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MATHEMATICAL MODEL OF THE PROCESS FOR FORMING A PURE CEMENT
ZONE AROUND THE HARDENED ELEMENTS USING JET TECHNOLOGY

MATEMATHUYHA MOJEJIb MIPOLIECY BUHUKHEHHS 30HA YUCTOT'O IEMEHTA
HABKOJIO 3AKPITUIEHUX EJJEMEHTIB ITPU BUKOPUCTAHHI
CTPYMIHHOI TEXHOJIOI'TI

Mathematical modeling and substantiation of the physical processes that occur in rock consol-
idation processes are very important for the further parameters calculations of these processes. This
article examines the phenomenon of the shell appearance of pure cement mix around the hardened
rock-soluble elements, which are formed as a result using the jet grouting of dispersed rocks with
high-pressure jets of hardening cement mixtures. Physical model and the construction of mathematical
model that explain the nature of the appearance of such shells are also considered. The thickening of
the jet can be described by an ordinary differential equation if we consider the rock as an isotropic
medium. If the values of the first and second order of smallness are neglected, it is possible to estimate
the thickness of the zone of pure cement in a first approximation. At the same time, the difference be-
tween theoretical and experimental results does not exceed 16 % on average. It is possible either to
save hardening materials or to increase the filtering properties of the Anti-Filtration Curtains because
the shell of pure cement mixture on the hardened element improves its filtering properties.

Keywords: hardening mixture, rock-soluble elements, jet grouting technology, discharge pres-
sure, thickness of the pure cement zone.
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Pozensanyma mamemamuuna mooens, Wo NOACHIOE GUHUKHEHHST 30HU YUCMO20 YeMeHmy npu
3aKpinaeHi oucnepcHoi nopoou cmpymeHsamu eucoxo2o mucky. Ha niocmasi posenawymoi moodeni
3po0bNIeHUll BUCHOBOK W00 JIHIUHOL 3AIeHCHOCIE MUCKY NO0AYi 3aKPINIAIY020 PO3YUHY | MOGUWUHU
30HU YUCMO20 YeMEeHMY HABKOJIO 3aKPINIEHO20 eleMenm).

Beaswcarouu nopody izomponnum cepedoguiyem, nOMoGUIeHHSI CIMPYMEHI MONCHA ONUCAmu
36UUAUHUM OUPDEPEHYTIHUM DIBHAHHAM. AKWO 3HEXMy8amu 6eUYUHAMU NEPULO20 | OPY2020 NOPAOKY
MAn0Cmi, MOJICHA Y NEPULOMY HAOIUICCHHT OYIHUMU GEIUYUHY TMOBUWUHU 30HU YUCMO20 yemenmy. Ipu
YbOMY PI3HUYSL MidIC MEOPemMUUHUMY Ma eKCHEPUMEHMATbHUMU Pe3VTbMAamami 8 CepeOHbOMY He ne-
pesuwye 16 %.

Mooicna 3pobumu 8UCHOB0K, WO MOBWUHA 30HIU YUCMO20 3AKPINAI0IOU020 POZUUHY NpU 3011b-
UWleHHI MUCKY No0ayi po3yuny 30i1bUYyEMbCs 3a JIHIUHUM 3AKOHOM I Koeiyienm Kopensyii Midc pos-
PAxyHKo8uMU i excnepumenmanvHumu 3uavenuamu cmarosums 0,97. Januii ecpexm yixkaeuii mum, wo
000I0HKA 3 YUCTNO20 YEMEHMHO20 PO3UUHY HA NOPIOHO-POZYUHHOMY eeMeHmi NOKpawye 1o2o Qinb-
MPayiuni 81aCMUBoCcmi, wo HeoOXIOHO 8PAX08Y8aAmMU NPU CMEOPEHHI NPOMU@inbmpayitinux 3asic
CMPYMEHAMU BUCOKO20 MUCKY, WO 3AKPINIIomy peuosunu. Buacnioox mozo, wo obononxa 3 yucmo-
20 YEMEHMHO20 PO3YUHY HA 3AKPINACHOMY eleMeHmi NOKpawye 1o2o Qinempayiini 81acmueocmi,
MOJHCHA ab0 eKOHOMUmMU 3aKpInaYl Mamepiaiu, abo niosuwgyeamu Qinbmpayiini 61acmueocmi
1D3.

Knrouosi cnosa: 3axpinnsioui po3uuni, NOPIOHO-pO3UUHU eAEMEHNU, CIPYMUNHE 3AKPINIeHH S
nopio, MUCK HASHIMAHHS, MOBUWUHA 30HU YUCIO20 YEMEHMY .

Problem’s Formulation

Mathematical modeling and substantiation of the rock consolidation and hardening physical
processes is very important for the further parameters calculations of these processes. Building and
reconstruction of large cities in our country requires special methods of conducting construction and
hydraulic works. It is often necessary to do this in rocks that require the use of special hardening me-
thods. This article examines the phenomenon of the shell appearance that made of pure cement mix
around hardened rock-soluble elements, which are formed as a result of the use of jet grouting of dis-
persed rocks with high-pressure jets of hardening cement mixtures, and the creation of the physical
and mathematical models that explain the nature of such shell appearance.

At present, the jet grouting is the most effective and economical method. Its essence consists
in the simultaneous destruction of the rock by a high-pressure jet of cement mix, the mixing of the
crushed rock with it and, after hardening, the formation of a rock-soluble element. The phenomenon of
the formation around such an element of a shell made of pure cement mix was discovered during field
and industrial tests. Later it was confirmed during many observations. But such a shell must affect the
physical and technical properties of the hardened element; they must be taken into account in further
calculations. In this article, the mathematical model of the appearance of such a shell is considered and
the method of calculating its thickness is given.

