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ABSTRACT

Introduction. Designing and constructing highways in difficult soil conditions is a significant engineering objective that
requires a comprehensive approach. Traditional design and construction methods may not be effective in unstable or het-
erogeneous soils, such as subsidence soils. This article discusses key aspects of highway design in complex soil conditions,
including geotechnical analysis methods, material selection and application, and soil reinforcement techniques.

Materials and methods. Plate load tests and static pile tests of soils have provided a detailed assessment of soils’ mechanical
characteristics and bearing capacity in the project area. These tests provide accurate data on the resistance coefficient and de-
formation properties, facilitating the adjustment of design solutions and selecting optimal strengthening and stabilization methods.
Results. The test results showed that the soil-bearing capacity of the pile is sufficient to support the maximum indentation
design load. The authors also discuss a modern stabilization method, such as the use of geosynthetics, which was applied
in the study and improves the bearing capacity and durability of the roadway.

Conclusions. An analysis of successful case studies of projects in difficult soil conditions highlights effective strategies
and methods that can be adapted for different geological conditions. The results of the study emphasize the importance
of a multidisciplinary approach and the application of modern technologies to ensure the stability and reliability of roadways
in difficult soil conditions.
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IIpoexkTHpPOBaHUE M CTPOUTEILCTBO JIOPOT B CI0KHBIX TPYHTOBBIX
YCJIOBUSAIX: MPAKTHYECKHE PEKOMEHIANH
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AHHOTALUMNA

BeepeHue. [poeKkTMpoBaHME 1N CTPOUTENBLCTBO aBTOMOBUBHBIX 4OPOr B CMIOXHbBIX TPYHTOBbLIX YCIOBUSAX — BaXHas MHXe-
HepHasi 3agadya, TpebytoLas KOMMNeKkCcHoOro noaxoda. TpaauUMOHHbIE METOAbl NMPOEKTUPOBAaHNSA Y CTPOUTENBCTBA MOTyT
okasaTbCsl HeaEKTUBHBIMU B YCNIOBUSIX HECTAOUMBHOCTA UNU HEOQHOPOAHOCTU TPYHTOB, HaNpumMep Npu NPoOcCagoYHbIX
rpyHTax. PaccmaTpuBaroTcs krntoyeBble acnekTbl MPOEKTUPOBaHNS aBTOMOOWITbHbBIX AOPOT B CIIOXHBIX TPYHTOBbLIX YCIOBUSIX,
BKITHOYAsi METOAbl FEOTEXHUYECKOrO aHanmaa, BbiIoop U NpMMEHeHNe MaTeprarnoB, a Takke METOAbl YKPENIEHWS rpyHTa.
MaTepuansi 1 meToabl. LLITamnoBble 1 cTaTU4eckMe CBalHbIE UCTbITAHUSI TPYHTOB MO3BOMNMMN NOAPOGHO OLEHUTb UX Me-
XaHUYEeCKMe XapakTEPUCTUKN U HECYLLYIO CMOCOBHOCTL B YCNOBUSIX CTPOMNIIOWaaKu. Takme UcrblTaHust 4atT BO3MOXHOCTb
MOMNY4YNUTb TOYHbIE AAHHBIE 0 KO3 DULIMEHTE CONPOTUBNEHMUS 1 AePOPMaLIMOHHBLIX CBOMCTBAX, YTO 0breryaeT KOppeKkTUpoB-
Ky NPOEKTHbIX PeLLUEHNA 1 BbIGOp ONTUMarnbHbIX METOAOB YKPENMeHUst 1 cTabunmsauum.

