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STUDYING SWELLING SOILS BY MULTIDIMENSIONAL STATISTICAL ANALYSIS METHODS
AS THE BASIS FOR ENGINEERING STRUCTURES FOUNDATIONS IN SUDAN

(MpedcmaeneHo 4YneHoM pedakuyiliHol Konezii 0-pom 2eos. Hayk, npogh. O.M. leaHik)

A new way to study swollen soils as the basis for foundations by methods of mathematical statistics, including cluster, factor and
correlation-regression analyses has been proposed in the article. Normative values of the strength characteristics of these soils depend-
ing on their physical properties and degree of swelling, application limits, predominant factors and correlations between different indica-
tors of soil properties have been established according to the results of these analyzes. A method of the study area zoning, leading to
possible differential application of soils normative characteristics, as well as proposals for designing foundations on swollen soils have
been developed. The methods were tested on the soils of Sudan.

Keywords: swelling soils, physical properties, degree of swelling, bearing capacity, zoning of the territory, foundations, cluster, factor

and correlation-regression analyzes, predominant factors and correlation dependencies.

Problem formulation. Sudan has the largest distribu-
tion area of swollen soils among African countries - about 25
million hectares. This is primarily the territory of Greater
Khartoum (the capital) and the state of El Jaseera (the area
between the White and Blue Nile). Intensive construction is
underway here and, therefore, the issue of using swollen
soils as a basis for foundations is very important.

Mass construction in Khartoum is reduced to building of
relatively light two-, three-storey cottages and industrial
structures. No special soil studies and foundation calcula-
tions are expected. After a few years these structures, built
on swollen soils, begin to deform because of such a practice.
Table 1 shows different types of damage to engineering
structures due to negative manifestations of swollen soils
properties. Fig. 1 and 2 illustrate typical examples of these
structures' destruction.

The cost of repairing and restoring the structural ele-
ments of buildings is very high, the annual damage is esti-
mated at tens of millions of Sudanese pounds. This is the
case of the Asalyaya factory. The cost of its repairing is so

high that it is recommended to move it to another site, com-
posed of non-swollen soils.

Therefore, an acute issue now is to improve the existing
and to develop new highly efficient computational and theo-
retical solutions to be used in the design, construction and op-
eration of buildings and structures erected on swollen soils.

Analysis of publications and identification of unre-
solved issues

Many researchers (Elsayed, 1999; Potts and Zdrakovis,
2001; Poulus, 2001; El Turabi, 1993; Hussein et al., 1993;
Sorochan, 1989; Shutenko et al., 1989, etc.) studied engi-
neering and geological properties of the swollen soils in this
region in natural and disturbed conditions. Depending on the
distribution region, swollen soils in Sudan have different
names: black tropical clays, black cotton soils, "margalitic
soils", "reguri". A term "expansive soil" has recently been in-
creasingly used in Sudan. According to local experts, it is
more in line with the nature of the soil. These soils are highly
swollen soils (eosw = 0.12). According to some researchers,
the ground surface rises by 50-60 cm during the rainy sea-
son (Proceeding of the ..., 1983).

Table 1
Information on damage to engineering structures in Sudan
Engineering structure Location Number Year Type
of floors | of construction of foundation
1. | University of Jazzira, a detached house State of Jazeera, i
Town of Wad Medani 2 1975 Monolithic
2. Druzhba" cotton spinning factory State of Jazeer.a, 9 ~70-s Monolithic
Town of Hasahisa
3. | Administrative building of the Rahad project State of Jazeera 1 1977 Tape
4. | Asalyaya factory, separate buildings White Nile State 3 2014 Monolithic
5. | Administrative building of the soil study corporation State of Jazeera, _ 5 1968 Monolithic
Town of Wad Medani
6. | Presidential Palace, Library The city of Khartoum 2 1995 Tape
7. | Laboratory building, Ribat University The city of Khartoum 4 2002 Monolithic
8. Druzhba" cotton spinning factory State of Jazeera, 9 2011 Tape
Town of Hasahisa
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Fig. 1. Destruction of a brick wall

A number of papers are devoted to the design and con-
struction of buildings and structures on Sudan's swollen
soils and elimination of their negative impact (Elsayed, 1999;
El Turabi, 1993; Seifeldin, 2007, 2008; Sorochan, 1989; Tar-
anov, 2008, 2014; Chomko D.F. et al., 2002, 2012, 2004,
2014 and Chomko F.V. et al., 2014; Shutenko et al., 1989).

