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CORRECT CONDITIONS OF CLAY SOILS BEING A PART OF
HIGHWAY EMBANKMENT COMPACTION FE MODELING

Purpose. Finite elements method (FEM) spatial tasks decisions using elastic-plastic soil models show the possi-
bility of correct soil compaction modeling, but unresolved is the item of testing these solutions for clay soils com-
paction process modeling being a part of highway embankment by the condition of their long-term strength ensur-
ing, which was the aim of the work. Methodology. To simulate the process of layered clay soils compaction being a
part of highway embankment, it is used well tested software package «PRIZ-Pile», which implemented the FEM-
stepping iterative methods axisymmetrical task of physically and geometrically nonlinear statement with representa-
tion of soil isotropic or orthotropic environment. Findings. As a result of numerical simulation three-factors analysis
of the impact on the skeleton density average value in the compacted soil initial clay soil skeleton density within the
layer after its dumping and leveling, initial thickness of filled and planned to horizontal level subgrade by grader or
bulldozer layer, reduction of each clay soil layer surface under the smooth roller was performed. With high statisti-
cal indicators values the empirical equation of the relationship between clay soil skeleton density in each compacted
layer and above mentioned parameters is obtained. Originality. New correct conditions of FEM modeling in physi-
cally and geometrically nonlinear statement the process of layered clay soils compaction being a part of highway
embankment, resulting a designer receives soil skeleton density and its deformation module in each layer are estab-
lished. Practical value. The optimum silty loam moisture for their layered compaction depending on the project soil
skeleton density value within the embankment and plasticity number is determined.

Keywords: clay soil; highway embankment; soil skeleton density; soil compaction; FEM modeling

Introduction strength ensuring, which was the purpose of the
work.
From the analysis of recent studies [1, 3, 4, 5,

6,7,8,9, 10, 11, 12, 13, 14] author [1, 3], in par- Methodology
ticular, found that the finite elements method
(FEM) is well suited for tasks with substantial
strength properties heterogeneity. Compared with
variational methods algorithmic it is more flexible
in describing the geometry and boundary condi-
tions, physically obvious, universal.

To simulate the process of layered clay soils
compaction being a part of highway embankment,
it is used well tested software package «PRIZ-
Pile», which was created by author [1] and
S. F. Klovanych, which implemented the FEM-
stepping iterative methods axisymmetrical task of
physically and geometrically nonlinear statement
with representation of soil isotropic or orthotropic

FEM spatial tasks decisions using elastic- environment [1, 4].
plastic soil models show the possibility of correct Application of eight-node isoparametric ax-
soil compaction modeling, but unresolved is the isymmetrical finite elements with properties to sig-
item of testing these solutions for clay soils com- nificantly change the shape and volume, allows to
paction process modeling being a part of highway use both rectangular and curved finite element
embankment by the condition of their long-term  mesh, and taking into account of these changes —

Purpose
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determination the displacements, stresses and these
soil properties at each step of bases placement and
load. Their construction modeling is to assign dis-
placement of finite element mesh nodes with
strain-stress state (SSS) panel assessment.

To simulate the compaction process by clay
soils ramming it is enough to use only the first
phase of «compression task» of «PRIZ-Pile» pro-
gram complex.

At this stage the compaction process of clay
soils layers in subgrade is modeling. The compac-
tion influence is set in a forced vertical displace-
ment of finite element mesh nodes, that lie at the
upper limit of estimated area, what simulates soil
roller displacement process. These movements lead
to the finite elements volume reduction, and there-
fore, soil porosity reducing and its deformation
modulus and strength increasing.

Since the forced displacement commensurate
with the finite elements size, at each step it is ad-
justed the original design model specification units
coordinate considering displacements, obtained in
the previous step. With the coordinates change the
finite elements volumes are changing, makes it
possible to clarify the deformation modulus value
of soil in each finite element by formula (1) for
compression tests under the ramming regime.

Void volume ratio at each finite element in this
case is

e =e —(1+e)(1-V,/V.). (1)

The result of the first stage (and, if necessary,
and each of its steps) are new coordinates of the
finite elements nodes, reduced soil properties (fre-
quent p,, e, E), finite elements mesh nodes dis-

placement, stresses, particularly vertical (isobars
G, ) and radial (thrust o, ) that presented in the

tables form, graphs, contours.

