
	-248.883718631386

	
	
	722.163771727873

	
	
	-517.956302358917

	
	
	153787.914557584

	
	
	-443196.886150124

	
	
	317519.124354792

	
	
	-17057.8479338371

	
	
	49127.7226181285

	
	
	-35177.7700263485

	
	
	470.289886181487

	
	
	-1353.9617967746

	
	
	969.183709662007

	
	
	-5353.89433479855

	
	
	10754.6241961232

	
	
	-4514.66642514371

	
	
	581.487011165529

	
	
	-1151.53892688491

	
	
	467.032049410844

	
	
	-15.7797374289726

	
	
	30.927850896066

	
	
	-12.2140098400526

	
	
	923.615504378571

	
	
	-2507.41643255629

	
	
	1704.54384093364

	
	
	-102.627998460882

	
	
	278.544988673415

	
	
	-189.288600252628

	
	
	2.83682551062764

	
	
	-7.70058443777934

	
	
	5.23301216816992



The second option of polynomial decomposition (Sum) was not taken into account because of the enormous maximum error values (from 300%) for each of the combinations of factor degrees considered. In addition, the third option was calculated – the Taylor series with  (, ea) cubed with a maximum relative error of 130.84%, minimum - 0.15%.
Comparative graphs, including intermediate values at points where no laboratory experiments were carried out, were constructed to compare the accuracy of each of the options (Product and Taylor) considered (figure 4.7, 4.8). It was found that the option ‘Product’ has phenomenal accuracy for medium-hard loam () and stiff loam (). However, in intermediate values defined solely in the calculated way, for plastic loam () the graph has characteristic emissions, both positive and negative, which makes the use of the resulting mathematical relation limited equation (4.4).  
The cohesion relation based on the Taylor series is less precise and smooth for all types of soil samples, but the maximum relative error – 130.84% – also calls into question the applicability of this relation.
Due to the drawbacks of certain relations described above, depending on the factors studied (soil void ratio, initial soil humidity, and the number of freezing-thawing cycles) it was decided to develop a separate dependency for plastic loams () keeping the previously obtained relation using the ‘Product’ method for medium-hard () and stiff () loams.
Table 4.9 presents the results of a comparative analysis taking into account all possible degrees of investigated factors when expanding into relation for cohesion for plastic loams (). It has been shown that in the first option expansion of polynomial (Product) there is no required accuracy, because in the case of different combinations of degrees of investigated factors the error is large (more than 84%). Therefore only second (Sum) and third (Taylor) option of polynomial expansion were considered to determine mathematical relation of cohesion of plastic loam (). With the second option (Sum) the maximum relative error reaches 26.55%, minimum – 0.36% with  (number of freezing-thawing cycles , ea) in the third power,  (initial soil moisture content , %) in the first power, and  (soil void ratio e) - third power (figure 4.9a). With the third oprion (Taylor) the maximum relative error reaches 26.93%, minimum – 2.94% with  (number of freezing-thawing cycles , ea) in second power (figure 4.9b).
[bookmark: _Ref159786665][bookmark: _Ref159786660]For the Taylor option, the relation can be written as follows:

	

	(4.4)


For the third processing option, the software calculated the following approximation factors according to the uploaded source data (table 4.7, 4.8, 4.9).

[bookmark: _Ref160121411]Table 4.7 – Approximation factors for the third option

	Input
	Approximation factors

	
	Notation
	Value

	1
	
	-6803.12880718708

	
	
	-9068.86188709736

	
	
	-5.57514959480613

	
	
	457.260104477406

	
	
	2930.13817247481

	
	
	221.569161362946

	
	
	16.326455762377

	
	
	-4.44314369232496

	
	
	-20.0855436888523

	
	
	-0.033730806284315




[bookmark: _Ref160637762]Table 4.8 ‒ Comparison of mathematical processing results of cohesion

	Power  ()
	Power  ()
	Power  ()
	Results for 1 processing option (Product)
	Results for 2 processing option (Sum)
	Results for 3 processing option (Taylor series)

	
	
	
	minimum rela tive error, %
	maximum rela tive error, %
	minimum relative error, %
	maximum relative error, %
	minimum relative error, %
	maximum relative error, %

	1
	1
	1
	2.98
	573.88
	2.40
	567.97
	2.40
	567.97

	1
	1
	2
	1.76
	542.36
	1.54
	554.92
	
	

	1
	1
	3
	0.00
	510.51
	1.62
	567.68
	
	

	1
	2
	1
	0.26
	399.68
	2.59
	453.05
	
	

	1
	2
	2
	0.43
	232.50
	0.54
	458.32
	
	

	1
	2
	3
	1.18
	177.02
	0.48
	455.10
	
	

	1
	3
	1
	1.01
	798.17
	2.60
	453.21
	
	

	1
	3
	2
	300.00
	41409.04
	0.41
	454.48
	
	

	1
	3
	3
	300.00
	105529.13
	1.25
	540.82
	
	

	2
	1
	1
	2.41
	501.32
	3.27
	484.88
	0.02
	400.28

	2
	1
	2
	0.32
	431.49
	3.20
	470.93
	
	

	2
	1
	3
	0.95
	459.86
	3.97
	490.41
	
	

	2
	2
	1
	0.00
	291.25
	0.49
	333.31
	
	

	2
	2
	2
	0.01
	77.78
	1.62
	338.06
	
	

	2
	2
	3
	0.00
	50.59
	1.63
	341.47
	
	

	2
	3
	1
	300.00
	171033.21
	0.41
	330.92
	
	

	2
	3
	2
	300.00
	8172334.88
	1.66
	335.74
	
	

	2
	3
	3
	300.00
	253879.54
	2.96
	339.54
	
	

	3
	1
	1
	1.38
	483.41
	5.16
	466.38
	0.15
	130.84

	3
	1
	2
	0.58
	377.10
	5.10
	452.03
	
	

	3
	1
	3
	0.02
	231.31
	2.71
	477.26
	
	

	3
	2
	1
	0.02
	251.60
	1.28
	339.46
	
	

	3
	2
	2
	0.00
	27.76
	0.39
	344.46
	
	

	3
	2
	3
	0.00
	125.53
	2.21
	346.76
	
	

	3
	3
	1
	300.00
	21751.92
	1.35
	338.40
	
	

	3
	3
	2
	300.00
	561542.36
	0.62
	338.74
	
	

	3
	3
	3
	300.00
	2324866.53
	2.05
	339.01
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a – medium-hard (); b – stiff (); c – plastic ()

Figure 4.7 ‒ Relations of the loam cohesion on the number of freezing-thawing cycles (for the first option (Product)
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a – medium-hard (); b – stiff (); c – plastic ()

Figure 4.8 ‒ Relations of the loam cohesion on the number of freezing-thawing cycles (for the third option (Taylor)
Table 4.9 ‒ Comparison of mathematical processing results of cohesion ()

	Power  ()
	Power  ()
	Power  ()
	Results for 1 processing option (Product)
	Results for 2 processing option (Sum)
	Results for 3 processing option (Taylor series)

	
	
	
	minimum rela tive error, %
	maximum rela tive error, %
	minimum relative error, %
	maximum relative error, %
	minimum relative error, %
	maximum relative error, %