Pesynbrartbl. Pe3ynbraThl UCMbITaHUA NOKa3anu, YTo HecyLlas CnoCoBHOCTb AOCTaToMHa ANst BOCNPUATUS MakCMManbHOM
pac4eTHOWN Harpy3ku Npu BAaBnMBaHUn. ABTOpbI Takke 06CyKaatoT Tako COBPEMEHHbI MeToz cTabununsaumm, kak Ucrnosb-
30BaHNE re0OCUHTETUYECKMX MaTepMarnoB, KOTOPbIN NPUMEHEH B UCCnefoBaHum. [JaHHbI METOA TakKe NOBbLILLAET HECYLLYIO
CrnocobHOCTb U A0NTOBEYHOCTb AOPOXHOMO MOKPLITHS.
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INTRODUCTION

The distribution of loess rocks occupies a con-
siderable part of the land, in Kazakhstan, loess, and
loess rocks are distributed mainly in the south and east
of the country, which were formed under the influence
of cryogenesis processes in the periglacial conditions
of the mountain glaciations of the Tien Shan and Pamir
[1]. A distinctive feature of collapsible soils is their
ability when stressed by their weight or the foundation’s
external load, to give additional settlements, called
collapses, when moisture increases — soaking [2].
Collapsible soils include loess, loess-like sand—clays,
loams, and clays, some types of head loams and sand—
clays, as well as, in some cases, fine and dusty sands
with high structural strength, bulk clay soils, industrial
wastes (grate dust, ash, ash deposits, etc.) [3]. Indirect
methods [4] of determining collapsibility are used at
the earliest stages of the investigation of loess soils in
the territory under study to determine the propensity
of soils to collapse. Based on their assessment
of the choice of methods of further research of soils and
justification of appointments of field and laboratory tests
[5], the approximate evaluation of the volume of work
unlike direct methods, doesn’t allow for estimating
the numerical collapsibility value of loess soils.

The indirect methods of investigation of collapsibility
use the so-called “visual indicators” and indirect indicators.
Visual indicators include the following already mentioned
signs: climate and topography, thickness of loess rocks,
and depth of occurrence of ground waters [6], loess
rocks also have characteristic mineral and granulometric
composition and appearance of rocks. The indirect
indicators include calculated indicators [7]. The main
ones are the coefficient of soil porosity, the dry density
of the soil, water saturation ratio, and collapsing index,
as well as the reduction coefficient of structural strength
when wetting, macroporosity index, moisture deficit ratio,
and collapsing index [8]. In difficult soil conditions before
constructing structures, it is necessary to apply various
methods to increase collapsible soil’s bearing capacity and
stability [9]. The bearing capacity of such soils is low, so
before making foundations on them, applying different
soil stabilization methods is necessary. Three groups
of methods are used for the improvement of soil bases:
constructive methods of base improvement; compaction
of soil bases; and consolidation of soil bases [10].
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Today the practice shows different methods and
ways of eliminating subsidence properties of soils by
their compaction or consolidation; the device of soil
cushions is used. To consolidate the subsidence soils,
use the methods of one-solution silicification or thermal
firing [11-13]. The device of ground cushions creates
a layer of non-subsidence soil in the foundation base.
Another practice presented the construction of fixed
soil columns and piles in weak dusty-clayey soils
when combinations of jetting and boring methods
or combination of jetting technology with the immersion
of ready-reinforced concrete elements are also promising
[14]. Also, one of the effective methods of designing
structures on subsidence soils is the reinforcement
of foundation soils. One of the basic concepts of soil
reinforcement is reduced to the scheme when the weak
soil mass is reinforced with high-strength elements and
diaphragms placed in the ground [15]. In this case, both
vertical and horizontal reinforcement is possible, which
in each case has a different effect on the stress-strain state
of foundation soils and the operation of foundations.
The improvement of ground and soil base reinforcement
is directly related to the materials used for reinforcement
[16, 17].

MATERIALS AND METHODS

The projected section of the highway is in Almaty
region [18]. The “Zero end of the survey” is located
on the western side of Almaty city. The road is designed for
traffic speeds up to 150 km/h [19]. Geomorphologically,
the development site is located within a sloping plain
in the foothills, extending northward from the foot
of the Zailiyskiy Alatau. The climate of the district is
sharply continental. The climate features of the district
are determined by the latitude of orographic elements
on its surface. The combination of climate-forming
factors leads to the prevalence of hot, dry weather with
sharp seasonal and daily fluctuations in air temperature.
Summers are hot, winters are moderately cold and mild
[20]. It rains in spring and summer.

