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ABSTRACT

Purpose. To create a model reproducing the process of forming geotechnical properties of the rock massif adjoining
circuit of underground excavation by roller compaction method incorporating hardening and creating the zone of
slow plastic deformation.

Methods. Modelling the main technological parameters of manufacturing process as for adjoining circuit of the tun-
nel: distribution of normal pressures and heights of the core seal depending on the main strength and deformation
properties of rock massif, geometry and characteristics of the contact area of roller working body with the working
medium.

Findings. The choice of the computational model simulating the formation of adjoining mountain contour properties
by roller method has been justified taking into account the processes caused by soil deformation: appearance of elas-
tic and plastic deformation, change of soil characteristics, formation of compaction core. The main stages and param-
eters interrelations in modelling the processing of the tunnel adjoining zone are shown.

Originality. Scientific novelty is referred to the development of a method to analyze contact interaction of the roller
working body of a molding machine with the massif, considering changes in the process of the treated medium phys-
ical and mechanical properties stabilization, with the aim to predict the required stress and depth of the formed layer.

Practical implications. The research allowed to infer theoretical fundamentals for the formation of geotechnical
properties inherent to the adjoining contour of underground excavation by roller method, taking into account peculi-
arities of soil deformation and contact interaction of the working body with the environment which allows to improve
the tunnel construction technology by strengthening the carrying capacity of the marginal massif. The obtained re-
sults are instrumental in determining parameters of the elastic and plastic deformations zone with the view to estab-
lishing its height and stresses.

Keywords: geotechnical properties, roller compaction, deformation, computer simulation

1. INTRODUCTION identifies the main technical and operational performance
of a product (Hopkinson, Myatt & Tajbakhsh, 2004).
Despite the existence of different ways of concrete
mixtures sealing, the most effective are the methods of
densification which makes it possible to create in a

Seal polydisperse system is the main process for a va-
riety of industries. In particular, the production of build-
ing materials and construction quality of seal mixtures
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sealed environment a strained condition resulting from
normal and shear stresses. One of the ways that imple-
ments the given principle is a method of roller compac-
tion. This method proved itself in the construction of
monolithic structures, in particular, hydraulic structures
(Berga, 2003), roads (Vahedifard, Nili & Meehan, 2010).

The current stage of tunnel construction development
is characterized by using a combination of multiple
mounting with monolithic and prefabricated elements
(Miura, 2003; Ramoni & Anagnostou, 2010). Roller
compaction of monolithic structures can be used for creat-
ing of monolithic refinement layers (Zenunovi¢ & Foli¢,
2012; (Zinchuk, Mullarney & Hancock, 2004)). The new
technology requires to study the process of sealing the
tunnel by roller compaction method because of stresses
occurring in the environment, which are linked by the
way of interacting with roller working body.

The most approximate theoretical and experimental
research into the process of roller compaction is de-
scribed in the works devoted to the interaction of the
wheel with the ground (Hambleton & Drescher, 2008;
Chiroux, Foster, Johanson, Shoop & Raper, 2005; Ham-
bleton & Drescher, 2008).

In these studies, the process is modeled by a rigid cyl-
inder interacting with a semispace under the known value
of power agitation or quantity of rainfall, where the ma-
terial properties are represented by constant coefficients
of models (Mohr-Coulomb, Drucker-Prager, Jung).

2. SIMULATION METHODOLOGY

During processing of adjoining layers by a roller, for
the case of circular outline of tunnel construction, upon
the completion of the process of adjacent circuit ge-
otechnical properties formation, soil rock massive will be
divided into layers in the form of concentric circles

(Fig. 1).

Figure 1. Zones of roller bodies force impact on soil massive

3. RESULTS AND DISCUSSION

Sizes (radiuses) of adjacent contour layers of soil
massive, in which there are various types of defor-
mations:

— slow deformation zone:

z2E(R, Ry + 1y (7)) (1)

— developed plastic deformation zone:

2Ry + 1 (7): Ry + () - @
— elastic deformation zone:
z E(Rm +hy(y)+ R OO) 3)
where:
R,, —radius of the tunnel,

m

h.(y) and Aj** — maximum height of slow devel-

oped plastic deformation zone.