	1
	1
	1
	2.20
	83.77
	2.70
	219.62
	2.70
	219.62

	1
	1
	2
	300.00
	4115.15
	1.17
	30.96
	
	

	1
	1
	3
	19.66
	150.94
	0.53
	29.58
	
	

	1
	2
	1
	3.15
	254.33
	2.70
	219.62
	
	

	1
	2
	2
	300.00
	53037.71
	1.17
	30.96
	
	

	1
	2
	3
	300.00
	5890.71
	0.53
	29.58
	
	

	1
	3
	1
	125.54
	1255.26
	2.70
	219.62
	
	

	1
	3
	2
	300.00
	841934.44
	1.17
	30.96
	
	

	1
	3
	3
	300.00
	41295.21
	0.53
	29.58
	
	

	2
	1
	1
	121.50
	1311.95
	2.27
	198.19
	2.94
	26.93

	2
	1
	2
	96.04
	2725.64
	0.86
	30.80
	
	

	2
	1
	3
	300.00
	847437.52
	1.52
	28.65
	
	

	2
	2
	1
	266.67
	2839.42
	2.27
	198.19
	
	

	2
	2
	2
	300.00
	65644.34
	0.86
	30.80
	
	

	2
	2
	3
	300.00
	1396594.14
	1.52
	28.65
	
	

	2
	3
	1
	300.00
	25210.24
	2.27
	198.19
	
	

	2
	3
	2
	300.00
	44777.67
	0.86
	30.80
	
	

	2
	3
	3
	300.00
	7093163.55
	1.52
	28.65
	
	

	3
	1
	1
	18.02
	139.82
	7.21
	189.57
	300.00
	206409.66

	3
	1
	2
	300.00
	124846.96
	0.22
	29.97
	
	

	3
	1
	3
	300.00
	41042.09
	0.36
	26.55
	
	

	3
	2
	1
	300.00
	19973.42
	7.21
	189.57
	
	

	3
	2
	2
	300.00
	44878.91
	0.22
	29.97
	
	

	3
	2
	3
	300.00
	149333.82
	0.36
	26.55
	
	

	3
	3
	1
	300.00
	23342.18
	7.21
	189.57
	
	

	3
	3
	2
	300.00
	1144415.67
	0.22
	29.97
	
	

	3
	3
	3
	300.00
	100747.66
	0.36
	26.55
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a – option Sum, b – option Taylor

Figure 4.9 ‒ Relation of the cohesion of the plastic loam () on the number of freezing-thawing cycles


Comparing the resulting graphs, we can say that the curve described by the mathematical model based on the Taylor polynomial expansion equation (4.6) is more precise. Therefore, it was this relation that was adopted to describe the change in the cohesion of plastic loams (W=22.6%) from the studied factors.

	









	(4.5)

	


	(4.6)



Thus, mathematical relations on cohesion - for medium-hard (W=16.5%) and stiff (W=19.5%) loams – equation (4.5), for plastic (W=22.6%) loams – equation (4.6).

[bookmark: _Toc160460686][bookmark: _Toc160464319]4.6 Construction of changes for cohesion nomograms in relation to the number of freezing-thawing cycles
For the convenience of applying the obtained relations (equation (4.5) and equation (4.6)), nomograms for changes of cohesion from the number of freezing-thawing cycles (figure 4.10, 4.11, 4.12) were constructed.

Figure 4.10 ‒ Nomogram for changes of the medium-hard loam () cohesion from the number of freezing-thawing cycles 


Figure 4.11 ‒ Nomogram for changes of the stiff loam () cohesion from the number of freezing-thawing cycles 
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Figure 4.12 – Nomogram for changes of the plastic loam () cohesion from the number of freezing-thawing cycles

Thus, if the subgrade is allowed to freeze, the nomograms obtained allow to perform a test recalculation of the foundation taking into account the change in cohesion of soil.

4.7 Algorithm of incorporating of the research results in engineering practice
In order to be able to apply the data of this study in engineering practice, the following algorithm for applying the physical and mechanical characteristics of loams due to cyclic freezing-thawing cycle is proposed (figure 4.13).
The proposed algorithm consists of three main stages. The first step is to perform a thermotechnical calculation to determine the depth of the seasonal freezing of the soil and the number of freezing- thawing cycles. The second step involves recalculating the physical and mechanical characteristics of the loams, according to the results of this study: nomograms or equations. The final stage is the execution of verifying calculations of deformations of base / stability of slopes / excavation wall, etc.

Incorporation of changes in the strength characteristics of soils during freezing-thawing cycle
1
Thermotechnical calculation: determination of soil freezing depth, number of freezing-thawing cycles
2
Recalculation of physical and mechanical characteristics of soils
Option 1
Option 2
Use of equations presented in the work
Use of nomograms presented in the work
3
. 3.17–3.19
. 4.4–4.6
. 4.10–4.12

Interpolation of obtained values
equation (3.15)
 equation (4.2)
 equation (4.5, 4.6)
Recalculation of soil void ratio
table 3.3
Performing verifying calculations deformations of base / stability of slopes / excavation wall, etc.
N
yes
Continue construction
Design change
Comparison with the limit values.


 
 
 
No
Yes


Figure 4.13 ‒ Algorithm of incorporating of the research results in engineering practice

Summary of chapter four
1. It has been shown that the nature of the change of the internal friction angle during freezing-thawing cycle is not obvious. Thus, for cycles 1-5, there is both an increase in this characteristic and a decrease. However, it is typical that after 10 cycles of freezing-thawing, the internal friction angle either returns to the initial values (before the cycles) or increases by 1.5 times for most loams. The exception is the plastic loam (W=22.6%) with e=0.65 - the internal friction angle of this soil type increases by 18%.  
2. It was found that the soil cohesion has an obvious downward trend during freezing-thawing cycle. Thus, for medium-hard loams with e=0.55, e=0.65 and e=0.75 (W=16.5%) after 10 cycles of freezing-thawing, the specific soil cohesion decreases very significantly – by 78, 87 and 42%, respectively. The same decrease in specific soil cohesion – by 64-82% – is observed for stiff loams (W=19.5%), as well as plastic loams (W=22.6%) with e=0.75. The exception is plastic loam (W=22.6%) with e=0.65 - the specific soil cohesion increases almost by 3 times.
3. Experimental-theoretical relation has been found based on the polynomial expansion into the Taylor series by the method of least squares, on the determination of the change of internal friction angle due to freezing-thawing cycles for loams with  and, widespread in the Tyumen region as the natural base of buildings and structures.. 
4. Experimental-theoretical relation has been determined on change of specific soil cohesion - for medium-hard loams (W=16.5%) and stiff loams (W=19.5%) based on polynomial expansion into «Product», for plastic loams (W=22.6%) based on the polynomial expansion into the Taylor series by the method of least squares. 
5. Nomograms for changes of internal friction angle and specific soil cohesion due to cyclic freezing-thawing for loams of different humidity and soil void ratio (with  and ) were created for further use in engineering.
6. The algorithm of incorporation of changes of physical-mechanical characteristics of loams due to cyclic freezing-thawing in accordance with the results of the present study is offered.