Calculation of the first stage linked to stepped
task solving on the given displacement and doing
by the deform scheme at every step. At that, as a
rule, the significant change of finite elements is
taking place, what can leads to finite element de-
generation («coordinate transformation jacobian
becomes non-positive»).

To avoid this nodes displacement it is setting
no more than multiplication value of finite element
size and soil porosity in it or appropriately selected
finite elements size. If you still need the calcula-
tion on a larger displacement they’re to setting by
step parts, the number of what is specified in the
control data.

Axisymmetrical estimated area task of clay
soils layers ramming modeling in highway em-
bankment — a cylinder (Fig. 1, a), what was obtain-
ing by rectangular settlement area inversion
(Fig. 1, b) around the symmetry axis OA.
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Fig. 1. Initial estimated area of axisymmetric task in a cylinder form:
a — calculated area; b — rectangular calculation area; ¢ — stress components;
1 — calculation area division segment; 2 — finite element
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Settlement area sizes for this task is set as fol-
lows:

— lateral boundaries OA and BC respectively
taken on the axis symmetry and a sufficient dis-
tance from the forced displacement to minimize
the impact of conditions to avoid the horizontal
displacement, stress concentration and soil com-
paction in contact with calculated area outer limit.
For this condition completion in the task of soil
compaction by roller settlement area diameter
should be accept no less than 105, where b — the
drum roller length;

— upper (horizontal) limit OB is placed at the
layer surface of banking soil before its ramming;

— the first modeling stage the lower horizontal
boundary AC it is accepted the roof of already
compacted soil layer;

— the second modeling stage the lower horizon-
tal boundary AC should be in layer, what doesn’t
have special properties and is suitable as a natural
basis; the compressed thickness lower boundary is
accepted as the depth of estimated area according
to appendix D DBN B.2.1-10-2009 [2].

Sequentially numbered nodes and finite ele-
ments are adopted. They are numbered, starting
with the lower finite element and the axis of sym-
metry. The finite elements dimensions is taken
mainly to the value of forced displacement in the
first modeling stage. Of course finite element mesh
is thickened (reducing their size) in areas where the
first phase provided the largest forced displace-
ment (and hence a significant change in physical
and mechanical soil characteristics and SSS array),
and the second — the soil displacement and stress
concentration in it.

Following the appointment of settlement area
size and dividing it into finite elements boundary
conditions, corresponding to natural conditions de-
velopment and work of bases and foundations under
the load is setting, namely all nodes that located at
the lower boundary of AC, firmly fixed; lateral units
limit OA and BC can not have horizontal displace-
ment, except those units that at the first stage forced
displacement is setting and that are close to the last
(usually they are lying on axis OA).

As a result of the first stage calculations nodal
points displacements are finding, new deformed
scheme coordinate nodes, strains, stresses, given
soil skeleton density value, deformation modulus
and other characteristics of each finite element,
modified by reducing of its volume.

70

From the previous experience [1] solutions reli-
ability, obtained by FEM modeling for the soft-
ware package «PRIZ-Pile», provided by the finite
elements form and properties, settlement area
shape and size, by selecting the appropriate settle-
ment FEM schemes of soils subgrade layers ram-
ming, model compliance parameters to the actual
soil condition at its construction.

As initial it is used the data of compacted clay
soil layer by layer highway embankment erection
at the object «Khrestyshchenske GCD construc-
tion, Khrestyshchenske BCS reconstructiony.

In particular, numerical experiment with the
impact on the average of clay soil skeleton density
in each compacted layer three technological factors
is planned:

— initial clay soil skeleton density within the
layer after its dumping and leveling p,, ,;

— initial thickness of filled and planned to hori-
zontal level subgrade by grader or bulldozer layer;

—reduction of each clay soil layer surface under
the smooth roller Ak .

According to field research it is assumed that
the optimal passes number of smooth self-
propelled pneumatic roller HammHD 150 TT by
the one track was 14.

When modeling clay soil layer ramming the
original design scheme is adopted, what compris-
ing 550 finite elements (55 x 10), 1781 finite ele-
ments mesh nodes, of which 151 — fixed.