However, there is no literature on determining the simi-
larity of physical and mechanical properties of swollen soils
by methods of multidimensional statistical analysis and fore-
casting their change in Sudan.

The purpose of the research is to develop new calcu-
lation methods for creation of bases and foundations in spe-
cial engineering and geological conditions (on swollen soils),
ensuring efficient construction and operation of buildings
and other engineering structures. To do this, the following
problems should be solved:

1. To analyse regional construction features and meth-
ods of designing bases and foundations in Sudan;

¢ to determine physical and mechanical properties of
swollen soils in the state of El Jazeera in Mesopotamia (the
area between the White and Blue Nile);

¢ to establish development zones of different types of
soils according to these properties;

¢ to find a generalized model of the process by which to
establish the main dependences of the swelling forces on the
indicators, determining the state and properties of them, using
modern knowledge about the nature of Sudan' soils swelling.

2. To determine the most significant factors, operating in
the study area, by physical and mechanical properties of
swollen soils;

¢ to draw maps-schemes of factor loads on the basis of
positive and negative load factors.

3. To identify areas with similar engineering and geolog-
ical processes.

4. To identify physical characteristics of swollen soils
with the greatest impact on mechanical ones.

5. To establish reliable regression dependences be-
tween physical and mechanical properties;

¢ to make tables of normative values of soils durability
characteristics as functions of physical characteristics and a
degree of swelling.

6. To get reliable regression equations to calculate de-
formations of raising bases and foundations.

The subject of the research is engineering-geologi-
cal, hydrogeological, natural-climatic and physical-
mechanical factors of swollen soils, affecting the reliability
of the system "bases -foundations of buildings and engi-
neering structures".
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Fig. 2. A fragment of a brick wall's destruction
("Druzhba" cotton spinning factory, Ne8)

Main results. To achieve these goals, 57 engineering
and geological wells were drilled in 11 areas with swollen
soils in the cities of Khartoum and Jeziri (Khartoum Elm.,
Khartoum Bur., Khartoum Ria, Khartoum Soba, Khartoum
Jbra, Khartoum Nile, Khartoum Elamar, Je* Singh., Jazeera
Madan, Jazeera Manag and Jazeera Elnishch.) (Fig. 3). Soll
samples from different depths were taken from each well at
almost the same time. Physical and mechanical properties
were studied at the engineering and geological laboratory of
Ribat University in Khartoum.

Table 2 shows the results of physical and mechanical
properties of soils study.

Various analytical methods and mathematical modeling
are now used to determine similar physical and mechanical
properties of swollen soils on new construction sites and ar-
eas where the destruction of buildings and structures has
already taken place.

Physical-mechanical properties of swollen soils are the
end product of the influence of not one, but a whole set of
natural and man-made processes (conditions of formation,
flooding, anthropogenic load, etc.). These processes affect
the interrelated change in soil properties and the nature of
the relationships between them. But these links are not
stored in "pure" data sets. Paired correlations between the
observed values of variables actually make it impossible to
determine the similarity of physical and mechanical proper-
ties and which processes are decisive in changes in the en-
gineering and geological properties of swollen soils.

To determine similar properties of swollen soils in different
parts of the study area, we used cluster analysis, and to identify
processes that are decisive in changes in the engineering and
geological properties of these soils - factor analysis. These re-
search methods were developed by (Davis, 1990 and Jereskog
et al., 1980). In hydrogeological and engineering-geological re-
search they were widely used by (Reshetov, 2004; Seifeldin,
2007, 2008; Taranov, 2008, 2014, Chomko D.F. et al., 2002,
2012, 2004, 2014 and Chomko F.V. et al., 2014).

The essence of the agglomerative (unifying) cluster pro-
cedure is a step-by-step calculation of the Euclidean distance
between all pairs of soil samples in different areas and com-
bination of the pair at each step for which a minimum of this
distance has been achieved. In our case, it is combining soils
physical and mechanical characteristics. Engineering and ge-
ological surveys in Khartoum and El Jazeera were used to
implement this technique. The sample consisted of 57 test soil
samples and included the following predictors: y, w, wL, wp,
Ip, @, c, esw psw, wsw (thus, each soil sample was interpreted
as a point in ten-dimensional space).