CONCLUSIONS

Based on the conducted research, the following main scientific conclusions were formulated in accordance with the target goal:
1. Factors influencing the total settlement of a facility including “technological settlement” have been identified; their classification has been developed including the one from the position of its significance for work in severe climatic conditions (silty clays, high groundwater levels). The need of taking into account the technological component of settlements has been identified, since poor predictability of technological settlements results in emergency situations at facilities under construction. Methods to protect soils from decompaction during cyclic freezing-thawing have been considered, but their possible ineffectiveness has been underlined – this can occur due to improper design or performance of works weakening the operational reliability of facilities under construction.
2. The existing patterns of reduction in soil strength and deformation have been analyzed in various dispersed soils during freezing-thawing; it has been identified that it is necessary to develop mathematical models of mechanical characteristics of loams with с  for further use in engineering practice. The loams are widely distributed throughout Europe, Russia and the Tyumen Region as well.
3. Based on the factors identified in the books (soil void ratio , initial soil moisture content  and the number of freezing-thawing cycles ) the three-factor three-level experiment has been planned. The technique for laboratory testing for determining the deformation (odometric tests) and strength (shear tests) parameters of soils has been developed. It is based on the valid Normative Documents.
4. The regularities of vertical deformations of loams with and   n cyclic freezing-thawing have been identified. It has been obtained that the process of cyclic freezing-thawing in most cases leads to additional compaction of soils by up to 3.1% due to destruction of soil macrostructure during freezing and further repacking of particles during thawing under the action of the soil's own weight. Mathematical dependences of void ratio change to the number of freezing-thawing cycles for loams with different initial void ratio and moisture content were obtained on the basis of laboratory data.
5. It was established that the maximum change of the elastic modulus occurs on 1-3 cycles. With further freezing-thawing up to 10 cycles, the value of the elastic modulus gradually stabilizes. It is important to note that the change in the elastic modulus directly depends on the change in the volume of the specimen: due to pre-consolidation of most of the specimens during cyclic freezing-thawing, the odometric elastic modulus increases up to 32%. On the basis of the performed experimental and theoretical studies, a mathematical model and nomograms of the change in deformation characteristics (odometric elastic modulus in the pressure range of 100-200 kPa) of loams with  and  due to cyclic freezing-thawing has been developed. The model is based on the least-squares Taylor series polynomial decomposition. The dependence allows taking into account the soil void ratio, moisture content and the number of freezing-thawing cycles to which the soil was subjected in real conditions. The use of the obtained dependence allows to perform the repeated calculation of deformations in the case of the assumption of subgrade freezing on the construction site, taking into account their deformation (additional compaction) in the freezing-thawing process.
6. It has been obtained during laboratory investigation that the nature of the change of the internal friction angle due to cyclic freezing-thawing is not obvious. Thus, for cycles 1-5, there is both an increase in this characteristic and a decrease. However, it is typical that after 10 cycles of freezing-thawing, the internal friction angle either returns to the initial values (before the cycles) or increases by 1.5 times for most loams. It was found that the soil cohesion has an obvious downward trend due to cyclic freezing-thawing up to 87% depending on the initial data. On the basis of the performed experimental and theoretical studies the mathematical model and nomograms of changes in strength characteristics of loams (cohesion, internal friction angle) due to cyclic freezing-thawing were determined taking into account initial parameters (void ratio, soil moisture content).
7. The algorithm of incorporation of changes in physical-mechanical characteristics of loams due to cyclic freezing-thawing were offered. It can be used in design practice at construction in unfavorable condition: performing numerical modeling prediction of the condition of slopes, embankments and settlements prediction of foundations of buildings and structures.
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APPENDIX A
	
Table A.1 – Summary table of the results of the literature review on the thesis topic

	Author, publication title
	Type of researched soil
	Physical characteristics of the soil
	Methods of research of the soil
	Number of freezing-thawing cycles
	Properties
	Freezing-thawing results

	1
	2
	3
	4
	5
	6
	7

	Soil void ratio/soil volume

	Viklander 
	Fine-grained till
	 





Samples with different initial dry soil volume and soil void ratio  have been studied 
	Thawing happened simultaneously at +20°С. 
	1, 2, 4, 10 and (or) 18 freezing-thawing cycles

	Soil void ratio
	Severe changes after the 1st cycle: for samples with high soil void ratio (up to 26%) decreases and for samples with low soil void ratio (up to 14%) increases. After 1-3 freezing-thawing cyc les, it normalizes, appro aching 0,31-0,4 value (residual void ratio )

	J. Qi, 
W. Ma, 
C. Song 
	Silty soil, Lanzhou loess
	Saturated water content (20.8–28.3%) Dry unit weight (15.3–17.3 ) Liquid limit (26.9%) Plastic limit (15.1%) Plastic index (11.8%))
	Triaxial soil testing (-consolidation)
Loess samples with different dry unit weight 
Freezing in one direction – from the top at the constant temperature (t = -5˚C, -10˚C, -20˚C), thawing at +20°C
	1 freezing-thawing cycle
	Dry unit weight
	There is critical dry unit weight at which soil doesn’t change its volume after freezing-thawing

	Continuation of table A.1


	1
	2
	3
	4
	5
	6
	7

	M. Ghazavi and 
M. Roustaie 
	Kaolinite clay
	Soil compaction coefficient 
Soil particles volume  
Plastic limit 40,6%; Liquid limit 69,4%; Plasticity index 28,8%; Maximum dry mass density 1.55 g/cm3; optimum moisture content 39%
	Freezing-thawing process of the samples happened under -20 °C and +25 °C respectively, 6 hours each.
	0, 1, 3, 5 and 10 freezing-thawing cycles
	Height of the sample
	During freezing-thawing, the height of the soil samples increases up to 0,7%

	
	
	
	
	
	Unit weight
	With the increased number of freezing-thawing cycles, unit weight decreases up to 0,6%

	M.A. Othman, C.H. Benson 
	Compacted clay from the southern part of Wisconsin State
	Liquid limit (84%) Plasticity index (60%))



	Freezing-thawing process of the samples happened under -5 °C and +22 °C respectively
	3 freezing-thawing cycles
	Sample volume
	Under initial freezing the sample first decompacted (0,7%), however after 25 hours the net increase of the soil volume by 3 ml (0,3%) has been recorded. After sample thawing its volume has decreased by 1,5% from the initial value.
Same behaviour has been recorded during the second freezing-thawing cycle.
During the third cycle, 

	Continuation of table A.1


	1
	2
	3
	4
	5
	6
	7

	
	
	
	
	
	
	sample behaviour differed: during freezing-thawing, changes in volume  were minor

	D. Wang et al. 
	Fine-grained clay
	Density 1.8 g/cm3, liquid limit is 36.8% and plastic limit is 20.7%
	Triaxial testing
	1, 3, 5, 7, 10, 15 and 21 freezing-thawing cycles
	Height of the sample
	During every freezing-thawing cycle the height of every sample slightly increased (up to 1,7%), it normalized after 7 cycles.