Findings

As a result of numerical simulation three-factors
analysis of the impact on the skeleton density aver-
age value in the compacted soil layer (respectively
p, » t/m’) technological factors was performed:

1) initial clay soil skeleton density within the
layer after its dumping and leveling (in the experi-
ments p, =1,30 t/m’; 1,35 t/m>; 1,40 t/m3);

2) initial thickness of filled and planned to hori-
zontal level subgrade by grader or bulldozer layer 4
(in the experiments — 2 =0,15 m; 0,20 m; 0,25 m);

3) reduction of each clay soil layer surface un-
der the smooth roller A4 (in the experiments —
Ah=0,02 m; 0,03 m; 0,04 m).

Therefore, the finite elements size in experi-
ments is 200%15 mm, 200x20 mm and 200%25 mm.

According rectangular creating size calculation
area (look Fig. 1, ) was 11,0x0,15 m, 11,0x0,20
m and 11,0x0,25 m.
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Laying, already compacted, layer cap is taken
as incompressible. Forced vertical displacement is
setting to all nodal points of the calculated area
upper limit (condition of «compression problem»).
In particular, 111 units (from 1671 to 1781) verti-
cal displacement 1is setting in the value
Ah =15 mm, 20 mm (look Fig. 1, ) and 25 mm.

Thus, the total experiments number composed
n=27. For further analysis it was accepted only 14
results of numerical simulation in which real val-
ues of clay soil skeleton density in each compacted
layer p, =1,55...1,75 t/m’ is obtained. As a result
of three-factors analysis the following equation of
the relationship between clay soil skeleton density
in each compacted layer p, and the initial clay soil

skeleton density within the layer after its dumping
and leveling p,, ,, the initial thickness of filled and

planned to horizontal level subgrade by grader or
bulldozer layer /4, reduction of each clay soil layer
surface under the smooth roller A :

Py =0ay+a,-pyot+a,-h+ayAh, 2

where are a,=0,4716 t/m’; a, =0,8703;
a, =—1,4648 t/m*; a, =8,5459 t/m* — empirical
coefficients of equation (2).

For equation (2) multiple correlation coefficient
is =0,9279, and Fisher's ratio test F = 7,1976,

what more than its table-valued F,,, ~2,65 at

test significance p = 5 % and the degree of freedom
vy = 13 and v, = 10So0, equation (1) is completely
correct. Relative deviation of simulated values p,

comparatively with field experiments does not ex-
ceed 2,24 %.

Scientific novelty and practical importance

New correct conditions of FEM modeling in
physically and geometrically nonlinear statement
the process of layered clay soils compaction being
a part of highway embankment, resulting a design-
er receives soil skeleton density and its defor-
mation module in each layer are established. The
optimum silty loam moisture for their layered
compaction depending on the project soil skeleton
density value within the embankment and plasticity
number is determined.

Conclusions

So, new correct conditions of modeling the
process of layered clay soils compaction being a

part of highway embankment using the possibili-
ties of task class «The soil work without the possi-
bility of its lateral displacement from the working
body or foundation» for the elastic-plastic phe-
nomenological model of soil by the conditions of
FEM axisymmetrical version in physically and
geometrically nonlinear formulation, resulting a
designer receives soil skeleton density and its de-
formation module in each layer.

With high statistical indicators values the em-
pirical equation of the relationship between clay
soil skeleton density in each compacted layer and
the initial clay soil skeleton density within the lay-
er after its dumping and leveling, initial thickness
of filled and planned to horizontal level subgrade
by grader or bulldozer layer, reduction of each clay
soil layer surface under the smooth roller is ob-
tained.
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KOPEKTHI YMOBHU MOJAEJIIOBAHHA MCE ITPOLECY
YIIUIbHEHHS INIMHUCTUX IPYHTIB Y CKJAII JOPOXKHIX
HACHIIIB