As a result of dissipating and attenuation of force im-
pact of the working body, the density will gradually
change along the depth of the soil layer. The highest
density can be expected in the slow deformation zone,
the lowest — on the boundary of the developed plastic and
elastic deformation zones in the case when soil mass will
be holistic. In the case of mass destruction to a depth
greater than the total height of the developed plastic and
elastic deformation zones, minimum value of density will
be in elastic deformation zone.

Under the impact of the roller working body on the
processed soil mass, environment, depending on the
values of the resulting surface deformation, shows its
elastic and plastic properties. Start of working body in-
teraction (zone I, arc AB, ¢;) (Fig. 2) is accompanied

by elastic and plastic mass deformations that match the
phase of compaction and displacement (seals phase and
local displacements) (zoneI). A further effect of the
working body leads to the formation of advanced plastic
flow phase (phase of significant displacements) between
the formed seal core (zone II) and sealing area that is
formed by the core (zone III).

Figure 2. Scheme of rock mass processing by the roller:
I — sealing zone of the working body; Il — compac-
tion core zone; III — compaction core zone of
compaction



V. Kravets, Zaychenko, G. Gayko (2016). Mining of Mineral Deposits, 10(1), 44-49

Soil and rock mechanics focusing on the compres-
sion zones formation was studied by K. Tsymerman,
Jh. Ratie, Zh. Biarez and V. Kurdyumov. The basis of
this research is the hypothesis of constant orientation of
the displaced platform relative to indenter surface. In
addition, it allowed to determine the height change of the
slow deformation zone, the maximum height occuring at
point E , where slip surfaces overlap:

holp)= Rea %22 |- 7). @

where:
¢, — angle of soil internal friction;
R — working body radius;
¢ — angle of the load zone arc AEC ;
7 —neutral angle.
It should be noted that the planes of displacement

during soil compaction are spatially located. It will lead
to lateral expansion with the formation of the core addi-

tional surface, which is oriented at an angle Z+& to
the generatrix contacting surface of the working body.
Compaction core shape under these conditions is shown
in Figure 3.

iy, m

0.1

Figure 3. Shape of the
L=0.5m; ¢ =209

compaction core (R=0.3m;

The described compaction process can take place on-
ly in the condition of the required amount of soil mixture
determined by angle of capture ¢ (arc AC). If the
amount of soil exposed to the working body impact de-
creases, the formed compaction core is reduced and takes
the shape of a rotation body with radius » and height %
(Johnson, 1985):

b= Rk(cosp—1) : 5)
k-1
r=R—-h. (6)

Distribution of compacted soil height across the con-
tact area ((an ), for the case of inadequate amount of

soil mixture , is shown in Figure 4.
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Figure 4. Compaction core form for the case of insufficient
amount of soil mixture

Obtained distributions of compaction core height al-
low to determine the sealing contact pressures, using the
equations of soil mixture volume element equilibrium,
derived from T.Karman’s equation (Alexander, 1972).
The equations for the conditions of geotechnical proper-
ties formation of underground mine marginal layer take
the following forms:

—advance zone (arc AE):

- e -t 54 o o,

dp
X — ; 7
dp, " &hy @
— lag zone (arc ED):
i —&h, — uR + (tan(:([-i-(/;’j —,u'J,B(R-i-hx)
X _ ,(8
dp, P . ®)
, dh
where h, = ———= (2:) .
e,

Solution to differential equation of normal pressure
distribution along the contact arc ¢, by Euler numerical

method with predictor-corrector is shown in Figure 5 as
the pressure distribution surface in the contact zone for
the composition of soil mixture with humidity:
W.=18%; ¢, =25"; ¢,=22°; u=03; @' =04;
R=0.3; R=0.58 MPa. The resulting distribution of
normal contact pressures has convex nature which is
typical for interaction of hard indenter with plastic
environment, with maximum values in the zone of tan-
gential pressures changes. The values of obtained max-
imum stresses (1.6 —2.21 MPa) are sufficient for com-
paction of soils forming adjacent contour of transporta-
tion, hydraulic and collector tunnels of cities.