	K.D. Eigenbrod 
	Various types of clay
	1 - mixed grey clay - ;
2 - Kam red clay - ;
3 - Yellow clay - ;
4 - Roslyn blue clay - 
	Freezing of the samples happened under -15 °C for 2-7 days, thawing – under +20 °C for 24 hours
	Up to 6 freezing-thawing cycles
	Height of the sample
	During the first freezing cycle heaving of the sample was practically not observed (3%).
At the end of every freezing-thawing cycle net height of the sample decreased (up to 17%) and in the end, after five-six cycles, it reached relatively normalized va lue (decreased by 20%)

	
	
	
	
	
	Volume deformation

	Initially rapidly increa sed but normalized approximately after four freezing-thawing cycles, reaching final value after six-eight cycles (20-25%) 
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	1
	2
	3
	4
	5
	6
	7

	Xie et al. 
	Argillaceous siltstone
	dry soil density 1,8 g/cm3, soil saturation Sr 65,32%, soil moisture 12%
	Freezing temperature -40°C, thawing temperature +20°C.
Freezing and thawing periods - 12 hours.
Uniaxial and triaxial compression tests at
room temperature of 15°C.
	0,1,3,6,9,12 and 15 freezing-thawing cycles
	Volume deformation

	Gradually increased with after due to frost heave
During the first 3 hours growth rate has been maximum after which the growth has slowed.
Between 6 to 15 cycles it has been relatively normalized – from 1,3% to 1,5%

	
	
	
	
	
	Soil void ratio, %
	During 15 cycles significantly increased from 23% to 32%. The rate of increase has been maximum during the first six cycles

	W. Xu and X. Wang 
	Silty clay
	, , , , ) under different initial moisture 5.5%, 8.5%, 11.5%, 14.5% and 17.5%
	Unconsolidated undrained triaxial tests under axial load rate of 0,8 mm/min, and confining pressure of 100, 200 and 300 kPa.
Samples have undergone freezing in closed system at -20°C for 12 hours, thawing at +20°C for 12 hours
	0, 1, 5, 10, 15 and 20 freezing-thawing cycles
	Soil void ratio, %
	Increased after 5 cycles (1,3% from initial value), however soil void ratio decreases (0,5%) with further freezing-thawing (15 cycles), without reverting to its initial value 
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	1
	2
	3
	4
	5
	6
	7

	Water permeability

	Kim and Daniel (1992) 
	Compacted soil at less-than-optimal moisture
	
	
	
	Water permeability
	increases from two to six times;

	
	Compacted soil at more-than-optimal moisture
	
	
	
	
	increase by approximately 100 times

	Othman (1992) 
	14 different types of clay soils which differed in their composition, plasticity and compaction conditions
	
	
	
	Water permeability
	Water permeability can increase by up to 1400 times.
The increase of water permeability is the highest for clays with the lowest initial water permeability.
For clays with high initial water permeability (), the freezing-thawing effect is minimal.

	M.A. Othman, C.H. Benson 
	Compacted clay from the southern part of Wisconsin State 
	Liquid limit (84%) Plasticity index (60%))



	Freezing-thawing of the samples happened under -5 °C and +22 °C respectively
	3 freezing-thawing cycles
	water permeability
	After one freezing-thawing cycle increases approximately by one unit. With the increase of number cycles water permeability also increased, however after approximately 3 
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	1
	2
	3
	4
	5
	6
	7

	
	
	
	
	
	
	cycles the changes were insignificant (by 2 units), the rate of change of soil water permeability can be decreased through isotropic loading (70 kPa), due to pressure facilitating “implosion” of the cracks caused by freezing-thawing.

	Viklander, P. 
	Fine-grained till
	 




Samples with different initial dry soil volume and soil void ratio  have been studied
	Thawing happened simultaneously at +20°С. 
	1, 2, 4, 10 and (or) 18 freezing-thawing cycles
	water permeability
	During freezing-thawing, in initially dense soils with , water permeability increases (up to 6-10 times), in mellow soils with  – decreases up to 50 times.

	K.D. Eigenbrod 
	Different types of clays
	1 - mixed grey clay - ;
2 - Kam red clay - 
	Freezing of the samples happened under -15 °C for 2-7 days, thawing – under +20 °C for 24 hours
	0, 3, 6 freezing-thawing cycles
	
	After 6 cycles water permeability for clays 1 and 2 increased by 2 units, however for clay 3 – didn’t change
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	2
	3
	4
	5
	6
	7

	
	
	;
3 - Yellow clay - 
	
	
	
	

	Korshunov A.A., Doroshenko S.P., Nevzorov A.L. et al.
	clay (CL-ML)
	



 
	
	1, 3 freezing-thawing cycles
	water permeability
	Increased by 3 units after the first cycle, after three cycles didn’t change significantly.
(The changes due to cryogenic layered texture formation caused by frost heave, water flow through macro- and micropores and the slow process of pore implosion under the soil weight)

	
	sand (S-SM)
	



	
	1, 3 freezing-thawing cycles
	
	After 1 cycle increases by 1,4-1,5 times

	Mechanical properties

	Aoyama et al. (1985) 
	
	
	
	
	Cohesion 
	Decreases at freezing-thawing of soil

	
	
	
	
	
	Internal fric tion angle
	Changes insignificantly 
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	1
	2
	3
	4
	5
	6
	7

	Ogata et al. (1985), and Qi and Ma (2006)
	
	
	
	
	Cohesion 
	Decreases

	
	
	
	
	
	Internal friction angle
	Increases

	Qi et al. 
	Silty soil, Lanzhou loess
	Saturated water content (20.8–28.3%) Dry unit weight (15.3–17.3 kN) Liquid limit (26.9%) Plastic limit (15.1%) Plastic index (11.8%))
	Triaxial soil testing (-consolidation)
Loess samples with different dry unit weight 
Freezing in one direction – from the top at the constant temperature (t = -5 ˚C, -10˚C, -20˚C), thawing at +20 °C.
	1 freezing-thawing cycle
	Cohesion 
	The lower the temperature of freezing, the more the decrease of cohesion is (up to 70%)

	
	
	
	
	
	Internal friction angle
	With the decrease in temperature, Internal friction angle slightly increased (up to 20%)

	J. Liu et al. 
	Sandy silt from the Qinghai-Tibetan plateau
	, , 
	Sample have been compacted in four layers with density of 1,83 g/cm3 and moisture of 12,9%. Unconsolidated undrained triaxial tests (UU) under axial deformation rate 1%/min have been conducted.
	1, 2, 3, 5, 6, 7, 8, 9, 11, 12 freezing-thawing cycles

	Cohesion 
	Decreases by 50% by 7-9 cycles, and after 9-12 cycles practically doesn’t change.

