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Abstract. The active development of the construction industry leads to the fact that territories composed of specific
soils are covered. The number of storeys and the complexity of the constructed structures are increasing. Limited
financial and time resources require more efficient methods of pre-survey of the development site. In this regard, the
requirements for engineering and geological research are increasing. Areas composed of swelling soils require special
attention. Swelling clay rocks have the ability to change their volume when wet and thus pose a serious threat to
the stability of structures and foundations. The measurement of swelling characteristics takes a long period of time
and requires a significant investment of money. The purpose of this study is to establish the relationship between
the physical and geological characteristics of clay soils, which require minimal resources, and their relative swelling
using machine learning methods. As input data for building a relative swelling model of clay rocks, the physical
characteristics of soils were used, such as water content, liquid limit, plastic limit, plasticity index, liquidity index, solid
particles density, soil density, dry soil density, buoyant density, void ratio, maximum water capacity, soil's moisture
level. According to these characteristics, three relative swelling models were built using the following machine learning
methods: Decision tree, Gradient Boosting, Random Forest. The models were evaluated using the Mean Squared Error
parameter, which measures the standard deviation between predicted and true values. As a result of evaluating this
criterion, the Random Forest model was chosen to build the relative swelling model. The presence of a relative swelling
predictive model will save money and time resources at the preliminary stage of engineering and geological studies.

Keywords: clay soils, montmorillonite clays, swelling, Random Forest model, Quaternary deposits, Neogene deposits.

Introduction

Currently, there is an active development of the
construction industry. Intensive urban development
leads to the development of territories with complex
geological conditions [1]. One of the important stages
of pre-design work in the construction of buildingsand
structures is geotechnical investigation. The purpose
of geotechnical investigation is a comprehensive
survey of the future construction site, specifically
the research of the territory geological structure,
groundwater monitoring, determination of the
physical and stress-related characteristics, forecasting
hazardous natural and man-made processes.
Particular attention should be paid to subsidence
and swelling soils, since the subfoundation must be
designed taking into account these features.

Subfoundation built with swelling soils should be
designed taking into account the ability of such soils
to increase in volume with increasing water content —
to swell. With a subsequent decrease in water content
in swelling soils, the reverse process occurs — shrin-
kage [2]. The main swelling soils feature is drastic
in their bearing capacity reduction during soaking.

Underestimation of swelling soils causes damage

to many industrial and civil structures. Such soils
are distributed all over the world and numerous
damages that have been received as a result of
their swelling properties have been documented in
different countries, such as Saudi Arabia, Germany,
France, Poland, Italy, Spain, USA [3], [4], [5]. Including
such damage was recorded in the city of Karaganda,
the Republic of Kazakhstan. In 2012, four 5-storey
sections of the eight-section Besoba apartment
complex collapsed [6], so the issues discussed in this
article are very important and relevant. An increase
in soil’s water content can occur as a result of the
following processes [7]:

- due to groundwater level rise or infiltration —
soil moistening by industrial or surface waters;

-accumulation of moisture under structures
in a zone limited in depth due to violation of the
natural conditions of evaporation during the territory
development (shielding of the surface).

Determining the swelling properties of clay rocks
in the laboratory is costly and time consuming. In
this regard, it is important to derive the correlation
dependences of soil swelling parameters on their
physical characteristics.The availability of predictive
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models to correlate swelling properties with physical
characteristics would significantly reduce the cost
and time spent, at least at the preliminary design
stage [8]. To this date, numerous studies and analysis
of factors that affect soil swelling have been carried
out. A generalization of the study’s results on the
correlation of the selected parameters is presented in
Table 1 [1,9-12].

In thisregard, this study is devoted to determining
the relationship between the relative swelling of
clay soils in Karaganda city and their physical and
geological characteristics using machine learning
methods.

Research methods

As a result of geotechnical investigation in
Karaganda city, 399 samples of clayey rocks (clays and
loams) were selected and examined in the laboratory
and the values of the following characteristics were
obtained: water content (w), liquid limit (W), plastic
limit (Wp), plasticity index (Ip), liquidity index (I.),
solid particles density (p;), soil density (p), dry soil
density (pay), buoyant density (py), void ratio (e),
maximum water capacity (W,), soil's moisture level
(5)), relative swelling (). Tests in the laboratory to
determine the physical characteristics of the soil and
relative swelling were carried out according to the
standards applied in the territory of the Republic of
Kazakhstan. Swelling characteristics are determined
by the results of testing samples in consolidometer
when the soil is saturated with water. For testing,
samples of undisturbed structure with natural water
content or samples of disturbed structure with
specified values of density and water content are
used.