FEOJIOFIS. 4(95)/2021

~ 99 ~

Based on the results of cluster analysis of the general data
matrix, a diagram of Euclidean distances of the consolidation
was constructed step by step (Fig. 4), as well as a dendro-
gram (Fig. 5) - a one-dimensional graph containing infor-
mation about the location and numbers of objects and wells,
interrelationships between different soil samples. Fig. 4
shows that all samples were combined in 56 steps with a min-
imum consolidation distance (Euclidean distance) in the first
step of 0.000 and a maximum of 292,628 in the last step.

Considering the tree-like hierarchical structure in Fig. 5, it
follows that it can be divided into seven clusters (see sym-
bols), split into smaller subclusters. The first four clusters
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(counting from right to left) are consolidated at short dis-
tances, from 0.000 to 99.812, which allows us to speak about
the homogeneous properties of these soils. The soils of clus-
ters 5-7 differ from the soils of the first four clusters and from
each other: the Euclidean distances at which the consolida-
tion took place, more than 125, indicate a noticeable differ-
ence in their physical and mechanical characteristics.

A taxonomy was performed to clarify the results - a hier-
archical clustering of two equal matrices (obtained by divid-
ing the total), characterizing the soils of Khartoum region
and peripheral areas, which clearly shows a significant dif-
ference in their Euclidean distances.
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Fig. 3. A fragment of the space map of El Jazeera, where the buttons indicate the places of drilling wells and soil sampling
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Fig. 4. Diagram of stepwise consolidating distances
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Table 2
Physical and mechanical properties of soils
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Khart(EIm) Ne1 1 2 19,1 58,0 22,8 16,6 35,2 33,0 20,0 120 146
Khart(EIm) Ne3 5 2 19,0 71,2 32,4 19,6 38,8 29,0 30,0 170 146
Khart Xapt (Bur) Ne8 1 2 19,2 101,0 24,0 20,1 77,5 28,0 30,0 205 156
Khart (Bur -2) Ne12 1 2 19,2 101,9 24,5 20,1 774 28,0 30,0 205 156
Khart (Bur -3) Ne13 1 2 191 53,8 15,2 12,0 38,6 28,0 25,0 143 156
Khart(EIm) Ne1 2 3 19,8 59,1 23,4 18,8 35,7 26,0 15,0 122 162
Khart(EIm) Ne1 6 3 18,9 57,1 21,7 17,6 354 27,0 35,0 128 162
Khart(EIm) Ne1 3 3 19,2 59,5 23,6 18,6 35,9 31,0 18,0 132 162
Khart (Ria) Ne4 5 3 17,4 59,5 25,0 18,9 34,5 32,1 18,7 136 169
Khart (Bur) Ne8 2 3 19,5 74,7 22,0 20,2 52,7 29,0 20,0 167 169
Khart (Soba) Ne10 2 3 19,4 62,7 21,3 17,4 41,4 29,0 25,0 157 153
Khart (Nile)Ne11 5 3 19,4 50,8 24,0 20,3 26,8 31,0 15,0 131 145
Khart (Nile) Ne11 4 3 19,5 56,6 24,8 20,3 31,8 27,0 40,0 136 145
Khart (Nile) Ne11 1 3 19,0 51,8 21,6 21,1 30,2 28,0 25,0 132 145
Khart (Bur -2) Ne12 2 3 19,5 74,7 22,0 20,2 52,7 29,0 20,0 167 156