	
	
	
	
	
	Internal friction angle
	Initially decreases until cycle 7 and then increases, fluctuating in the range between 26˚ and 33˚.
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	Li et al. 
	Silty clay
	liquid limit 26.9 %, plastic limit 18.7% reasonable density ‒ 1,91 g/cm3, optimum moisture content — 16,1%
	Freezing of soil sample of disturbed structure – 16 hours at -30°С, thawing – 8 hours at +30°С
	0, 2, 11, 31 freezing-thawing cycles
	Cohesion 
	On average decreases by 84% after 31 freezing-thawing cycles

	
	
	
	
	
	Internal friction angle
	Increases insignificantly - 1–2° (5%)

	M. Ghazavi and M. Roustaie 
	Kaolinite clay
	Soil compaction coefficient 
Soil particles volume  
Plastic limit 40,6%; Liquid limit 69,4%; Plasticity index 28,8%; Maximum dry mass density 1.55 g/cm3; optimum moisture content 39%
	Freezing-thawing process of the samples happened under -20 °C and +25 °C respectively, 6 hours each.
	0, 1, 3, 5 and 10 freezing-thawing cycles
	Failure strength under uniaxial compression

	With the increased number of freezing-thawing cycles, decreases up to 25% after the 10th cycle. The majority of changes in stress-related properties of soil happen during cycles 1-7. For cycles 7-10 these changes are insignificant.

	D. Wang et al. 
	Fine-grained clay
	Density is 1.8 g/cm3, liquid limit is 36.8% and plastic limit is 20.7%
	Triaxial testing
	1, 3, 5, 7, 10, 15 и 21 freezing-thawing cycles
	Failure strength
	Decreases until cycle 3-7. With further freezing-thawing, failure strength increases until a certain level and stays almost consistent. At a pressure 200 kPa,
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	 failure strength of non-frozen soil – 1,69 MPa, after 10 cycles – 1,2 MPa (decrease up to 29%).

	
	
	
	
	
	Cohesion 
	With the increased number of freezing-thawing cycles, cohesion decreases (up to 65%)

	
	
	
	
	
	Internal friction angle
	Results vary, however with the increased number of freezing-thawing cycles, it tends to increase (up to 65%)

	Wang et al. 
	Clay
	, , , , 
	Unconsolidated undrained triaxial tests (UU test).
Soil samples were being frozen for 24 hours in cryogen box at -25°C, and then were being thawed for 24 hours in thermostat at +10°C. 
	0,1,3,5,7,9,11,13 freezing-thawing cycles
	Static strength
	During freezing-thawing, decreases (at confining pressure of 100 kPa, strength decreases by 30%, of 200 kPa – by 15%, of 300 kPa – by 5%)

	
	
	
	
	
	Cohesion 
	Until 5th cycle changes rapidly, after that – insignificantly. After 13 cycles, decreased by 70%.
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	Internal friction angle
	Increases: after the first cycle – approximately by 20%, after cycle 11-13 – approximately up to 40% from initial value.

	Xie et al.
	Argillaceous siltstone
	dry density 1,8 g/cm3, soil saturation Sr 65,32%, moisture 12%
	Freezing temperature -40°C, thawing temperature +20°C.
Freezing-thawing duration – 12 hours each.
Uniaxial and triaxial compression tests at
room temperature of 15°C 
	0,1,3,6,9,12 and 15 freezing-thawing cycles
	Uniaxial compressive strength, kPa
	Decreases significantly: after cycles one, three and six by 30%, 61% and 66% respectively.
Further strength stayed relatively unchanged.

	
	
	
	
	
	Cohesion 
	Decreases significantly: after cycle one, three and six by 34%, 54% and 64% respectively. 
After the sixth cycle, with the increase of the number of freezing-thawing cycles, the cohesion slowly decreases 

	
	
	
	
	
	Internal friction angle
	Does not have any apparent changes
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	W. Xu and X. Wang 
	Silty clay
	, , , , ) with different initial moisture 5.5%, 8.5%, 11.5%, 14.5% and 17.5%
	Unconsolidated undrained triaxial tests under axial load rate of 0,8 mm/min, and confining pressure of 100, 200 and 300 kPa.
Samples have undergone freezing in closed system at -20°C for 12 hours, thawing at +20°C for 12 hours
	0, 1, 5, 10, 15 and 20 freezing-thawing cycles
	Peak shear strength
	Decreases within the first five cycles. Increases during further freezing-thawing, with subsequent repeated decrease. The highest strength decrease is from 10,9% to 15,4% for samples with moisture 11,5%.

	
	
	
	
	
	Cohesion 
	Initially decreases by 24% on average, after five cycles (for samples with different moisture content 8,5%, 11,5% and 14,5% by 24,5%, 25,1% and 22,2% respectively). There has been recorded slight cohesion increase between cycle 5 and 10, then it gradually normalizes. 

	
	
	
	
	
	Internal friction angle
	Decreases insignificantly (from 1,3° to 2,1° (up to 7%), after 10 cycles stays almost unchanged.
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	Özgan et al. 
	CL - Lean clay
	
	
	
	Cohesion 
	Decreases by 41% (from 57,0 to 33,5 kN/m2)

	
	
	
	
	
	Internal friction angle
	Stays practically unchanged (decreased from 3,97° to 3,91°)

	Drilling Displacement System
	CL (lean clay)
	specific gravity – 2,7 g/cm3, soil moisture 21,45%, liquid limit  29.00, plastic limit  17.90
	
	
	Cohesion 
	Decreases, reaching minimal value on the 8th cycle, then increases and by the 15th cycle normalizes. After 15 fre ezing-thawing cyc les, decreases by 56,9%.

	
	
	
	
	
	Internal friction angle
	Increased until the 5th cycle, however with further freezing-thawing, abruptly decreased.

	Вотяков И.Н.
	Intact Loess
	Moisture 9,8%
	Triaxial tests (diameter 3.91cm, height 8cm)
Freezing temperature -20°C, thawing temperature +5°C. Freezing-thawing dura tion – 12 hours each.
	1,2,4,8 freezing-thawing cycles
	Cohesion 
	Decreases up to 42% by the 8th cycle

	
	
	
	
	
	Internal friction angle
	Practically doesn’t change (decreases by 2%)

	Далматов Б.И., Ласточ кин B.C.
	Silt sandy loam 
	Moisture 0,121-0,136
	
	
	Cohesion 
	Decreased by 49%

	
	
	
	
	
	Internal fric tion angle
	Decreased by 13%

	
	Light loam
	Moisture 0,14-0,191
	
	
	Cohesion 
	Decreased by 46,5%

	
	
	
	
	
	Internal fric tion angle
	Decreased by 37,7%
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	Fang L., Qi J., Ma W.
	Stratified-netted structure soil
	
	
	
	Lateral resistance
	Can account for just 60% of the initial property value

	Wang T., Luo Sh., Liu X
	Silty soil
	With free moisture supply in frigidness conditions
	
	
	Static strength
	Decreases up to 3-5 times

	Deformation conditions

	Simonsen et al. (2002) 
	Five different types of soil (from gravel sand to marine clay)
	
	Triaxial tests
Each sample was generally tested at eight temperatures ~20, 5, 0.5, 20.5,
22, 25, 210 and 220°C!
	one freezing-thawing cycle
	Resilient modulus 
	Decreased from 25% to 60%, depending on the type of soil: the higher the percentage of small particles, the bigger the change of resilient modulus

	Erik Simonsen and Ulf Isacsson 
	Different types of soils (sandy silt, sand, and gravel) with different compression ratio
	