Analysis of recent research and publications

We use the installation that described in [1, 2] in the experimental studies. A cement mix of
different densities was used as a self-hardening mixture. Fig. 1 and Fig. 2 show photographs of the
cross-sections of hardened elements, on which you can see zones of mixing of the rock with pure ce-
ment of the hardening mix.

When viewed under a microscope, it can be seen that the jet of the grouting mix, when it pene-
trates into the rock, moves in the longitudinal and transverse directions, while moving and mixing the
rock particles (Fig. 1).

This article is devoted to the explanation of this phenomenon.

Jet grouting is considered a relatively recent development; it is used mainly for soil improve-
ment and the effective solution of many geotechnical and geoecological problems. The jet grouting
method differs significantly from other grouting methods. A wide range of soil types can be treated
using this method. Therefore, the scope of jet grouting is expanding [3—5]. It should be noted that
much attention is paid to the strength properties of jet grout columns in jet grouting technique [5].
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Fig. 1. The rock-soluble mixture. Object- Fig. 2. The pure cement zone in a hardened
glass is 3,6 (-) element. Object-glass is 3,6 (-)

Many authors notice that jet grouting is an ideal ground modification technique compared to
reinforcement and ground treatment method. Then to understand the jet grouting process properly the
effects of several parameters on grout mixing’s physical and mechanical properties should be studied
carefully. These design parameters are defined on the basis of soil or rock characteristics and content
as well as the required degree of quality. During the realization of jet grouting columns parameters
have to be measured and recorded [3—7].

Formulation of the study purpose

To create the mathematical model of the shell appearance that made of pure cement around the
fixing elements, when using jet grouting technology, and to develop a methodology for calculating its
thickness.

Presenting main material
The penetration of the jet into the rock stops [7—9] if the speed of the jet u, reached

k 8n
U, = , 1)

where 7 is an impact strength of the rock, J/m’; p is a density of the jet substance, kg/m®, do is a
nozzle diameter, m.

However, the jet grouting has a non-zero velocity, and although the energy of the jet is not
sufficient to penetrate the rock, it is sufficient to shift the particles due to the free pore space. The
space freed from soil particles is filled with jet substance. As a result, a zone of pure self-hardened
cement that unmixed with the rock is formed outside the hardening element. It is shown the penetra-

tion of the jet grouting into the rock until and after the velocity reached at u§ (Fig. 3).

If we consider the rock as an isotropic medium, then the following differential equation can be
written from the law of the energy conservation [9]

(uf)?
2
where dm is the effective weight of the jet material, kg; F is strength of rock resistance to jet

spreading, N; dl is the depth of jet press into the rock, m.
The mass of the jet is dm = Q - dt , where Qs the consumption of jet material, m%sec; dt is
the time of the jet activity in one direction, sec.

dm =F-dl, @)
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Fig. 3. The distribution of the jet grouting into the rock

The mass of shearing rockis M = p,, -V , where p, is the rock density; V is the volume by
which the rock is displaced by the jet due to its porosity, m”.

Time of the jet action in one direction is dt = —O, where d, is a diameter of the working
1@
tool, m; w is the rotation velocity of the tool, rad/sec.
do db dx 0
The jet thickening occurs according to a linear law and — =—+-—"_Then b=—H in
dt dx dt d,

boundary case, where b is half the stream thickness, m; H is the depth of jet spreading into the rock, m.
Let b ~ 1. We neglect the values of the first and second orders of smallness, and then the increase in
the depth of penetration of the grout into the rock due to its compaction is

dtQ (uk )2 R
dl ~ 2”0
4p gk | -OH +2p% -0 1 p?
P, 9% d d
1 1
where ks is rock friction coefficient.
. . . R . . .
The consumption of jet material is Q =S - |— , where q is an equipment pressure loss in-
P1

dicator [2]; P, is the discharge pressures of the grout mixture, Pa; p, is the mixture density, kg/m”.

Therefore, we estimate the value dl in the first approximation. A plot of the dependence of
the pure cement zone thickness for the fine-grained sands is plotted at various pressures of the harden-
ing mixture that based on the data of laboratory and theoretical studies (Fig. 4). The difference be-
tween the theoretical and experimental results does not exceed 16 % on average [9].

It can be concluded that the thickness of the pure grout mixture zone with increasing mixture
supply pressure increases according to a linear law and the correlation coefficient between calculated
and experimental values is 0.97, when we analyze this graph (Fig. 3). This effect is interesting because
the shell of pure cement mortar on the rock-soluble element improves its filtering properties, which
must be taken into account when creating Anti-Filtration Curtains with high-pressure jets grouting.
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Fig. 4. Dependence of the thickness of the pure cement zone on the discharge pressure of the
grout mixture

Conclusions

1. It was established that a zone of pure cement is formed at the boundary of the rock-soluble
element with unfixed dispersed rock as a result of the performed experimental studies.

2. It was established that the thickness of the pure cement zone changes according to a linear
law and depends on the discharge pressure of the grouting as a result of mathematical modeling of the
physical processes taking place.

3. It was established that the correlation coefficient between calculated and experimental val-
ues is 0.97, which indicates a high correlation between theoretical calculations and practical phenome-
na. The considered model describes this phenomenon well.

4. 1t is possible either to save materials for grout mixture or to increase the filtering properties
of Anti-Filtration Curtains as a result of the fact that the shell of pure cement mortar on the hardened
element improves its filtering properties.
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