Khart (Bur-3) Ne13 2 3 19,4 77,0 17,4 10,6 59,6 30,0 20,0 152 164
Khart(EIm) Ne1 7 4 19,3 106,1 31,5 21,0 74,6 31,0 35,0 200 171
Khart(EIm) Ne1 5 4 18,9 68,3 19,8 15,8 48,5 30,0 15,0 136 171
Khart (Bur) Ne8 3 4 19,3 53,9 22,0 19,7 31,9 22,0 50,0 125 169
Khart (Bur -2) Ne12 3 4 19,3 53,9 22,0 19,7 31,9 22,0 50,0 172 156
Khart (Bur-3) Ne13 3 4 19,0 65,7 17,9 11,5 47,8 25,0 30,0 151 179
Khart(EIm) Ne1 7 9 191 115,5 354 19,9 80,1 28,0 35,0 191 182
Khart (Soba) Ne10 1 9 19,2 80,9 17,3 16,8 63,6 24,0 30,0 168 180
Khart (Soba) Ne10 2 10 19,5 75,6 19,7 15,8 55,9 30,0 40,0 159 180
Khart (Nile) Ne11 3 10 19,6 51,9 24,0 21,1 27,9 23,0 30,0 139 169
Khart (Nile) Ne11 6 10 19,5 53,3 23,0 19,8 30,3 26,0 50,0 140 169
Khart (Soba) Ne10 4 12 19,5 83,4 18,8 15,0 64,6 32,0 20,0 127 180
Khart (Nile) Ne11 2 6 19,3 58,6 28,1 22,0 30,5 30,0 20,0 176 158
d'Jezz (Singh) Ne6 2 1 18,2 81,0 35,0 18,0 46,0 17,0 26,5 315 170
d'Jezz (Madan) Ne2 3 2 20,1 52,0 16,0 11,4 36,0 19,0 30,0 105 187
d'Jezz (Madan) Ne2 7 2 19,3 73,0 18,0 18,6 55,0 22,0 50,0 140 186
d'Jezz (Singh) Ne6 1 2 18,3 84,0 31,0 23,0 53,0 35,0 13,0 315 204
d'Jezz (Manag) Ne16 2 2 20,1 59,0 25,0 20,1 34,0 14,0 165,0 274 231
d'Jezz (Manag) Ne16 1 2 20,0 46,0 20,0 17,0 26,0 21,0 110,0 274 186
Khart(EIm) Ne19 3 2 20,6 69,0 25,0 19,5 44,0 9,0 129,0 131 194
Khart(EIm) Ne19 4 2 20,1 77,0 26,0 20,1 51,0 23,0 99,0 175 198
Khart(EIm-2) Ne20 9 2 19,3 54,0 24,0 14,1 30,0 37,0 51,6 220 201
Khart(EIm -2) Ne20 2 2 19,7 90,0 30,0 20,8 60,0 18,0 95,8 60 169
d'Jezz (Elnishch) Ne23 2 2 18,0 47,0 19,0 24,0 28,0 6,0 115,0 80 153
d'Jezz (Madan) Ne2 5 3 19,2 51,0 13,0 14,1 38,0 16,0 16,5 200 145
d'Jezz (Singh) Ne6 3 3 19,6 82,0 32,0 21,0 50,0 29,0 40,0 107 145
d'Jezz (Singh) Ne6 1 3 18,8 82,0 31,0 20,0 51,0 38,0 10,0 350 145
d'Jezz (Elnishch)Ne22 4 3 211 49,0 20,0 16,0 29,0 27,0 45,0 200 156
d'Jezz (Elnishch)Ne22 5 3 21,4 56,0 20,0 15,6 36,0 14,0 120,0 240 164
Khart (Elamar) Ne9 1 4 19,1 80,9 45,5 21,0 354 30,0 30,0 175 171
Khart (Elamar) Ne9 2 4 19,1 80,9 45,5 21,0 354 30,0 30,0 183 171
d'Jezz (Elnishch) Ne22 5 6 19,8 46,0 24,0 24,4 22,0 26,0 70,0 183 169
d'Jezz (Elnishch) Ne22 1 4 18,8 85,0 31,0 24,0 54,0 17,0 75,0 250 156
d'Jezz (Elnishch)Ne22 2 4 20,0 49,0 22,0 24,0 27,0 6,0 102,0 210 179
d'Jezz (Elnishch) Ne22 4 4 19,8 67,0 27,0 23,8 40,0 22,0 95,0 250 182
Khart (Jbra) Ne18 3 5 19,6 57,0 19,0 10,0 38,0 4,0 18,5 170 156
Khart (Jbra) Ne18 1 5 19,6 56,0 20,0 10,0 36,0 26,0 6,2 105 179
d'Jezz (Manag) Ne7 5 5 19,8 88,0 29,0 20,5 59,0 14,0 23,0 150 182
d'Jezz (Elnishch) Ne22 1 5 18,8 53,0 26,0 17,0 27,0 37,0 10,0 180 180
d'Jezz (Elnishch) Ne22 3 5 19,0 61,0 30,0 23,0 31,0 15,0 100,0 300 180
d'Jezz (Singh) Ne6 1 6 20,0 74,0 30,0 20,0 44,0 15,0 14,0 150 169
d'Jezz (Singh) Ne6 2 6 20,4 70,0 33,0 25,0 37,0 9,0 13,5 190 169
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Fig. 5. Dendrogram combining