Theareasof workwhere geotechnicalinvestigation
were carried out is orographically part of watershed
between the Nura and Sherubainur rivers. In general,
the relief of the site is a wavy plain, complicated by a
small hill. Clays exposed in the studied areas belong
to the Neogene period, loams to the Quaternary.
Lower Quaternary deposits are brown and greenish-
gray loams with interlayers and lenses of gravels,
sands and sandy loams. The thickness of the
Neogene sediments occurs throughout the territory
of the Central Kazakhstan shallow hills. Here, green,

greenish-gray montmorillonite clays with manganese
«buckshot», places with gypsum and marl lenses,
which belong to the Aral Formation of the Lower-
Middle Miocene age, are widely developed. The
predictive model producing of relative swelling was
carried out using machine learning methods such as
Decision tree (DT), Gradient Boosting (GB), Random
Forest (RF). The high-level programming language
«Python» with «Anaconda» distribution kit was
used as tools for creating the model. The following
parameters were used as input data: physical
characteristics of rocks, groundwater level, sampling
depth, soil type. At the same time, 80% of the data
was used to train the model, and 20% were used
to validate the constructed model, according to the
Pareto theorem. To select the parameters that have the
most pronounced relationship with relative swelling,
the method of recursive feature exclusion was used.
The adequacy of the regression models was assessed
by the Mean Squared Error (MSE) indicator, which
measures the standard deviation between predicted
and true values. When this indicator tends to zero, the
result is considered the best. Also, to select the best
model, in addition to the average value of the MSE
indicator, a box plot of the MSE indicator was used,
which visualizes the difference in the distribution of
this indicator between the three models.

Results

The database of laboratory studies consists of
350 samples of clay rocks and was compiled as a
result of geotechnical investigation in Karaganda,
Kazakhstan. Clay rocks are represented by loams
and clays of the Quaternary and Neogene periods,
respectively, which were territorially selected in
areas located within Karaganda city. To select the
soil's physical characteristics that have the most
pronounced relationship with relative swelling, the
recursive feature selection method was used, which
selected the following soil properties: W, Wy, Wy, I,
I, ps S: (Figure 1).

In addition to the selected physical characteristics,
the input data were:

-type of soil — loam and clay. The lithology
differentiation of rocks makes it possible to take into
account the genesis and age of rocks;

Table 1 — Empirical dependencies for assessing soil swelling
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- groundwater level and sampling depth. They
take into account the position of the clayey stratum
relative to the aquifer in natural environment.

Based on the selected input data, a predictive
swelling model was developed using three machine
learning methods. Models were evaluated using
the MSE parameter (Table 2) and the MSE box plot
(Figure 2).

Analyzing the box plot, which displays the
median, quartiles, maximum and minimum values,
outliers for all three methods, it can be visually
noted that the Random Forest method has the best
distribution of values. Table 2 shows that the model
was developed by the Decision tree method has
the highest MSE and is 101.20, which indicates the
absence of any relationship between the studied
parameters.

Table 2 — Results of data processing by machine
learning methods

Model MSE value
Decision tree 101.20
Random Forest 50.10
Gradient Boosting 52.40

The Random Forest method has the lowest and,
therefore, the best MSE indicator and is 50.10. The
MSE of the model was developed using the Gradient
Boosting method takes an intermediate value between
the smallest and the largest MSE value and is 52.40.

Figure 3 shows the results of swelling prediction
using the Random Forest method. The blue color
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Figure 1 — Feature Selection for mathematical model development
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Figure 2 — MSE box plot
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indicates the measured values that were obtained
through laboratory tests, the red color indicates the
predicted values obtained as a result of developing a
predictive model.

For plotting, 70 clay relative swelling values (20%
of the data used for validation) were used, which
were obtained as a result of developing a Random
Forest model.

The scatterplot (Figure 4) shows the correlation
between predicted and measured relative swelling
values. The coefficient of determination (R?) was
0.60. Correlation coefficient (R) — 0.77. This suggests
that the relationship between the variables (relative
swelling and physical, geological characteristics) is
high.