The Tien-Shan region is a complex mountainous
country formed because of repeated changes in
the tectonic regime. The oldest geosynclinal period
of tectonic development extended from the Archean
to the Ordovician. From the orographic point of view,
the region is represented by a complex system of ridges
and depressions. The Tien Shan region is formed by
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the structure of Precambrian and Caledonian folds.
The Alpine folding began in the Upper Cretaceous and
continues to this day with interruptions.

The relief was formed because of the active activity
of debris flows and river waters and represents a weak
hilly plain with river valleys, where remnants of floodplain
terraces [ and II are observed. There is a general northward
slope of the relief.

Hydrographically, the study area is located between
the Kaskelen and Talgar rivers, through which the project
route passes.

The project road directly crosses a network of water-
courses. Because the route of the projected road passes
through these watercourses, they will have a direct impact
on the formation of engineering and geological conditions
of the projected object.

The geological structure of the area involves fri-
able Quaternary sediments overlying the basic rocks
of the Paleozoic era. Local deposits are represented
by granitoid, granodiorite, and porphyry intrusions in
the river basins crossing the Zailiyskiy Alatau ridge.
These rocks do not have a determining influence
on the engineering-geological conditions of construction,
so a detailed description of the bedrock is not given.
Loose sediments of the middle and modern Quaternary
periods form a complex of alluvial-pluvial rocks.

For detailed determination of the geological
and lithological cross-section along the route axis 51
exploration boreholes with a depth of up to 6.0 m, totaling
1.0 m, were drilled. Absolute marks of the boreholes are
631.59-680.70 m. The section of the route is represented
by a soil and vegetation layer from the surface
of the Earth, with a thickness of 0.2 m. Below lie loams
with a thickness of up to 6.0 m, uncovered from hard-
liquid consistency, as well as hard sandy loam with
a thickness of up to 1.5 m. Below are layers of medium-
coarse and coarse sand with a thickness of 0.6 m.

Table 1. Physical and mechanical properties of soil [18]

Tab.1. 1. Duszuko-MexaHu4ecKre CBOMCTBa MOUBHI [ 18]

Embankment occurs on existing highways where
soil has been cross-cut. It is represented by a semi-
hard loam containing crushed stone. The maximum
exposed thickness is 3.2 meters. During the study
period, groundwater was opened at a depth of 1.0-7.8 m.
Physical and mechanical properties of soil are given in
Table 1, 2.

Calculated values of soil characteristics are given
considering the soil reliability coefficient. According to
the degree of frost hazard, the soils are hard loam, semi-hard
and hard sandy loam — not granular, medium coarse sand,
coarse sand — slightly granular, dense plastic loam —
moderately granular, soft plastic and liquid plastic loam —
strongly granular. During search wells up to 6.0 m,
groundwater was uncovered at a depth of 1.0-7.8 m
seasonal amplitude of age fluctuations +1.0—1.5 m.
Groundwater-fresh water to slightly brackish, bicarbonate,
sodium-calcium. The degree of sulfate-aggressive
impact of groundwater on concrete according to
the permeability of Portland cement W4 is non-aggressive
and very aggressive. The degree of aggressive impact
of groundwater on the reinforcement of reinforced
concrete structures (by chloride content) under periodic
wetting is slightly aggressive.

Investigation of the bearing capacity of the foundation
soil under the overpass was carried out at 3 points
of plate loading tests [21]. Tests were carried out at air
temperature +8 °C. Values of Eu, U, and Ks are defined
because of the cameral processing of sizes of loadings
and deposits corresponding to them received during static
plate tests. Plate-bearing tests are the most reliable method
of the deformation module definition, module of elasticity,
coefficient of soil bed, natural bases, and constructive
layers of pavement surfacing [18]. The plate installation
with the rotary console operating by the balance beam
principle was used for tests.