Meta. PimenHsi npoctopoBux 3ajaauy MeToJoM ckiHdeHHHX eneMeHTiB (MCE) 3 BHKOpHCTaHHSIM MpY>KHO-
IUIACTUYHUX MOJIENIEH IPYHTY AOBOZSTH MOXIIMBICT KOPEKTHOTO MOJICJIIOBAHHS MOTO YIIUILHEHHS, ajle HeBUpille-
HHUM ITOKH € MUTaHHS anpoOanii IUX pillleHb AJISl MOAEIIOBAHHS MPOLECY YIIUIBHEHHS TIIMHUCTUX IPYHTIB y CKJai
JIOPO>KHBOTO HACHITy 32 YMOBH 3a0e3NedeHHs iX TpuBajoi MinHocTi. MeToauka. [yt Moze/toBaHHS IpoLiecy Io-
[IAPOBOTO YIILTBPHEHHS TNIMHUCTUX TPYHTIB y CKIIaJi JOPOKHBOTO HACHITY BUKOPUCTAHO NOOpe ampoOOBaHUIA Mpo-
rpamuuii komroiekc «PRIZ-Pile», y sxkomy peamizoBane pimeHHs BicecumerpmdHoi 3amaui MCE kpokoBo-
iTepaitHnMu MeTogaMu y (Pi3MgHO i TeOMETPUYHO HENiHiHIA MOCTAHOBIII 3 MIPEACTABICHHAM I'PYHTY 130TPOITHUM
4y OpTOTpOnHUM cepenoBunieM. PesyabstaTn. Ilicis yncenbHOro MoAentoBaHHS Oyjl0 BUKOHAHO TPhOXYMHHHKO-
BUI aHaNi3 BIUIMBY Ha CepeHE 3HAYCHHS LIUTBHOCTI CKENIeTy IPYHTY B YIIUIPHEHOMY IIapi MOYaTKOBOI IiITHHOCTI
CKeJIeTy INIMHHCTOTO IPYHTY B MEXKax Inapy Iicis HOro BiJCHIIaHHS Ta PO3PiBHIOBaHHS, TOYATKOBOI TOBIIMHY Bil-
CHUIIaHOTO Ta CIJTAaHOBAHOTO JI0 ropu3oHTaibHOro piBHs 311 rpeiinepom un OyIiba03epoM Iapy, 3HIKEHHS TTOBEPXHI
IFOTO APy IPYHTY MiJ] KOTKOM. 3 BHCOKHMH 3HAYCHHSMH CTATUCTHYHHMX MOKA3HHKIB OTPUMAHO EMIIpUYHE PiB-
HSIHHSI B32€EMO3B 513Ky MDXK IIUIBHICTIO CKEJIETy TJIMHUCTOrO IPYHTY B KOKHOMY YIIITBHEHOMY LIapi Ta BKa3aHHUMH
BuIle nokazHukaMu. HaykoBa HoBHM3Ha. BcraHoBieHo HOBI kopekTHi ymMoBu MozemoBaHHs MCE y ¢iznuno Ta
TeOMETPUYHO HEJNiHIHHIA MOCTaHOBKAaX MPOILECY IOIIApOBOT0 YIIUIbHEHHS TIIMHUCTHX I'PYHTIB Y CKJali JOPOXKHIX
HAaCUIIB, 3a SKHMH IPOCKTYBAJbHUK OTPUMYE IIUIBHICTh CKEJETy IPyHTY Ta MOAyJIb Horo nedopmarii.
IIpakTHyHA 3HAYUMIicTh. BH3HaueHO OoNTHMalbHY BOJIOTICTH IMHMIYyBaTHX CYTJIMHKIB JUIA iX MOIIApPOBOTO YIIijib-
HEHHS B 3aJIC)KHOCTI BiJ] IPOSKTHOI BEJIMYMHHU LIUIBHOCTI CKEJETa IPYHTY B MeXaX JOPOKHBOIO HACHUILY Ta YUCIa
IUTACTHYHOCTI TPYHTY.

Kniouosi crnosa: TTMHUCTI TPYHTH; ZOPOKHINA HACHIT; IIIJIBHICTD CKENETY I'PYHTY; YUIUIbHEHHS IPYHTIB; MOAEIIIO-
BaHH1 MCE
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KOPPEKTHBIE YCJIOBUS MOJIEJIMPOBAHUS MKD ITPOLIECCA
YIVIOTHEHUSI TJIMHUCTBIX TPYHTOB B COCTABE JJOPOKHBIX
HACBIIEN