To test the proposed dependences of normal and tan-
gential pressures distributions in the models of contact
interaction of compaction environments with working
bodies, the calculated and experimentally determined
force impacts were compared.
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Figure 5. Distribution of normal pressures on the contact

surface

Figure 6. The formation of soil mixture by roller method

Figures 6 and 7 show the formation process and a
typical graph presenting forces, arising during the impact
on soil mixture which were determined by a device for
measuring and recording the working body actions.

The graph shows gradual increase in measured pa-
rameters during soil mixture compaction at each pass. It
confirms the importance of taking into account the distri-
bution of strength and deformation characteristics along
the contact zone. In all graphs, normal force N is 1.5 —

2 times higher than the tangent force O, , which corre-

sponds to improved compacting conditions when press-
ing of the working body occurs due to displacement. The
axial force Q) during roller compaction is virtually ab-

sent. The reason for the relatively low value of axial
force, which equals about 4% of the normal, is formation
of the lateral expansion zone at the final stage, while
tangential pressures that shape the axial force are di-
rected opposite to the direction of the working body axial
movement. Thus, the resultant axial force of the lateral
pressure zone balances the axial force of friction that
occurs in advance and lag zones.

In measuring the force of working bodies impact on
soil mixture, the data was partly obtained at the end of
forming process without feeding mixture to the com-
paction zone. This was accompanied by the decrease in
the contact zone, complete restoration of the deforma-
ble layer height and sharp reduction of force — up to
10% of the maximum value. It confirms the hypothesis
about the plastic nature of deformation during roller
compaction.

The components of force impact determined experi-
mentally and on the basis of theoretically derived stress
distribution diagrams for compacted soil mixture of dif-
ferent compositions and deformation velocities, are
shown in Table I (component Q, was not theoretically

determined).

Table 1. Components of force impact on the soil mixture

Theoretically determined

Experimentally obtained

Humidity of Velocity, m/s Velocity, m/s
mixture/clay
content, % 0.14 5 0.14 5
NKN Q.kN O.kN NKN O.kN O.kN N,kN O.kN O.kN NN Q.kN O, kN

14/10 0.19 0.12 — 0.27 0.17 - 0.17 0.10 0.02 0.23 0.15 0.08
18/10 0.21 0.13 - 0.32 0.21 - 0.18 0.12 0.03 0.28 0.18 0.09
14/20 0.25 0.16 - 0.45 0.29 - 0.22 0.14 0.06 0.39 0.26 0.01
18/20 0.28 0.18 - 0.60 0.39 - 0.25 0.15 0.07 0.54 0.35 0.02
14/20 0.31 0.19 - 0.91 0.59 - 0.27 0.17 0.09 0.78 0.52 0.03
18/20 0.36 0.23 - 1.12 0.72 - 0.32 0.20 0.02 0.96 0.62 0.06

Comparison of the experimental and theoretical val-
ues of force impact components on soil mixture confirms
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theoretical conclusions. The difference between the re-
sults ranges from 9 to 14%.
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Figure 7. Changing components of force — normal N, tangent Q. and axial Q, during compaction of the soil layer
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4. CONCLUSION

Comparison of experimentally determined force im-
pact components on the processed environment with
theoretically established normal and contact pressures
distributions allows to confirm suitability of the proposed
models for describing the contact interaction of roller
working bodies with soil mixture. It also allows to use
these data to develop a method for engineering calcula-
tion of principal parameters of geotechnical properties
formation on the basis of the proposed approach.
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ABSTRACT (IN UKRAINIAN)

Merta. CTBOpeHHSI MOZETi mporecy (OpMyBaHHS T'€OMEXaHIYHMX BIIACTHBOCTEH MPHUIIETIIOTO KOHTYPY TipCHKOTO
MacHuBY MiJ[3eMHOI BUPOOKH METO/IOM POJHMKOBOTO MPECYBAHHS 3 ypaXyBaHHIM 3MILHEHHS i CTBOPEHHS 30HH YMOBLIb-
HEHEHOT M1acTH4YHO1 nedopmartii.