To determine the bearing capacity and deforming capa-
city of piles in the ground with the establishment of the pile

Parameter name EGE-2a EGE-2b EGE-2v EGE-2d EGE-3a EGE-4v EGE-4g

Liquid limit, % 26.9 26.3 27.1 273 20.7 - -
Plastic limit, % 18.8 18.7 18.9 19.0 16.9 - -
Plasticity index, % 8.1 7.6 8.2 8.3 3.8 - -
Index of liquidity, % <0 0.38 0.62 0.94 <0 - -
Natural humidity, % 12.2 21.6 24.0 26.7 4.6 - -
Soil particles density, g/sm? 2.71 2.70 2.71 2.71 2.69 - -
Soil density, g/sm? 1.61 1.91 1.94 1.84 1.61 1.62 1.88
Dry soil density, g/sm? 1.45 1.57 1.57 1.45 1.54 - -
Void ratio 0.86 0.72 0.73 0.87 0.74 - -
Degree of humidity - - - 0.97 - - -
Coefficient of permeability, m/d - - - - - 7.4 -
The natural angle of slope in B 3 3 B B 35 38
the dry state, deg.

Soil resistance, kPa 318.0 145 98 98 294 400 500
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Table 2. Normative and calculated values of soil characteristics

Taou. 2. HopmatuBHbIEe U pacueTHbIE 3HAUCHUS XapaKTEPUCTHK [10YBbI

GE Unit weight of soil, kN/m Intercept cohesion, kPa Angle of internal friction, deg. Modulus of
norm PII PI norm CII CI norm yll vl deformation, MPa
1 2 3 4 5 6 7 8 9 10 11
22.0 22.0 15.0 22.0 22.0 19.0 13.7
2a 1.6l 161 1.58 16.0* 16.0* 11.0% 16.0* 16.0* 14.0* 7.8%
*
2b 1.91 1.91 1.87 25.0 25.0 17.0 21.0 21.0 18.0 };2*
13.0%*
2v 1.94 1.94 1.90 21.0 21.0 14.0 18.0 18.0 16.0 12.0%
2d 20.3 20.3 20.1 13.0 13.0 8.7 5.0 5.0 43 7.7
13.0 13.0 9.0 24.0 24.0 21.0 10.6
3a 1.6l 161 1.58 11.0* 11.0* 7.0* 21.0* 21.0%* 18.0%* 7.0%
4v 1.62 1.62 1.59 1.0 1.0 0.7 35.0 35.0 32.0 30.0
4g 1.88 1.88 1.84 1.0 1.0 0.7 38.0 38.0 34.0 30.0

Note: * — the denominator shows the characteristics of soils in the water-saturated state.
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Fig. 1. Hydraulic pump with pressure gauge for pressure monitoring

Puc. 1. I'uapaBnrueckuii HaCOC ¢ MAHOMETPOM JIJIsl KOHTPOJIS 1aBIeHUs

Fig. 2. System of experimental and anchor piles

Puc. 2. Cucrema SKCIICPUMCHTAJIbHBIX U aHKEPHBIX cBait
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motion dependence in the ground, static tests [22] were
carried out with a backward load of the bored pile No. 3
of the support No. 3 of the track bridge (Fig. 1, 2). Loading
device and measuring instruments consist of a power
stand, jack DG200P250, hydraulic pump, deflection
meters 6PAO-0.01, tape measure, WIKA monometer.
Ateach stage of pile loading calculations were obtained
on all devices with an interval of the first hour 15 min, with
a further interval of 30 min until the weakening of di-
splacement (shrinkage) of the pile, which is called conditional
stabilization. For conditional stabilization of the pile
by the pile design, the rate of displacement (shrinkage)
of the pile in the soil, according to GOST 5686-2012
[23, 24], not more than 0.1 mm for the last 60-minute
observations at this stage of loading was adopted.
The zero readout was obtained from the instruments
before loading the pile. The first readout was taken

Table 3. Plate-bearing test results

TabJ1. 3. Pe3ysbTarhl IITAMIIOBBIX UCIIBITAHUN

immediately after the load was applied. The dwell time for
cach stage, from the first to the eighth stage, was 120 mi-
nutes for each pressurized stage. In the ninth stage, time
amounted to 270 minutes.

