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For five full-scale objects, research methodology and geotechnical control results of physical and mechanical characteristics of
in layers compacted silty loam within the road embankment after its construction and before the operation start are presented.
According to the statistical analysis of the two-factor experiment data sample, empirical coefficients values of the analytical
dependence of stabilized moisture for loams’ in layers rolling on the value of soil skeleton density within the embankment and
the plasticity index of these soils were obtained. It has been proven that this parameter corresponds to the maximum molecular
moisture capacity in clay soils, at which it is most expedient to do in layers compaction to ensure subgrade long-term strength
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Pe3yibTaTH KOHTPOJII0 BJACTHBOCTEN IPYHTIB I0POKHBOT0 HACUITY
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Jlnst °ATH HaTYypHUX 00’€KTIB MOJAHO METOMUKY JOCIHIUKEHb i pe3yJIbTaTH T'€O0TEXHIYHOTO KOHTPOIIO (hi3MKO-MEXaHIYHUX
XapaKTePUCTUK MOIIAPOBO YIIUIBHEHOTO CYNIMHKY ITHIYBAaTOTO B MEXaX JOPOKHBOT0 HACHITY 3a 4ac MicJis HOTO 3BEACHHS Ta
JI0 TI0YATKy eKCILTyaTalii. 3a CTaTHCTMYHUM aHAJII30M BHOIPKM JaHUX ABOYMHHUKOBOTO €KCIIEPUMEHTY OTPHMAHO BEJIMYUHI
eMITIpUYHHUX KOe]illieHTIB aHAIITHYHOT 3aJIe)KHOCTI cTab11i30BaHOT BOJIOTOCTI CYTJIMHKIB IS 1X HOIIAPOBOrO YKOYYBAHHS Bif
3HAYCHHSI [IITFHOCTI CKEJIETY IPYHTY B Me)XKax HACHUITy Ta YMCIa [UIACTUYHOCTI LUX IpyHTIB. J[oBeneHo, 110 neil mapamerp
BIJIIIOBITa€ BOJIOTOCTI MAKCHMAJIBHOTO BMICTY 3B’S13aHOT BOJU B TIIMHUCTUX IPYHTAX, 32 SKOI HAHOUIBII JOIUIFHO MOIIAPOBO
VIIUIBHIOBATH iX A7 3a0€3MeUYeHHsT TPHBAJIO] MIITHOCTI 3eMJITHOTO ITOJIOTHA. Takox MmpoaHani3oBaHO HAMOUIBII MOMyJIspHI
TPEHIIM CyJacHOI TPAHCIIOPTHOI T€OTEeXHIKM: Moau(ikamii KOHCTPYKIii JOPOKHBOTO HACHITYy BIANIOBITHO O HOTO Npu3Ha-
YeHHs, MaTepially, TeOMETPUYHHX ITapaMeTpiB, IPUPOAHUX YMOB EKCILTyaTallil, HeOe3NeUHNX IHKeHEPHO-TeOJIOTTYHUX MPO-
HeciB i T. iH.; KOMOiHAMLii MOUIAPOBOro YIIUIBHEHHS IPYHTY 3 TE€OCHHTETHYHUMH CTKaMH 4u npoctopoBumu (3D) reopermit-
Kamy; rornepenHe Gpi3udHe MOCTIOBAHHS MTPOLIECY YILIIIBHEHHS IPYHTY Ul ONTUMI3aLil peXXUMY 3BEICHHS HACHITY KOHKpPET-
HMM YIIUIBHIOIOUMM MEXaHi3MOM; CTaHAapTHHH J1ab0paTOPHHMIi TECT IEBHOT'O IPYHTY JUIS BU3HAUCHHS ONITHMAJIBHOT BOJIOTOCTI
HOro yIIIbHEHHS 3 HACTYITHUM I0JIbOBUM KOHTPOJIEM SIKOCTI YIIIIBHEHHS; OIIAPOBE YIIIbHEHHS IPYHTY 3 MO3MLi 3a0e3-
TIEYCHHSI TPUBAIO] MII[HOCTI 3eMJITHOTO IIOJIOTHA, TOINO. Biq3HaueHO opHriHAIBHI 0COOINBOCTI B MPOEKTYBAaHHI 3€MJISTHOTO
MIOJIOTHA, SK-TO: BUKOPHCTAHHS €MITIPUYHUX PIBHSIHb B3a€MO3B’ 3Ky MX (DI3MYHUMH Ta MEXaHIYHUMU BJIACTUBOCTSIMHM YIIIi-
JBHEHUX IPYHTIB Yy HACHITy; IPHUHHITTS OPTOTPOITHOI MOJETi IPYHTOBOTO CEPEIOBHINA; MOAETIOBAHHSI METOJOM CKIHIEHHX
€JIEMEHTIB Ipoliecy YIIUIBHEHHS IPYHTIB JUIS HACHILY; 3aCTOCYBaHHS HMOBIPHOCTHUX IiIXO/IB 3 OLiHIOBAHHS HEOXHOPIHOCTI
LITY9YHO CTBOPEHOTO CEpeIOBUINA I pU3UKIB HOTO eKcInTyaTamil