	Triaxial tests
Each sample was generally tested at five temperatures (+20, +1, –1, –5, and –10°C) during freezing and thawing. The samples were exposed to clo sed-system freezing–thawing
	one full freezing-thawing cycle
	Resilient modulus
	Resilient modulus decreased insignificantly. Maximum resilient modulus decrease was 15% for sandy silt

	Lee et al. (1995) 
	Cohesive soils
	Unified Soil Classification System CL -  clay low liquid limit
	Unconfined compres sion test loading rate of
1% strain per minute (0.025 mm/s) to a total
deformation of 1.5 mm (about 1% strain)
	0, 1, 2, 3 freezing-thawing cycles
	Resilient modulus Mr
	One cycle led to the resilient modulus decrease by 30-50%.
Later freezing-thawing cycles had little effect.
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	Graham, J. и Au, V. 
	High quality native clay, collected from the depth of 9,1 m of Lake Agassiz, Winnipeg, Canada
	
	tested in rotating-bush triaxial cells.
Freezing at -5°C or
-25°C.
Cycle duration – 1-4 days.
Three-dimensional freezing without water flow. 
	5 freezing-thawing cycles
	modulus of compression
	Increases
Authors note, that after freezing-thawing, soil modulus of compression is higher than undisturbed clay in the range of pressure  and , but at the pressure close to  - lower. Thus clay partially keeps its initial structure during freezing-thawing.

	Qi et al. 
	Silty soil, Lanzhou loess
	Saturated water content (20.8–28.3%) Dry unit weight (15.3–17.3 kN) Liquid limit (26.9%) Plastic limit (15.1%) Plastic index (11.8%))
	Triaxial soil testing (-consolidation)
Loess samples with different dry unit weight 
Freezing in one direction – from the top at the constant temperature (t = -5˚C, -10˚C, -20˚C), thawing at +20 °C.
	1 freezing-thawing cycle
	resilient modulus  MPa
	Always decreases after freezing-thawing regardless of initial dry unit weight (up to 2 times) 


	J. Liu et al. 
	Sandy silt from the Qinghai-Tibetan plateau
	, , 
	Sample have been compacted in four layers with density of 1,83 g/cm3 and moisture of 12,9%. Unconsolidated undrained triaxial tests (UU) under axial deformation rate 1%/min have been conducted
	1, 2, 3, 5, 6, 7, 8, 9, 11, 12 freezing-thawing cycles

	elastic modulus
	Initially decreases by 26%-45% (cycles 7-9), then increases
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	D. Wang et al. 
	fine-grained clay
	density 1.8 g/cm3, liquid limit is 36.8% and plastic limit is 20.7%
	Triaxial tests
	1, 3, 5, 7, 10, 15 and 21 freezing-thawing cycles
	resilient modulus


	Initially decreases, then gradually normalizes with the increase in number of cycles.
In the process the biggest changes of resilient modulus happened after the 1st cycle. The minimum value of the resilient modulus has been recorded at cycle 7 (decreases by 18-27%). Then resilient modulus normalizes until a certain extent and stays constant during further freezing-thawing cycles

	W. Xu and X. Wang 
	silty clay
	, , , , ) with different initial moisture 5.5%, 8.5%, 11.5%, 14.5% and 17.5%
	Unconsolidated undrained triaxial tests under axial load rate of 0,8 mm/min, and confining pressure of 100, 200 and 300 kPa.
Samples have undergone freezing in closed system at -20°C for 12 hours, thawing at +20°C for 12 hours
	0, 1, 5, 10, 15 and 20 freezing-thawing cycles
	resilient modulus 
	Constantly decreased during the early freezing-thawing cycles and reaches minimum value at cycle 5. Between cycles 5 and 20 resilient modulus stays almost consistent. Resilient modulus of the samples with moisture content of 
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	11,5% decreased by almost 26,3%-40,1% after the freezing-thawing effect.
Similarly, for the samples with moisture of 14,5%, resilient modulus decreases from 17,98 to 10, 72 (40,37%) MPa at fifth cycle at pressure of 200 kPa.

	Drilling Displacement System
	CL (lean clay)
	specific gravity – 2,7 g/cm3, soil moisture 21,45%, liquid limit  29.00, plastic limit  17.90
	
	
	resilient modulus
	Decreased by 22,1% at 15 freezing- thawing cycles

	Note ‒ compiled from source [8, c. 3-190; 9, p. 69-77; 10, p. 471-476; 26, p. 0000267; 43, p. 118-124; 45, p. 236-245; 47, p. 012012; 52, p. 47-56; 56, p. 165-168; 57, p. 465-477; 58, p. 34-42; 59, p. 125-130; 71, p. 359-370; 72, p. 217-221; 73, p. 217-221; 74, p. 559-567; 78, p. 3-40; 80, p. 335-338; 87, p. 435-439; 88, p. 2378-2381; 96, p. c. 58-62; 118; 138, p. 74-80; 139, c. 2-14; 140, c. 2-22; 141, c. 2-88
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Absolute vertical deformation of 
sample, mm

Relative vertical deformation of 
sample, %
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Relative vertical deformation ε



e=0,55 W=16,5%	
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0	1	2	3	4	5	6	7	8	9	10	0.55000000000000004	0.52520000000000011	0.51713999999999993	0.51218000000000008	0.51094000000000006	0.50907999999999998	0.50722	0.50597999999999999	0.50350000000000006	0.50350000000000006	0.50163999999999997	Number of freezing-thawing cycles, ea

Soil void ratio е



e=0,65 W=16,5%	
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Soil void ratio е



e=0,75 W=16,5%	
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Soil void ratio е
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Deformation modulus Еoed, MPa
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Deformation modulus Еoed, MPa



е=0,75	0	1	3	5	10	3.4000000000000004	3.2	2.69	3.54	2.77	е=0,65	0	1	3	5	10	4.2450000000000001	3.81	3.94	4.4499999999999993	3.5949999999999998	Number of freezing-thawing cycles Nc, ea.

Deformation modulus Еoed, MPa



е=0,55 Тейлор	0	1	2	3	4	5	6	7	8	9	10	5.598618573463316	5.6563995363254334	5.6289547309194665	5.4496657049682433	5.5311259003722366	5.6490263940854364	5.8068947797125183	5.9826571659954455	6.098949301565213	6.1012719008105316	6.0034675793921748	е=0,65 Тейлор	0	1	2	3	4	5	6	7	8	9	10	3.1605015975084925	2.8662701348057276	2.7829851813778239	2.8755710765776765	3.0257058978981526	3.2434134480777179	3.4617307200087448	3.6758539579740592	3.8158774117823042	3.8552966608912671	3.7567569523470246	е=0,75 Тейлор	0	1	2	3	4	5	6	7	8	9	10	2.1890383284869017	1.8854157805700626	1.7583223050256618	1.7319902191774816	1.7682695286899475	1.9163189974371702	2.0402472232889886	2.1391259455394653	2.1756265191787043	2.0931204715415124	1.8914286214180427	Number of freezing-thawing cycles Nf-th, ea