RESULTS OF THE RESEARCH

The results of the plate-bearing tests are shown in
Table 3 and Fig. 3.

The following conclusions can be drawn based
on the results of tests carried out on km P 1 on the study
of the bearing capacity of the artificial soil of the base
under the pipe:

* the average modulus of deformation of the structure
at 3 test points makes the following: £, = 16.43 MPa;

* the average modulus of elasticity of the structure
atall 3 test points is: £, = 60.68 MPa;

Location Soil Deformation modulus £, , MPa | Elastic modulus £, , MPa Coefficient of compaction K

Point 1 11.4 57.0 ~0.88

P1 Point 2 16.5 65.4 ~0.92
Point 3 214 59.64 ~0.96
Point 1 27.54 58.50 ~0.98

P2 Point 2 22.85 70,76 ~0.95
Point 3 11.70 - <0.9
Point 1 30.4 116.65 0.94-0.98

P3 Point 2 18.34 84.77 <0.94
Point 3 20.38 85.35 0.945-0.95

Note: * — characteristics are given for soil at a water-saturated state.

Pressure, kgflcm?
g 2 3 4 5 6
0,00
1,00
200
3,00
4,00

Settlement, mm

500
6,00
7,00

£.00

deformation

Pressure, kgf/cm?
0 1 2 3 4 5 6
0,00

1,00
2,00
3,00
4,00

5,00

Settlement, mm

6,00
7.00

= General deformation == Elastic deformation

b

Pressure, kgffem?

Settlement, mm

g General deformation

3 4 ] 6

== Elastic deformation

C

Fig. 3. Plate-bearing test results: « — point 1; 5 — point 2; ¢ — point 3

Puc. 3. Pe3ynbrarsl ITaMITOBBIX UCIIBITAHUNA: @ — TOYKa 1; b — Touka 2; ¢ — To4Ka 3
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* the compaction factor of artificial base layers
ranges from K =~ 0.88-0.99.

The following conclusions can be drawn based
on the results of the tests carried out on km P 2 in
the study of the bearing capacity of the artificial soil
of the base under the pipe.

About the 1st and 2nd points:

* the average modulus of deformation of the structure
at 2 test points is the following: £, = 25.20 MPa;

* the average modulus of elasticity of the structure
for 2 test points is the following: E, = 64.63 MPa;

* the average compaction factor of the structure for
the 2nd test point follows K ~ 0.97.

About the 3rd point:

* structural deformation modulus £ = 11.70 MPa.

The modulus of structure elasticity is not considered
correctly in the 3rd point due to extremely small elastic
deformations and accumulation of residual deformations.
During the tests, it was seen that the 3rd point is in the local
depression area with standing water, respectively, due to
the presence of standing water, friction forces and inter-
locking between crushed stone particles do not occur. This
leads to a low compaction factor of the artificial base K <0.9,
extremely low elastic deformations, and an accumulation
of residual deformations under the plate during testing.

The following conclusions can be drawn based on
the results of the test for (km P 2) on the study of the be-
aring capacity of the artificial base soil under the pipe:

* the average compaction factor of the natural base
at 3 points varies within the range: at a depth of about
10-30 cm from the surface of the K plate of the soil =
~ (0.956 — at a depth of more than 40 cm from the plate
surface, where K soil is < 0.945;

* the average modulus of structure deformation at
3 test points is the following: £, = 23.04 MPa;

* the average modulus of structure elasticity for all
3 test points is £, = 95.57 MPa.