35.00

30.00

3%}
wn
=]
(=]

20.00

15.00

10.00
5.00 l
0-00 a2 L I i I

Relative swelling. %

Al

Conclusions

Based on the results of this study, the following
conclusions can be drawn:

-in this study, machine learning methods were
used for modeling aimed at offering a new approach
to predicting the relative swelling of clay rocks
without laboratory studies: the relative swelling (&)
was estimated based on geological characteristics
(rock type, bedding rocks relative to the aquifer, rock
age) and physical characteristics (w, Wi, Wy, I, I, ps,
S,) for loams and clays of Karaganda city based on
350 samples obtained as a geotechnical investigation
results;

- comparison of Decision tree, Random Forest,
Gradient Boosting models based on MSE and
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Figure 3 — Histogram comparing measured and predicted relative swelling values
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scatterplot. To predict the relative swelling, the | clay rocks compared to models developed using the
Random Forest method was chosen, as it has the | Decision tree and Gradient Boosting methods;
lowest MSE and the best distribution in the scatterplot; - coefficient of determination, which amounted

- this study showed that the model which was | to 0.60, indicates that it is possible to apply the
developed using the Random Forest method is the | developed model in geotechnical investigation for
most effective for modeling the relative swelling of | the preparing of pre-project documentation.
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AHOamna. Kypbineic canaceiHbiH 6eaceHOi damysi besneini bip monelipakmapoaH mypamelH ayMmakmaposlH KAMMblaybi-
Ha okenedi. CanbliHFAH KypolabiMOapObiH Kabammeinbirbl MeH Kypoesniniei apmesin Keneodi. Lllekmeyni aKkwa xaHe
YAKbIMWwa pecypcmap KypblasiC anaHbiH aa0biH-aaa bapaaydeih muimoi adicmepiH Kaxcem emedi. OcoiraH 6alinaHeic-
Mol UHXYceHepsiK-2e0102UANbIK 3epmmeysep xHcypaizyze KoliblaamosliH mananmap apmyod. KoxbsimMa moneipakmapoaH
mypamelH aymakmap epexkuie Hazap aydapyosi kaxem emedi. IciHeeH ca3dbl may HbIHbICMApP blAFaAO0aHFOH Ke3oe
0/1ap0bIH KesemMiH e32epmy KacuemiHe ue #aHe ocblaaliwa KypblasiMOap MmeH ipzemacmapoblH mypakmbiablFbIHA ali-
mapasikmal Kayin meHJdipedi. IciHy cunammamanapsiH esawey y3aK yaKblimmol Kaxem emeodi ¥aHe KapamammeolH
alimapneikmali yneciH anadel. bysa 3epmmey0diH MaKcamel MawuHaAsbIK OKbImy a0icmepiH K0a10aHa 0mblpbir, 010p0bIH
CanbICMbIPMabl iCiHYiHEeH eH a3 pecypcmap ¥ymcaaamelH ca3 6aaWbIKMbl MonbipaKkmapobiH 2e0102UAMbIK HaHE Pu-
3UKabIK cunammamanapeiHeiH 6alnaHbICbiH aHbIKMay 60761 mabbiaadsl. Ca30bl MAy HbIHLICMAPbLIHbIH, CAALICMbIP-
Manbl iciHy MoOesiH Kypy yWwiH Kipic depekmep pemiHOe mornbslpakmeolH (hU3UKAbIK CUNAaMmMamanapsi naliidanaHelnodel,
MbIcasnbl, mMabusu biaFas, AKKbIWMbIK WEKAPACbIHOAFbI blAFas, HaAlmanan #asy weKapacbiHOGFs! blaFas, Uinimoinik
CaHbI, AKKbIWMbIK Kepcemkiwi, monblpakK 6eaweKkmepiHiH, molfbi30bifbl, MOMbIPAKMbIH MbIFbi30bIFbl, KYPFAK MOMbI-
PAKMbIH MbifbI30biFbl, KAablnmsl #aFoalioarsl Mblfbi30biK, KEYeKmisnik KosghguyueHmi, #anmsl blaFas collibiIMObIbIFbI,