KurouoBi cjioBa: nopoxHiil HacuIl, IpyHTOBa OCHOBA, CYIJIMHOK MMUJIyBaTHil, YIITbHEHHSI IPYHTY, BOJIOTICTh IPYHTY, LIib-
HICTB CKENIeTy IPYHTY, MaKCHMaJbHa MOJIEKYJISIpHA BOJIOTOEMHICTh, TPUBAIA MIl[HICTh, YUCIO TIACTHYHOCTI, METO PIKYUHX
KiJelb, 1abopaTopHe BUIIPOOYBAHHS IPYHTY
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Introduction

A road embankment is an artificial earth structure, the
entire surface of which is located above the earth's sur-
face. During the entire period of operation, it must ef-
fectively resist various influences without changing its
geometric parameters and destruction. The strength of
the subgrade depends mainly on the granulometric
composition, moisture and density of the soil skeleton
pa. In the case of in layers clayey soils compaction, the
soil skeleton density is usually normalized as some ref-
erence value, which is determined for their varieties ac-
cording to the Proctor test or its modifications [1-4].

But the standards accept an optimal moisture W, and
the maximum soil skeleton density pamax as the optimal
compaction parameters, not including the actual mech-
anisms features. In compacted soil, the pores of which
are filled with water, free water evaporates over time,
which causes additional subgrade subsidence. On the
other hand, when compacting low-moisture soil, even
with modern rollers, it is not always possible to achieve
the design coefficient of soil compaction, due to which
additional subsidence deformations are also realized
when such an embankment is compacted [1-4]. Thus,
for road embankment erection it is important not only
to achieve the maximum soil skeleton density, but also
to ensure the long-term strength of the subgrade, when
the properties of the soil acquired by compaction are
preserved during the standard period of operation, and
excessive deformations of the artificial structure do not
occur.

Review of the research sources and publications

The problematic situation described above was one of
the discussions at a number of world and European ge-
otechnical conferences of the last decade, in particular:
18th International conference on Soil Mechanics
and Geotechnical Engineering (Paris, 2013) [5-12],
«XVI ECSMGE Geotechnical Engineering for
Infrastructure and Development» (Edinburgh, 2015)
[13-18], 19th International conference on Soil Mechan-
ics and Geotechnical Engineering (Seoul, 2017)
[19-23], 20th International conference on Soil Mechan-
ics and Geotechnical Engineering (Sydney, 2022)
[24-27]. Reports TC 202: Transportation Geotechnics
are especially profitable in this direction.