In Fig. 6 all points of soil sampling are plotted on the map of
Mesopotamia. The cluster of objects in Khartoum and the adja-
cent area is noteworthy. This is explained, apparently by the
factor of capitalism, by their sparseness in the rest of Mesopo-
tamia. However, there is a visible trend, suggesting that the
study area can be "divided" into two zones: Northern El Jazeera
with Greater Khartoum where the soils are more homogeneous
(the first four clusters), and Southern Mesopotamia where the
soils are very different (clusters five - seven). Obviously, the
boundary (dotted line) between these zones is quite conditional
due to the lack of data because of a relatively small volume of
construction in the agricultural part of the region.

At the next stage of data processing the overall matrix
was subjected to factor analysis.

This method is one of the most effective means of identify-
ing patterns hidden in data sets. As a rule, in engineering geol-
ogy, there is no possibility to directly observe and measure
factor processes. They can be judged only by the final results
of the processes manifestation that are reflected in the values
of different physical and mechanical characteristics of soils.

The factor analysis is a very effective means of compress-
ing information by moving from the original data to new
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7 objects (10 parameters)

variables - factors. There is a minimum number of new factors
that are linear combinations of the source data, and these new
variables contain the same amount of information.

According to the results of factor analysis (R-modifica-
tion) of the initial matrix, a number of factors which account
for 100% of the total effect on the indicators of physical and
technical properties of swollen soils have been identified.
Only three factors make a significant contribution, their
weight after the rotation of the matrix being more than 10%.
They reflect the contribution of each of the factors to the total
variance of the sample.

In addition, factor analysis revealed characteristic ele-
ments of physical and technical characteristics of swollen
soils in each of the factors (Table 2).

The first factor (weight 22.65%) contains the following
soil properties: natural moisture (bond strength 0.738074),
plasticity number (bond strength 0.728427) and lower limit
(bond strength 0.400961). Other elements do not make a
significant contribution to this factor due to their bonding.
Characteristic elements of the first factor are natural humidity,
the amount of plasticity and the lower limit.

Table 3
Factor loads after rotation (R-modification)
Elements Factors

F1 F2 F3
Specific weight -0,068978 0,037214 0,138759
Top limit -0,191672 -0,512390 -0,042167
Low limit 0,400961 0,093466 0,891289
Natural humidity 0,738074 0,100484 0,137497
Plasticity number 0,724027 -0,172343 -0,070449
Angle of internal friction 0,048338 0,045934 0,966581
Adhesion -0,002466 0,717359 0,142884
Swelling pressure 0,171705 -0,748681 -0,038446
Swelling humidity 0,039216 0,158950 0,195642
Number of wells 57 57 57
Value of factors, % 22,65 15,09 10,50
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The second factor (weight 15.09%) includes swelling
pressure (bond strength -0.748681), adhesion (0.717359)
and upper limit (-0.512390). The swelling pressure and the
upper limit are included in this factor with a negative bond
strength. Other elements do not significantly contribute to this
factor due to the bonding strength. Characteristic elements of
the second factor are the pressure of swelling and adhesion.

The third factor (weight 10.50%) includes the angle of inter-
nal friction (bond strength 0.966581) and the lower limit
(0.891289), which are the characteristic elements of this factor.

The characteristic elements of each factor are used to com-
pile the regression equation, determining the characteristics of
soil strength ¢ and c in different zones of Mesopotamia.

To analyze the obtained factors distribution on the terri-
tory of Mesopotamia, the load of each of them on all wells
was determined, using Q-modification of factor analysis.

This allowed to draw a map-scheme of factor loads. Dis-
tribution of these three factors values in the territory of Mes-
opotamia is shown in Fig. 6.

Analyzing the joint distribution of all three factors in Mes-
opotamia, several areas where two or three factors act sim-
ultaneously, can be identified. Thus, the first and second
factors intersect in the area of sites Ne 18 and Ne 10 in Khar-
toum. The same is true between Ne 5 and Ne 22 in El
Jazeera. In the area of sites Ne 3, Ne 20 and Ne 19 in Khar-
toum, the second and third factors intersect.