blFan0bIAbIK 0apexceci. Ocbl cunamMmamanapra calikec MawUHaAsbIK OKbiImyOblH Keseci adicmepimeH canbicmolpMarnsl
iciHydiH yw modeni wcacandel: Decision tree, Gradient Boosting, Random Forest. Modensdepdi 6aranay 6oaramosl
HaHe wbiHalibl M3HOepP apacsIHOAFbl opmawa K8adpammelK aysblmKyosl eawelimiH Mean Squared Error napamempi
6olibiHwa Hypeizindi. Ocbl Kpumepulidi 6aranay HamuxeciHoe Random Forest modeni cansicmsipmans! iciHy moodesniH
166 Kypy YwiH maH0anoeol.
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Kinm ce3dep: cazdbl may MbiHbiIcmap, MOHMMOPUAAOHUM casdap, iciHy, Random Forest modeni, mepmmik weaiH-
dinep, Heo2eHOIK weeiHOinep.
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AHHOmMayuA. AKmugsHoe pazsumue cmpoumesbHol ompacau eedem K momy, 4mo 0Xeamsi8aromMcs meppumopuu, c/10-
HEHHbIEe CreyupuyecKuMu 2pyHmMamu. Yeeauyusaemcs sSmamtHoCMeo U C/IOHHOCMb 803800UMbIX KOHCMpYKyuli. O2pa-
HU4YeHHble OeHexX Hble U 8peMeHHble pecypcbl mpebytom bosee aghgheKmusHbix Memodos npedsapumesnsvHoli pa3seoKku
3acmpausaemoli NAowadKu. B cea3u ¢ amum noseiwaromca mpebosaHUsA K MPo8edeHU0 UHHEHEPHO-2e0/102U4eCKUX
uccnedosaHuli. 0cobo20 8HUMAHUA Mpebyrom meppumopuu, CAOMEHHbIe Habyxarouwumu 2pyHmamu. Habyxaroujue
2nuHuUcmele nopodsl obaadarom ceolicmeom umeHAMsb ceoli 06vbeM MPU yBAamHeHUU U mem CambiM npedcmassns-
oM cepbe3Hyto yepo3y 044 ycmoliyugocmu KOHCMpYKyul u gpyHOameHmos. MamepeHue XapakmepucmuK HaOyXaHus
mpebyem 0numesibHO20 Nepuood 8peMeHU U 3Ha4YUMes1bHo20 8K1a0a OeHex Hbix cpedcms. Lleabto 0aHHO20 uccnedo-
8AHUSA A8/AA€MCA YCMAHOo8eHUe 83AUMOCBA3U 2e0/102UYeCKUX U (hU3UYECKUX XapaKmepucmuK 2AUuHUCMbIX 2pYHMO8,
Ha rosiy4eHue KomopbIix 3ampayusaromcs MUHUMAsIbHbIE Pecypcbl, 0mM UX OMHOCUMenbHo20 HabyxaHus ¢ npumeHe-
HUem Memooo8 MAWUHHO20 0by4eHus. B Kayecmae 8X00HbIX OaHHbIX 08 MOCMPOeHUs MoOesau OMHOCUMEesNbHO20
HAByXaHUA 2AUHUCMbIX MOPOO UCMO063080/UCL PUUYECKUE XAPAKMePUCMUKU 2pYHMOo8, makue KaK ecmecmeeHHas
8/10#(HOCMb, 8/IAHCHOCMb HA 2PAHUUE MeKy4ecmu, 8/1aHHOCMb HA 2PAHUUe PACKambl8AHUS, YUCAO MAACMUYHOCMU,
roKazamess meKy4yecmu, NA0MHOCMb Yacmuy 2pyHmMa, nA0MHOCMb 2pyHMA, MNA0MHOCMb CYyX020 2pyHMa, naom-
HOCMb 80 838€WEHHOM COCMOAHUU, KO3ghghuyueHm rnopucmocmu, MosaHAsA 871a20eMKOCMb, cmeneHb eaaxcHocmu. 1o
OGHHbIM Xapakmepucmukam 6bia0 MOCMPOEHO MPU MOOesaU OMHOCUMENbHO20 HAbYXaHUSA cedyruumu memoodamu
MaWUHHo20 obyyeHus: Decision tree, Gradient Boosting, Random Forest. OueHka modesneli npou3s8oduaoCy o napa-
mempy Mean Squared Error, komopelli usmepsem cpedHeKsadpamu4yHoe OMKAOHeHUEe MexOy MPo2HO3UPyemMbIMu U
UCMUHHbIMU 3HAYeHUAMU. B pe3sysbmame ouyeHKU 0aHHO20 Kpumepus, 0418 nocmpoeHus moodesau 0mHOoCUMmMesnbHo20
HabyxaHus bbiaa ebibpaHa modens Random Forest. Hanu4yue npoeHocmu4veckoli Modesu omHocumensHo20 HabyxaHus
M10380/1UM CIKOHOMUMb OeHEeH(HbIe U 8PeMEHHbIE PeCcypcsbl Ha npedsapumesnsHol cmaduu UHHEeHepPHO-2e0/102UYeCcKuX
uccnedosarudl.

Knrouesole cnoesa: 2nuHUcMeole nopodsl, MOHMMOPUAIOHUMOB8bIE 2/1UHbI, HabyxaHue, Modesnb Random Forest, yemesep-
Muy4Hble OM/OHEHUS, He02eH0B8ble OM/OKEHUS.
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