Therefore, it makes sense to highlight some of the
most popular trends in modern transport geotechnics
aimed at solving the described problem:

— modifications of the construction of the road em-
bankment in accordance with its purpose, material, ge-
ometric parameters, natural operating conditions, dan-
gerous engineering and geological processes, etc.
[9, 25, 26];

— combinations of in layer soil compaction with
geosynthetic stacks or spatial (3D) geogrids [20, 22,
25, 26];

— preliminary physical (full-scale) modeling of the soil
compaction process to optimize the embankment con-
struction mode with a specific compaction mechanism
[16, 19];

— a standard (tested by geotechnicians of many coun-
tries) laboratory test with a certain soil to determine its

optimal compaction moisture (i.e., plotting the depend-
ence of «soil moisture - soil skeleton density») with
subsequent field geotechnical control of the compac-
tion quality [5, 7, 9, 10, 12, 24]. At the same time, by
the wayj, it is interesting to pay attention to examples of
cracking over time of the soil surface already com-
pacted to the design parameters [14];

— in layer soil compaction precisely from the stand-
point of the subgrade long-term strength ensuring
[8, 15,17, 18, 28, 29, 30], etc.

We will also note original features in the subgrade de-
sign, such as:

— empirical equations applying of the relationship be-
tween the physical and mechanical properties of com-
pacted soils in the embankment [6, 13, 21, 31];

— adopting an orthotropic (anisotropic) model of the
artificial soil environment [32, 33];

— finite element modeling of the soil compaction pro-
cess for embankment [11, 21, 23, 31, 33];

— the application of probabilistic approaches to as-
sessing the artificially created environment heterogene-
ity and the risks of its exploitation [27, 34].

Previously, the authors [28, 29], based on the data of
laboratory studies, obtained an analytical dependence
of the stabilized moisture W) of the compacted sub-
grade loam on the soil skeleton density pg and its plas-

ticity index Ip

wk=a0+al[&]+a2'lp, (1)
Pdo
where  pw=1g/m’; ap=0.531; a;=-0.279;

az = 0.570 — empirical coefficients.

It has been proven [28, 29] that the stabilized mois-
ture is the parameter that corresponds to the maximum
molecular moisture capacity, at what it is advisable to
do the subgrade clay soils multilayer consolidation for
their long-term strength ensuring.

Definition of unsolved aspects of the problem

However, there are currently no results of field re-
search on the patterns of water migration in the massif
of in layer compacted clay soils depending on the plas-
ticity index, soil skeleton density, the height of the em-
bankment, the time factor, etc.

Problem statement

Therefore, the purpose of this work is by controlling
the physical and mechanical parameters of in layer
compacted types of silty loam within full-scale road
embankments during their «rest» (after construction
and before operation) to reveal possible patterns of
changes in the moisture regime in the artificial layer de-
pending on the skeleton density and the soil plasticity
index.

Basic material and results

Research methodology

Full-scale experiments to assess possible water mi-
gration in massifs with in layer rolling of highway em-
bankments and sites were carried out at five sites
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(Fig. 1) in Poltava, Kharkiv, and Chernihiv regions.
Indicative characteristics of loams for rolling;
optimal parameters of their rolling; the required num-
ber of determinations of soil properties in the embank-
ment were determined. The selection (Fig. 2) of
compacted soil samples from the embankment into cut-
ting rings in pits (3 samples per 300 m?) with their
subsequent examination (Fig. 3) by standard methods
[35] was performed immediately after rolling each
layer and after 0.5 — 1 month of «rest».

The physical parameters of the soil and technological
factors that significantly affect the physical properties
values of the compacted clay embankment soils, etc.,
were also highlighted.

b

Figure 1 — Embankment erection (object Ne4):
a — compacting mechanism — roller on the basis
of MOAZ 6014 scraper; b — subgrade after rolling

Figure 2 — Selection of soil in cutting rings
from the road embankment:
a — subgrade surface; b — removing the top layer
and pressing the ring into the soil;
¢ — cutting the soil from the upper
and lower edges of the ring

Figure 3 — Equipment for the soil mechanical
parameters determining:
a — odometer (for performing consolidation,
swelling, collapse of soil);
b — machine for direct shear and consolidation

During the geotechnical control of soil embankment
compaction quality, the following were recorded: the
initial thickness of each soil layer; lowering its surface
under the roller; the initial soil skeleton density within
each layer after filling and planning to the horizontal
level; the number of roller passes for one track; geomet-
ric dimensions of the working body and its mode of op-
eration, etc.