Elastic modulus Еoed, MPa


е=0,55 Тейлор	0	1	2	3	4	5	6	7	8	9	10	4.4527057553405989	4.9746263169883811	5.1330893186083726	5.2827211002861043	5.3671804505854803	5.4993610420260799	5.6205940491845485	5.6758077060652168	5.6803755603948822	5.497202241804481	5.203028600459441	е=0,65 Тейлор	0	1	2	3	4	5	6	7	8	9	10	2.8547674427239862	2.788072315524857	2.8771432469501215	3.0114647832444024	3.2085654241993113	3.4305264843292229	3.6330613769875053	3.786055535762876	3.8590541381978185	3.820924329654555	3.6216974567275999	е=0,75 Тейлор	0	1	2	3	4	5	6	7	8	9	10	2.1630426797035049	2.0173940932224164	1.9784313044988469	2.0251274223389348	2.1282953408391583	2.2654975679222047	2.3993891573922275	2.4926251630537264	2.5208760954280192	2.3796166805091223	2.1098989857145165	Number of freezing-thawing cycles Nf-th, ea

Elastic modulus Еoed, MPa


е=0,65 Тейлор	0	1	2	3	4	5	6	7	8	9	10	4.0432391990512606	4.0289008201585812	4.0095228748231806	4.069110446311262	4.1740771638823926	4.2825681007316438	4.3485272205763383	4.3312175568590829	4.2329124756460796	3.9983591516319956	3.5908518466034787	е=0,75 Тейлор	0	1	2	3	4	5	6	7	8	9	10	3.2442534340561942	3.1447702496279613	3.1160497005449588	3.1347747323755963	3.23820853862268	3.3396542778083114	3.4100703926523539	3.4673626431374371	3.3968736264676038	3.1701877537666361	2.7719167641111904	Number of freezing-thawing cycles Nf-th, ea

Elastic modulus Еoed, MPa


е=0,55	0	1	3	5	10	14	14	16	24	20	е=0,65	0	1	3	5	10	10	11	11	13	16	е=0,75	0	1	3	5	10	12	9	8	11	13	Number of freezing-thawing cycles Nf-th, ea.

Internal friction angle φ°



е=0,75	0	1	3	5	10	26	25	20	17	15	е=0,65	0	1	3	5	10	47	40	14	10	6	е=0,55	0	1	3	5	10	49	40	29	16	11	Number of freezing-thawing cycles Nf-th, ea.

Cohesion с, kPa



е=0,55	0	1	3	5	10	16	20	16	24	24	е=0,65	0	1	3	5	10	20	17	13	19	19	е=0,75	0	1	3	5	10	14	9	8	14	15	Number of freezing-thawing cycles Nf-th, ea.

Internal friction angle φ°



е=0,55	0	1	3	5	10	44	39	28	18	8	е=0,65	0	1	3	5	10	14	8	3	3	5	е=0,75	0	1	3	5	10	7	4	2	3	2	Number of freezing-thawing cycles Nf-th, ea.

Cohesion с, kPa



е=0,65	0	1	3	5	10	17	21	13	9	14	е=0,75	0	1	3	5	10	12	8	6	10	18	Number of freezing-thawing cycles Nf-th, ea.

Internal friction angle φ°



е=0,65	0	1	3	5	10	10	13	23	30	29	е=0,75	0	1	3	5	10	13	8	7	5	3	Number of freezing-thawing cycles Nf-th, ea.

Cohesion с, kPa



е=0,55 Тейлор	0	1	2	3	4	5	6	7	8	9	10	13.424933730816377	14.325172841412837	15.87607026469504	17.214421455889408	19.521547687136415	21.768296936560727	23.757402784801904	25.207985179364126	25.563372331509612	24.353763298135242	21.462123379682225	е=0,65 Тейлор	0	1	2	3	4	5	6	7	8	9	10	11.258769347740582	9.8977018634542038	9.8207698530904803	10.792079690444897	12.403408597271017	14.322737847239249	16.126805450789433	17.4874817177346	17.962273887094888	17.184931245087462	14.770142566127561	е=0,75 Тейлор	0	1	2	3	4	5	6	7	8	9	10	11.552686920475111	9.0002042626678946	8.1519233906758384	8.4541367544539394	9.5230617870311693	11.291685838195054	13.001556011873427	14.400167927754207	15.098050361019865	14.666800035967078	12.800409667750841	Number of freezing-thawing cycles Nf-th, ea

Internal friction angle φ°


е=0,55 Тейлор	0	1	2	3	4	5	6	7	8	9	10	18.11998241492671	17.129514269400662	17.552444717700354	18.987776680053436	20.795663303090059	22.936779048773769	24.953539017743317	26.369729302221469	27.011361341832654	26.019143207753054	23.53350635673624	е=0,65 Тейлор	0	1	2	3	4	5	6	7	8	9	10	18.981076867938839	16.039711097507055	14.908852728562652	15.09164352963951	16.174194425676578	17.741146585462761	19.372894857186587	20.68172353809631	21.285085362266642	20.792476858838548	18.798918613038381	е=0,75 Тейлор	0	1	2	3	4	5	6	7	8	9	10	12.794118479683164	10.540862789712767	9.369258531919991	9.326655869638941	10.203890292853229	11.785586397347679	13.677951957475772	15.487194747588799	16.891287713217281	17.150384996814189	16.308163439300529	Number of freezing-thawing cycles Nf-th, ea

Internal friction angle φ°


е=0,65 Тейлор	0	1	2	3	4	5	6	7	8	9	10	21.044406746027391	15.74077919578319	12.965491988348761	11.746236325344222	11.634275890801007	12.255277317592377	13.347083111859439	14.750609220477717	15.421240302940156	15.238740166604259	13.739245370915185	е=0,75 Тейлор	0	1	2	3	4	5	6	7	8	9	10	11.449323176148653	8.7183646214835484	6.9803985392798182	6.3041888298119755	7.3531716402587755	9.0938007728019059	11.27707013392436	13.983054818290629	16.125856822315647	17.478390433790231	17.819000378313433	Number of freezing-thawing cycles Nf-th, ea

Internal friction angle φ°


е=0,75 Произведение	0	1	2	3	4	5	6	7	8	9	10	26.329624568796135	24.438068891547914	22.40382402342766	20.33200830995338	18.700295171765902	16.902007491327822	15.744324041588698	14.946380973968189	14.519311355776154	14.660228879540227	15.001596982590854	е=0,65 Произведение	0	1	2	3	4	5	6	7	8	9	10	49.130668715552019	35.736587519226077	25.527433057143753	17.886208852643904	12.214910243819759	8.3237075075012399	5.9321514894254506	4.7271457295282744	4.5567139871418476	5.0649260314530693	6.1120692380936816	е=0,55 Произведение	0	1	2	3	4	5	6	7	8	9	10	48.223029413544282	41.316379768681713	35.218930525717042	28.264479329878668	21.983717100905778	16.510292095292243	12.352728673213278	9.551309415808646	8.3918625850928947	8.7092446663300507	10.965120627079159	Number of freezing-thawing cycles Nf-th, ea