N Y M /)G

Legend

@

Fig. 6. Factor dist

The intersection of the same factors is observed in the
area between sites Ne 3 and Ne 16 in El Jaseera. The first
and third factors intersect in the area of site Ne 9 in Khar-
toum. The intersection of the same factors is observed in the
area between sites Ne 3 and Ne 5. This indicates the similar-
ity of engineering and geological processes in these areas.

At the final stage the regression equation was obtained
to determine the characteristics of soil strength in the first
zone (correlation coefficients are equal to 0.95 and 0.545,

Ne area

first factor
secomnd factor
third factor
river

ribution scheme

respectively) by the method of stepwise regression analysis,
using characteristic elements.
@®=13.86°+y-0.014 - Ir - 237.48;
c=17.23+y+0.133 « Ir - 300.45.

Using these expressions, the values of the internal friction
angle ¢ and the specific adhesion c due to the degree of soil
swelling were calculated. The obtained results are given in
Table 4 and can be used in the design of buildings and struc-
tures in Greater Khartoum and Northern El Jaseera.

Table 4
Normative values of expansive soil characteristics in Greater Khartoum and Northern El Jazeera
Degree I o Index Y;kH/m®
of swelling P 70 18,2 18,4 | 18,6 18,8 19 19,2 19,4 | 19,6 19,8 20 20,2 20,4
Low <20 0] 15 17 20 23 26 28 31 34 37 39 42 45
c 16 19 23 26 29 33 36 40 43 47 50 54
Average 20-35 0] 14 17 20 23 25 28 31 34 36 39 42 45
c 17 20 24 27 31 34 37 41 44 48 51 55
High 350 (0] 14 17 20 22 25 28 31 34 36 39 42 45
c 19 22 26 29 33 36 39 43 46 50 53 57
. (0] 14 17 20 22 25 28 31 33 36 39 42 44
Very high >50 c 20 | 23 | 27 | 30 | 34 | 37 | 40 | 44 | 47 | 51 54 | 58

A detailed regression analysis of different predictors inter-
dependence was also performed, the results of which can
also be used in design practice. In particular, we obtained the
equation to calculate the angle of internal friction ¢ and
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specific adhesion ¢ as a function of the porosity coefficient (e)
and the percentage content (k) in swollen soils (expansive
soil) of clay fractions with a diameter of 0.002 mm. In addition,
a regression equation (in the common form for a foreign user)




FEOJOrIS. 4(95)/2021

~103 ~

to determine the relative swelling esw and swelling pressure
psw was built. It can be used in test calculations of defor-
mations of bases and foundations rise:
esw = 0.130wL + 0.172w-4.932;
psw = -0.905yd + 1.244wL + 0.892w + 61.951.

Conclusions. 1. The cluster analysis method, based on
the construction of diagrams of Euclidean distances and
dendrograms of objects association, has found that physical
and mechanical properties of soils in the state of El Jaseera
in Mesopotamia (the area between the White and Blue Nile)
change in the direction from north to south. According to the
results of the study, it is proposed to divide the whole region
into two unequal zones.

2. According to the results of a factor analysis, the most
significant factors, operating in the study area, are identified.
This allowed to make maps-schemes of factor loads on the
basis of positive and negative load factors. Analyzing the
joint distribution of three factors in Mesopotamia, we can
identify several areas where two or three factors act simul-
taneously. This indicates the similarity of engineering and
geological processes that take place in these areas.

3. The results of a factor analysis of experimental data
revealed physical characteristics of soils, which have the
greatest impact on mechanical ones. Such predictors for
zone |, covering about 80% of the territory of Mesopotamia,
are the specific gravity y and the number of plasticity Ir.

4. Multiple step-by-step regression analysis of these phys-
ical and mechanical properties of the swellable soils of Meso-
potamia in zone |, allowed to establish reliable regression
dependences between the angle of internal friction @ and the
number of plasticity Ir. With the help of these dependencies,
tables of normative values of soil strength characteristics as a
function of physical characteristics and degree of swelling
were compiled. They are recommended for practical applica-
tion in foundations design of low-rise buildings and structures
in Greater Khartoum and Northern El Jaseera.