At object Nel the silty loam with the following indic-
ative characteristics was used as a subgrade material:

— natural water content W= 0.21;

— liquid limit ;= 0.40;

— plastic limit Wp=0.23;

— index of plasticity 7p =0.17;

— optimal soil moisture is obtained W,,,= Wp=0.23;

— the average soil skeleton density in the embank-
ment is pgs = 1.65 g/cm’.

Due to the fact that the natural soil moisture is less
than optimal, it was moistened to W,,,=0.23 using a
water washing machine with a technological break of
2-3 hours for uniform distribution of moisture over the
entire layer thickness.
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The layer thickness after soil leveling with a grader
and a bulldozer to the horizontal level was 0.2 m.
The soil was rolled in 14 passes in one track with a
HAMM 3520 single-drum cam self-propelled vibratory
roller and a Hamm HD 150 TT pneumatic wheel roller.

At object Ne 2 the silty, clayey loam with the follow-
ing indicative characteristics was used as a subgrade
material:

— natural water content W= 0.17 — 0.20;

— liquid limit W, = 0.27;

— plastic limit Wp=0.20;

— index of plasticity /p =0.07,

— the average soil skeleton density in the embankment
is pa=1.64 g/em’.

Soil moisture is close to Wo,,= Wp = 0.204. The thick-
ness of the soil layer after planning 0.25-0.3 m. It was
rolled for 6-10 passes in one track with a loaded KrAZ-
256 car.

At object Ne 3 the silty, clayey loam with the follow-
ing indicative characteristics was used as a subgrade
material:

— natural water content W =0.175 - 0.195;

— liquid limit W, = 0.34;

— plastic limit Wp=0.19;

— index of plasticity Ip =0.15;

— optimal soil moisture is obtained W,,,= Wp=0.19;

— the average soil skeleton density in the embankment
is pa=1.705 g/em’.

The soil layer thickness after planning 0.25-0.3 m.
It was rolled through the passes of loaded KrAZ and
MAZ in one track.

At object Ne 4 the silty, clayey loam with the follow-
ing indicative characteristics was used as a subgrade
material:

— natural water content W' =0.21;

— liquid limit W, = 0.355;

— plastic limit Wp=0.22;

— index of plasticity /p =0.135;

— the average soil skeleton density in the embankment
is pa=1.60 g/cm’.

The soil layer thickness after planning 0.25-0.3 m.
It was rolled for 6 - 10 passes with a roller based on a
MOAZ 6014 scraper with a mass of 25 tons per track.

At object Ne 5 the silty, clayey loam with the follow-
ing indicative characteristics was used as a subgrade
material:

— natural water content W= 0.225;

— liquid limit W, = 0.27,

— plastic limit Wp=0.19;

— index of plasticity /p =0.08;

— the average soil skeleton density in the embankment
is pa=1.57 g/em’.

Research results and their interpretation

The moisture of compacted clay soils, collected in
rings from the embankment after 1 month of its «rest»
was on average at the objects:

—Nel — W,=0.17,
—Ne2 — W, =0.13;
—Ne3 — Wi =0.15;
—Ned — W, =0.17,
— Ne5 — Wy =0.15.

Basically, the moisture of silty loams after their in
layer rolling before the start of embankment operation
decreased to the maximum molecular moisture of these
soils. Values of indicative parameters (natural soil
moisture W, liquid limit W}, plastic limit Wp, index of
plasticity Ip) of silty loams used as a material for the
subgrade of full-scale objects, the average soil skeleton
density in the embankment p, and the stabilized (after
«rest») moisture W of the compacted road embank-
ment loam is summarized in the table. 1.

Table 1 — Indicative parameters of loams used
as embankment material, the average density
of the soil skeleton subgrade, the stabilized
moisture of the compacted loam
of the road embankment

Soil pa- Objects
rameters | Nol | Ne2 | Ne3 | Ned | NeS
w 021 0.17-0.2/0.175- [0.2 0.225
0.195
WL 0.40 (027 034 0355 [0.27
Wp 023 (020 [0.19 [0.22  [0.19
Ip 0.17 [0.07 [0.15 [0.135 [0.08
pa, glem’ 165 [1.64  [1.705 [1.60  |1.57
Wi 0.17 [0.13  |0.15  [0.17  |0.15

Therefore, there is a sense in a two-factor statistical
analysis, similar to the previous one [29] for the re-
sults of laboratory studies, regarding the dependence
of the stabilized moisture of the compacted clay road
embankment soil on the soil skeleton density sub-
grade and the clay soil plasticity index assessment.