MeToauka. 3M0/1e/IbOBaHI OCHOBHI TEXHOJIOTIYHI MapaMeTpH Mpolecy oOpoOKU MPUIIETIIOro KOHTYPY TYHENIO: po-
3MOJI1JT HOPMAJIBHUX THCKIB 1 BUCOTH siJipa YIIUIBHEHHS Y 3aJI€KHOCTI BiJI OCHOBHUX XapaKTEPUCTUK MIIHOCTI Ta aedo-
PMaIliifHAX BIACTHBOCTEH TipChKOTO MACHBY, TEOMETPIl i OCOOIMBOCTEH 30HU KOHTAKTy POJIMKOBOTO pOOOYOro Oprany
3 00pOO0IIOBaHUM CEPEOBHUILEM.

PesyabTaT. OOrpyHTOBaHO BHOIp PO3PaxyHKOBOI MOJENi Mporecy GopMyBaHHs BIACTHBOCTEH MPHICTIIOr0 KOH-
TYpy TIPCBKOTO MAaCHBY POJIMKOBHM METOAOM 3 ypaxyBaHHSM BHHHKAIOUUX MPOLECIB MpU AedopMalii IpyHTiB: BUHUK-
HEHHsI TIPY’KHOI Ta IIacTHYHOI nedopmaltiii, 3MiHA XapaKTepUCTUK IPYHTY, BHHHUKHCHHS si/ipa yuiinbHeHHs. [TokasaHi
OCHOBHI €Tan Ta B3a€MO3B’SI3KU TIapaMeTPiB P MOJICIIOBAHHI IIPO1IeCy 00pOOKH MPHUIIETIIO] 30HU TYHEITIO.

HaykoBa HoBu3Ha. HaykoBa HOBHM3HA ToOJsATae y po3poOIlli METOAY aHali3y KOHTAKTHOI B3a€MOJii POJHKOBOTO
pobodoro oprany (HOpMyrYOTro arperaTy 3 MacHBOM i3 ypaxyBaHHAM 3MiHM B Tporeci crabimizamii ¢isuko-
MEXaHIYHUX BJIACTUBOCTEH 0OpOOIIOBAHOTO CEPEOBUINA, METOIO SIKOTO € MPOrHO3YBaHHS HEOOXIAHUX HANpYXKeHb 1
rMOuHN ¢(hOPMOBAHOTO LIAPY.

IIpakTHyHa 3HAYMMicThb. CTBOPEHO TEOPETUYHI OCHOBH ()OPMYBaHHS F€OTEXHIYHUX BIACTHBOCTEH NMPUIIATAIOYOTo
KOHTYPY MiZI3eMHOI BUPOOKH POMKOBHM METOJIOM 3 ypaxyBaHHIM OcOOMUBOCTEH nedopmaliii IpyHTIB Ta KOHTAKTHOI
B3aeMO/IiT poOOYOro Oprany 3 00pOOIIOBAHUM CEPEIOBHUIIECM, SIKi JTO3BOJISIOThH YAOCKOHAIMTH TEXHOJIOTIIO0 OYIIBHHUIITBA
TYHEJIiB [UIIXOM MOCHJICHHS HECYUOi 3AaTHOCTI MPUKOHTYPHOTO MacuBy. OTpUMaHi pe3yJIbTaTH J03BOJISIOTh BU3HAUH-
TH IIAPAMETPH 30HU MPYKHUX 1 INACTHYHUX JedopMalliil 3 METOI0 BCTAHOBIICHHS ii BUCOTH 1 BHHUKAKOYOT HAMIPYTH.

Knrouosi cnosa: 6yoisnuymeo mymenis, 2ipcoKuti Macus, IPYHmM, poauKosutli pooouull OpeaH, memoo

ABSTRACT (IN RUSSIAN)

Henas. Co3aate Moaens mpouecca GOPMUPOBAHKS TEOTCXHHIECKAX CBOUCTB MPUIICTAIONIEr0 KOHTYpa TOPHOTO Mac-
CHBA TIOJ3EMHOM BBIPAOOTKH METOIOM POIMKOBOIO MPECCOBAHMUS C YIETOM YHNPOYHEHHUS U CO3IAHHS 30HBI 3aMEIJICH-
HOM I1acTHYeCKOn ehopMalivu.