Leas. Pemenne npocTpaHCTBEHHBIX 3a/1a4 METOJIOM KOHEUYHBIX desieMenToB (MKD) ¢ ncnons3zoBanueM ynpyro-
ITACTUYECKUX MOJENEH IpyHTa AOKa3bIBAET BO3MOXKHOCTb KOPPEKTHOTO MOJEIUPOBAHUS €r0 YIUIOTHEHUs, HO He-
PELICHHBIM II0Ka SBJISIETCS BOIPOC anpoOanny 3TUX PelIeHuH JUIsi MOAEIMPOBAaHUS MPOIlecca YIUIOTHEHUS TJIMHH-
CTBIX TPYHTOB B COCTaBE JOPOXKHOM HACHIU MPU YCIOBHUU OOECIIEYCHUS UX ITUTENBHON IpodHOCTH. MeToauka.
Jns MOOenmMpoBaHUs TPOIEcca MOCIOWHOTO YIDIOTHEHUS TIIMHUCTBIX TPYHTOB B COCTaBe AOPOXKHOW HACHIIIH HC-
MOJIF30BaH XOPOIIO anmpoOHUpOBaHHEIM HporpaMMHbiii KoMiuieke «PRIZ-Pile», B xoTopoM peann3oBaHO pemieHue
ocecuMeTpuieckor 3amaun MKD maroBo-uTeparimOHHBIMU METOJaMU B (PH3UYECKH M TEOMETPUIESCKU HETMHEHHOM
IIOCTAaHOBKE C IIPEACTABIECHUEM I'PYHTA M30TPOIHOW MM OPTOTpOonHOW cpenoil. Pesyabprartsl. [locie yncieHHoro
MO/ICTIMPOBAHMSI OB BHIITOJIHEH TPeX()aKTOPHBIN aHAJIN3 BIUSIHUS Ha CpelHee 3HAYCHUE TUIOTHOCTH CKeJIeTa IPyHTa
B YIUIOTHCHHOM CJIO€ HayaJbHOMN INIOTHOCTH CKeJjeTa INTIMHUCTOIO rpyHTa B Ipe€aciax CJIOos MOCJC €0 OTChIIIaHUuA U
pa3paBHUBAHU, HAYaJIbHON TOJIMHBI OTCHINAHHOTO U CIUNIAHMPOBAHHOTO K TOpU30HTaIbHOMY ypoBHIO 311 rpeiine-
POM WM OYJIBI03EpOM CIIOS, CHIDKEHHUS TIOBEPXHOCTH ATOTO CJIOS TPyHTa 1O KaTKoM. C BBICOKMMH 3HAUE€HHSIMHU
CTaTUCTHUYECKUX IOKa3aTeNedl MOIy4eHO SMIMPHUYECKOE YpPaBHEHUE B3aHUMOCBSA3U MEXKAY IUIOTHOCTBIO CKeElleTa
TJIMHUCTOTO TPYHTA B KaXIOM YIUIOTHEHHOM CJIO€ U YKa3aHHBIMHU Bblle Noka3arensivu. Hayuynas HoBu3Ha. Ycra-
HOBJIICHBI HOBBIE KOPPEKTHBIE YCIOBHUS MonenupoBaHus MKD B Qu3HUecKkn u TeOMEeTpHUYECKH HEIMHEHHOH mocTa-
HOBKaX IIpoIiecca MOCIOWHOTO YIUIOTHEHUS TIIMHHUCTHIX TPYHTOB B COCTAaBE JOPOKHBIX HACKHINEH, IO KOTOPBIM IIPO-
eKTHUPOBIIMK IIOJy4aeT IUIOTHOCTh CKENeTy TpyHTa W Momyns ero aedopmarym. [IpakTnyeckasi 3HAYNMOCTb.
OmnpeneneHa onTUMalbHas BIAKHOCTh MTAJIEBATHIX CYTIMHKOB [UIS MX ITOCIOMHOTO YIJIOTHEHHS B 3aBHCHMOCTH OT
MIPOEKTHOHM BETMYMHBI INIOTHOCTHU CKeJleTa FPyHTA B Mpeeiax JOPOKHOM HACKHITH U YHCIa IUTACTHYHOCTH TPYHTA.

Kniouesvie crosa: TTUHHUCTBIE TPYHTHI; TOPOXKHASI HACHIIB; IUIOTHOCTH CKEJeTa IPYHTA; YIUIOTHEHHE TPYHTOB;
MozenupoBanne MKO
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