By means of a two-factor statistical analysis, we
again have the dependence (1) of the stabilized mois-
ture W of the compacted loam of the road embank-
ment on the soil skeleton density and the index of
plasticity, the empirical coefficients of which for the
case of full-scale studies were:

ap = 0.490;
a; =-0.238;
az = 0.440.
At this multiple correlation coefficient is

r=0.993, and Fisher's ratio test F=76.73, what
more than its table-valued 19,25 at test significance
p =5% and the degree of freedom vi =4 and v, =2
(the number of experiments n = 5). Statistical values
indicate about close relationship between the re-
search data and therefore, about the equation (1) cor-
rectness for the field research results.

A comparison of the stabilized loam moisture val-
ues of the subgrade compacted to p,= 1.5 -1.65 g/cm’
calculated according to expression (1) for different
values of the coefficients ay, a;, a: for laboratory and
full-scale conditions, established that:

— with the index of plasticity /p=0.07 (light silty
loam, similar in properties to sandy loam), the values
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of moisture W}, determined by formula (1) based on the
data of field studies, exceed the corresponding values
obtained by the results of laboratory experiments by no
more than by 0,015;

—at /[p=0.17 (heavy silty loam, similar in character-
istics to light silty clay), the difference in the values of
Wi, obtained by (1) according to field and laboratory
research data, does not exceed 0.005.

The values of the strength parameters (angle of inter-
nal friction ¢, specific adhesion ¢) of heavy silty loam,
selected in rings from the embankment at object No. 1,
were also compared. The density the soil skeleton den-
sity was ps= 1.65 g/em?.

The first group of samples corresponded to soil
shrinkage at a moisture of W= 0.21, and the second - at
Wi = 0.17. The samples were stored in a humid desic-
cator. According to their test for single-plane displace-
ment, was received:

— for loam of the first group, the angle of internal fric-
tion ¢ = 24°; specific adhesion ¢ = 34 kPa;

— for compacted loam of the second group ¢ = 24°;
c =41 kPa.

That is, the strength of clayey soil compacted at a
moisture close to the maximum molecular moisture ca-
pacity was slightly higher than at a moisture exceeding
this value. Therefore, the dependence of the stabilized
moisture of silty loams for their in layers compaction
on the soil skeleton density within the road embank-
ment and the index of plasticity obtained in the labora-
tory experiment was confirmed.

Conclusions

Therefore, according to the geotechnical control data
of physical and mechanical parameters of silty loam va-
rieties of five road embankments for the period after
their arrangement and before the start of operation, the
following was established.

The moisture of silty loams, in layers compacted at
plastic limit, during the «rest» period decreases to the
maximum molecular moisture capacity, which corre-
sponds to the maximum moisture of bound water, at
which it is most appropriate to compact clay soils in
layers to ensure their long-term strength.

New experimental data were obtained, which con-
firmed the analytical dependence (previously approxi-
mated by the laboratory experiments results) of the sta-
bilized moisture of silty loams for their in layers com-
paction on the soil skeleton density within the subgrade
and its index of plasticity. The absolute errors of this
moisture values, obtained by the analytical expression
based on the data of field and laboratory experiments,
at Ip=0.17 do not exceed 0.005, at [r=0.07 — 0.015.

The subgrade height of in layers compacted silty
loams and the time of its «rest» do not significantly af-
fect the stabilized moisture value of the embankment
clay soils. The strength of clayey soil compacted at
moisture close to the maximum molecular moisture ca-
pacity was slightly higher than at water content exceed-
ing this value. The optimal criteria for in layers silty
loams compaction, which ensure the subgrade long-
term strength - compaction at soils’ maximum molecu-
lar moisture capacity, have been improved.
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