Metoauka. CMOAETHPOBaHBl OCHOBHBIC TEXHOJIOTHYECKHE MapaMeTphl Ipoecca 00paboTKU MPHJICraroero KoH-
Typa TOHHEJS: paclpelelicHHe HOPMAaJbHBIX JABICHHH W BBICOTHI Spa YIUIOTHEHHS B 3aBUCUMOCTH OT OCHOBHBIX
HOPOYHOCTHBIX U Ie(OPMAIIMOHHBIX CBOWCTB TOPHOTO MAaCCHBA, TEOMETPUH M OCOOCHHOCTEH 30HBI KOHTAKTa POIHMKOBO-
ro paboyero oprana ¢ 00pabaThIBACMOM CpPeIIOi.

Pesyabrarbl. O00CHOBaH BBIOOP PacUCTHOH MOJENH mporecca (GOPMHUPOBAHMS CBOMCTB MPHJICTAIOIIEr0 KOHTYpa rop-
HBIX MAacCHBa POJIMKOBBIM METOJIOM C YYETOM BO3HHKAIOIIHX MPOLIECCOB TIPH e(hOpMaLK TPYHTOB: BOSHHKHOBCHHS YIIPY-
TOW M IUTaCTHYECKOH JedopMaliy, U3MEHEHHE XapaKTePUCTHK MOYBbI, BOSHMKHOBEHHE spa YIUIOTHEeHMs. [lokasaHsl oc-
HOBHBIC JTaIlbl ¥ B3AUMOCBSI3H [IaPaMETPOB IIPH MOJCITHPOBAHIH IIPOLIECCa 0OPaOOTKH MPHIICTAOIICH 30HbI TOHHEJIS.

Hayunas noBu3na. HayuHast HOBU3Ha 3aKII09aeTCs B pa3paboTKe METOqa aHali3a KOHTAaKTHOTO B3anMOJCHCTBUS
pONHKOBOrO pabodero oprana (POPMYIOLIEro arperata ¢ MacCHBOM C YYETOM H3MEHCHHS B MPOIECCEe CTaOWIM3alnu
(U3MKO-MEXaHMYECKUX CBOMCTB 00pabaThiBaeMOil Cpe/ibl, LIENIbI0 KOTOPOTO SIBIISIETCS] IPOrHO3UPOBAHKUE HEOOXOIUMBIX
HaIPsDKEHUH U TITyOHHBI CHOPMHUPOBAHHOTO CIIOS.

IpakTuyeckasi 3HAYUMOCTh. CO3/1aHBI TECOPETUIECKHE OCHOBBI ()OPMHPOBAHHS TCOTEXHMYCSCKHX CBOMCTB TMpHIIe-
ralolIero KOHTypa MOA3EMHON BBIPAOOTKH POJHMKOBBIM METOOM C YYE€TOM OCOOCHHOCTEH nedopMaiui rPyHTOB H
KOHTAKTHOTO B3aMMOJICHCTBHUS pabouero oprana ¢ 00padaThIBaeMOil Cpeioi, KOTOPhIE MTO3BOJISIOT YCOBEPILICHCTBOBATh
TEXHOJIOTUIO CTPOUTENILCTBA TOHHENCH MyTeM YCHJICHHS HECYILeH CIOoCOOHOCTH MPHKOHTYPHOro MaccuBa. [lomyueH-
HBIC Pe3yJIbTATHI MTO3BOJIIOT ONPEACITUTD MapaMeTphbl 30HbI YIPYTUX U MIIACTHYCCKHUX AehopMaluii ¢ [eNbl0 yCTaHOB-
JICHUS €€ BBICOTBI M BO3HHUKAIOIUX HAIPSIKCHUI.

Knrouesvle cnosa: cmpoumenscmeo monHenel, 20PHbill MACCUS, NOYEd, POIUKOGLLI pabOyULl Op2aH, Memoo
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