Cohesionс, kPa


е=0,75 Произведение	0	1	2	3	4	5	6	7	8	9	10	6.854215635888977	4.1418526931199722	2.4276464201047929	1.9066774142593204	2.2411400400451384	3.0404770719469525	3.9844051690015476	4.7465144007583149	4.9237981556216255	4.1072608170798048	1.997059331741184	е=0,65 Произведение	0	1	2	3	4	5	6	7	8	9	10	14.202818275924074	8.253357701057098	4.6716314824452638	2.5680283729598159	2.2364193408939173	3.1978746456297813	4.7158587335143238	6.3128400438290555	7.3304180323029868	7.1082518628099933	4.984452688950114	е=0,55 Произведение	0	1	2	3	4	5	6	7	8	9	10	43.152328290838341	40.249925325183767	33.117739345035261	27.11380018746604	21.793183032837987	18.353096244485641	15.969853372473153	14.074937852012226	12.464066102664219	10.510865393676795	7.9794644265784882	Number of freezing-thawing cycles Nf-th, ea

Cohesiobn с, kPa


W=22,6% е=0,65 Тейлор	0	1	2	3	4	5	6	7	8	9	10	7.8474888409782579	16.500427096071814	19.500246425581889	22.217443081508211	25.571309729574228	28.022266592291906	29.403008175233836	27.949080084210127	28.636240104742861	28.7059747170888	29.852414999294151	W=22,6% е=0,65 Тейлор	0	1	2	3	4	5	6	7	8	9	10	11.926948957974673	8.8870385617867207	7.5663935363523196	7.2292012964228185	6.2164318138538182	5.6191229778181855	5.16499927151962	4.1983524190569899	3.5384634821431944	2.9674083094796577	2.3436380879735124	Number of freezing-thawing cycles Nf-th, ea

Cohesion с, kPa


IL=0,0-0,25	E = 57.143e2 - 124.29e + 78.3
0.45	0.55000000000000004	0.65	0.75	0.85	0.95	34	27	22	17	14	IL=0,25-0,5	E = 64.286e2 - 136.57e + 80.525
0.45	0.55000000000000004	0.65	0.75	0.85	32	25	19	14	11	IL=0,5-0,75	E = 50e2 - 120e + 73.875
0.65	0.75	0.85	0.95	17	12	8	5	Void ratio е

Elastic Modulus Е, MPа



Глина 0	<	IL	<	0,25	0.55000000000000004	0.65	0.75	0.85	0.95	1.05	21	20	19	18	16	14	Глина 0,25	<	IL	<	0,5	0.65	0.75	0.85	0.95	1.05	18	17	16	14	11	Глина 0,5	<	IL	<	0,75	0.65	0.75	0.85	0.95	1.05	15	14	12	10	7	Суглинок 0	<	IL	<	0,25	0.45	0.55000000000000004	0.65	0.75	0.85	0.95	26	25	24	23	22	20	Суглинок 0,25	<	IL	<	0,5	0.45	0.55000000000000004	0.65	0.75	0.85	0.95	24	23	22	21	19	17	Суглинок 0,5	<	IL	<	0,75	0.65	0.75	0.85	0.95	1.05	19	18	16	14	12	Viod ratio е

Soil internal friction angle φ, ˚




Глина 0	<	IL	<	0,25	0.55000000000000004	0.65	0.75	0.85	0.95	1.05	81	68	54	47	41	36	Глина 0,25	<	IL	<	0,5	0.65	0.75	0.85	0.95	1.05	57	50	43	37	32	Глина 0,5	<	IL	<	0,75	0.65	0.75	0.85	0.95	1.05	45	41	36	33	29	Суглинок 0	<	IL	<	0,25	0.45	0.55000000000000004	0.65	0.75	0.85	0.95	47	37	31	25	22	19	Суглинок 0,25	<	IL	<	0,5	0.45	0.55000000000000004	0.65	0.75	0.85	0.95	39	34	28	23	18	15	Суглинок 0,5	<	IL	<	0,75	0.65	0.75	0.85	0.95	1.05	25	20	16	14	12	Void ratio е

Cohesion с, kPa




Уменьшается	Увеличивается	И то, и другое	50%
40%
10%

50	40	10	
Увеличивается на 2-3 порядка	Увеличивается до 10 раз	Уменьшается	Не изменяется	50%
25%
8%
17%

50	25	8.3333333333333321	16.666666666666664	
уменьшается	Уменьшается на	уменьшается более	20%
60%
20%

Уменьшается на 20-50%	20	60	20	
уменьшается до 30%	Уменьшается на 30-50%	уменьшается более 50%	8%
42%
50%

8.3333333333333321	41.666666666666671	50	
Остается постоянным или изменяется незначительно (до 2%)	уменьшается до 20%	уменьшается более 20%	Не имеет характерной тенденции	увеличивается  до 20%	увеличивается  более 20%	25%
17%
8%
17%
17%
17%

25	16.666666666666664	8.3333333333333321	16.666666666666664	16.666666666666664	16.666666666666664	
Уменьшается до 25%	Уменьшается более 25%	38%
62%

37.5	62.5	
Марка 1	3	4	5	6	7	8	9	10	11	12	18	104	107	119	131	137	132	127	127	127	Марка 2	3	4	5	6	7	8	9	10	11	12	16	43	43	49	61	66	68	64	68	68	Марка 3	3	4	5	6	7	8	9	10	11	12	18	83	85	104	108	113	121	119	124	124	Марка 4	3	4	5	6	7	8	9	10	11	12	24	114	143	185	180	185	191	189	189	189	Month, 2016

Settlement S, mm




1	42815	42825	42835	42845	42855	42865	42875	42885	42895	42905	42915	42925	42935	34	44	77	88	101	110	112	111	122	121	131	135	143	2	42815	42825	42835	42845	42855	42865	42875	42885	42895	42905	42915	42925	42935	44	76	94	111	113	124	135	134	154	155	160	162	165	3	42815	42825	42835	42845	42855	42865	42875	42885	42895	42905	42915	42925	42935	50	78	94	94	104	112	124	125	134	137	143	142	144	4	42815	42825	42835	42845	42855	42865	42875	42885	42895	42905	42915	42925	42935	45	65	80	91	91	106	121	129	129	126	134	140	146	Date

Settlement S, mm

Draft mark 1	45009	45012	45016	45023	45030	45037	45044	45051	45057	45064	45073	45082	0	3	15	18	25	33	37	44	50	57	67	80	Draft mark 2	45009	45012	45016	45023	45030	45037	45044	45051	45057	45064	45073	45082	0	6	21	24	26	32	39	60	90	115	155	205	Draft mark 3	45009	45012	45016	45023	45030	45037	45044	45051	45057	45064	45073	45082	0	6	17	24	26	31	37	59	90	114	156	201	Draft mark 4	45009	45012	45016	45023	45030	45037	45044	45051	45057	45064	45073	45082	0	5	15	17	19	23	25	36	43	46	54	63	Date, 2023

Settlement S, mm
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FIG. 3. Thin vertical (a) and horizontal (b) sections of a specimen of Wisconsin C clay frozen three dimensionally at a temperature
gradient of 2°C/h and no overburden pressure.
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Figure 9. Cross-section of clay immediately (a) and in 2 days after thawing (b).
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Fig. 11. Microstructural effects due to freezing and thawing of a
fine-grained till.
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Fig. 12. Void ratio versus the number of freeze/thaw cycles in a

loose and dense till.
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