The following conclusions can be drawn based
on the results of the tests performed (km P 3) on the study
of the bearing capacity of the artificial base soil under
the pipe:

* the average compaction factor of the natural base
at 3 points varies within the following: at a depth of about

Table 4. Design loading scheme

Taou. 4. PacueTHas cxema HarpyKeHus

10-30 cm from the surface of the K plate of the soil =
~0.955 — at a depth of more than 40 cm from the plate’s
surface, where K soil is < 0.945;

* the average modulus of structure deformation at
3 test points is the following: £, = 23.04 MPa;

* the average modulus of the structure elasticity for
all 3 test points is £, = 95.57 MPa.

The test results showed that the load-carrying
capacity of pile No. 3 at support No. 3 is sufficient to take
the design load with maximum soil pressure. The test
results are presented in Table 4 and Fig. 4. Unloading
was carried out in stages of 212, 159, 106, 53 t.

The maximum displacement of the pile when
reaching the ninth stage of loading, when averaging
the indicators (GOST 5686) control devices deflection
meters when reaching the load — 239.0 tons,
at the 9th stage of loading on the tested pile was
1.48 mm. The number of control devices for
the analysis of settlement — 2, which meets the minimum
requirements of standard GOST 5686. The test results
showed that the bearing capacity of pile No. 3 at support
No. 3, on soil is sufficient to support the maximum
indentation design load.

The design of road pavement structures consists
of two sequentially performed stages — design and
calculation, which are interrelated and should not be
opposed to each other. The design of the pavement
consists of the selection of the most suitable materials
based on local resources and the organization of the work,
in the appropriate dimensioning of the individual layers
and their placement in depth. Construction solutions for
the embankment are presented in Fig. 5. The drainage
layer by the principle of volumetric absorption is built in
a situation where water, which will enter the layer, will
be able to be placed in its pores at full volume. In this
case, no release is made from these layers, and the layers
are placed only under the road pavement.

Water in the drainage layer with some reserve in its
thickness for the height of capillary rise does not harm
the road surface. The choice of drainage design should be
selected based on a technical and economic comparison
of options. Geogrid provides a strong mattress foundation
that significantly increases the stability of the soil.

Location Load No. Pile No. Maximum load, t Average settlement, mm

1 3 27 0.00
2 3 53 0.04
3 3 80 0.05
4 3 106 0.09

P1 5 3 133 0.15
6 3 159 0.26
7 3 186 0.49
8 3 212 0.78
9 3 239 1.47
10 3 265 -
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Fig. 4. Results of static load test

Puc. 4. Pe3ynbrarsl HCHIBITAHUS CTATUUECKONW HATPy3KOM
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Fig. 5. General design solution

Puc. 5. O0miee mpoeKTHOE pelIeHue

The effect of geogrid generated in the embankment body
and the geogrid layer.

CONCLUSION AND DISCUSSION

The study presents the features of the design
of structures in difficult soil conditions and when
designing roads, it is necessary to:

1. When designing structures on collapsing soils,
the possibility of increasing their moisture content due to
soaking the soil from external sources (rainwater, meltwater)
from above should be considered. It is necessary to provide
a set of measures, including the elimination of collapsible
properties (water protection and structural measures).

2. Provide measures to prevent the penetration
of surface and anthropogenic water into the foundations.

3. Provide runoff and channel-regulating structures
and measures to prevent flooding adjacent to unregulated

medium and small rivers and protect crossings under
highways.

4. It is necessary to apply to the pavement “capping
layer” structure in areas where the groundwater level
is close to the bottom of the embankment for a more
rigid resistance to loads from the above structure. It also
reduces the chance of differential settlement in the slab by
supporting it more homogeneously than an unimproved
subgrade. It is also much easier to compact a subbase
on a capping layer than on saturated clay, meaning that
by installing a capping layer, delays in constructing
the subbase due to wet weather can be reduced.

5. To determine the bearing capacity of the soil
foundations of the road highway under construction, one
should rely on the results of the field tests.

6. Application of a comprehensive approach to
improving soil bases.
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