5. Reliable regression equations have been obtained.
They differ from those used in foreign practice by numerical
coefficients, making it possible to calculate deformations of
the rise of bases and foundations.
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OOCNIIKEHHA METOOAMU BATATOBUMIPHOIO CTATUCTUYHOIO AHANI3Y HABPSIKAIOUYMX I'PYHTIB
AK OCHOBU ®YHOAMEHTIB IHXXKEHEPHUX COPYQl Y CYOAHI

3anponoHoeaHo Hosuli cnoci6é AocnidxeHHs1 Habpsikalo4yux r'pyHmie sik ocHoeu ¢pyHOameHmie memodamu

IYHOJ € ICMuKu, wo

8K/Il0Yae knacmepHul, ghakmopHull i kopensiyiliHo-pezpeciliHull aHanis3u. 3a pesynbmamamu Yux aHasnilie ecmaHoesieHo HopMamueHi 3Ha4eHHs
Xapakmepucmuk MiyHocmi yux rpyHmie 3anexHo eio ix ¢pisudHux enacmueocmel i cmyneHsi HabpsikaHHSI, MeXi 3acmocyeaHHsl, nepesaxasbHi
ghakmopu i kopensayiliHi 3anexHocmi MiXX pi3HUMU MokasHUkamu enacmueocmel rpyHmie. 3anponoHoeaHo crnocié 3oHyeaHHs1 docidxyeaHoi me-
pumopii, wo npuszeodumsb 3o Moxueocmi dughepeHyiliHo2o 3acmocyeaHHs HOPMamueHUX Xapakmepucmuk rpyHmie. Po3po6nieHo npono3uuii 3
npoekmyeaHHs OCHoe i pyHOameHmie Ha Habpsikaro4ux rpyHmax. Memodu onpo6oeaHo Ha rpyHmax CydaHy.

Knroyoei crnoea: Habpsikatoyi rpyHmu; ¢hizuyHi enacmueocmi; cmyniHb HabpsikaHHs; Hecy4ya 30amHicmb; 30Hy8aHHsi mepumopii; pyH0ameHmu;
Kr1acmepHutl, hakmopHul i KopensyitiHo-peepeciliHull aHani3u; nepesaxasbHi pakmopu i kKopensayitHi 3anexHocmi.
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WCCNEAOBAHUE METOOAMU MHOOMEPHOI'O CTATUCTUYECKOIO AHAJTM3A HABYXAIOLLNX TPYHTOB
KAK OCHOBAHUA ®YHOAMEHTOB UHXXEHEPHbIX COOPYXXEHUU B CYOAHE

IMpednoxeH Hoeblli cnocob uccredosaHusi Habyxarowux epyHmMoe Kak ocHoeaHusi gpyHlameHmoe Mmemodamu 19eckol ICMUKu,
eknoYaroujell KnnacmepHbil, haKmMopHbIl U KOPPETAUUOHHO-PE2PECCUOHHBIU aHanu3bl. [1o pesynbmamam amux aHa/u30e ycmaHoeseHbl HopMa-
mueHble 3Ha4YeHUs1 XapaKkmepucmukKk MPOYHOCMU 3MuX 2PyHMO8 & 3a8UCUMOCMU Om UX (hU3UYECKUX ceolicme u cmeneHu HabyxaHusi, 2paHuybl
npumeHeHus, npeo6adaroujue ¢hakmopbl U KOPPETAYUOHHbIE 3a8UCUMOCMU MeXOy pa3HbIMU Mokazamesnsimu ceolicme 2pyHmos. [pednoxeH cno-
co6 30HUpoeaHus uccriedyemoli meppumopuu, 4mo rnoseosisiem dughghepeHyupPo8aHo NPUMeHsiMb HOPMamueHbIe XapaKmepucmuKku 2pyHmos. Pa-
3pabomaHbl NPeos1oXXeHUs Mo MPOeKMuUpPo8aHUo ocHogaHull u gpyHOameHmMoes Ha Habyxarowjux epyHmax. Memodsbi ucnbimaHbi Ha 2pyHmax CydaHa.

Knroyeenle crioea: Habyxaroujue 2pyHmbI; ghusudeckue ceolicmea; cmeneHs HabyxaHusl; Hecyujasl crioco6HOCMb; 30HUPO8aHUe meppumopuu; gyH-
dameHmbI; KnacmepHbIl, hakmopHbIl U KOPPESISIYUOHHO-PE2PECCUOHHBIL aHanu3bl; npeobnadaroujue ghakmopbl U KOPPEIAYUOHHBIE 3a8UCUMOCMU.
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