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Abstract. Lime-ash plugging mixtures (LAPM) with a
density of 1450-1780 kg/m’ have been developed and
studied as new and competitive plugging compositions.
LAPM consisting of lime and acid fly ash were found to
be expanded during setting. The composition of the
products formed during LAPM hydration was determined
by means of X-ray phase analysis. Kinetic curves of
plugging material expansion have been obtained at the
temperatures of 348—413 K. Rational temperature regimes
of LAPM setting according to the criteria of strength and
gas permeability of cement stone have been determined.

Keywords: well cementing, plugging material, cement
hydration, lime, acid fly ash, water-mixture ratio, cement
stone.

1. Introduction

Currently, Portland cement, Portland slag cement
and cement-ash mixtures are mainly used for cementing
of wells at drilling enterprises of Ukraine. Taking into
account the growing cost of cement and its scarcity, the
saving of energy-intensive cement is a relevant task.

The research is aimed at creating new plugging
mixtures based on multi-tonnage by-products of Ukrai-
nian industry. The use of such materials will ensure high
quality cementing of wells with a significant reduction in
the cost of plugging operations.

A prerequisite for sustainable development of
society is the minimization of industrial impact on the
environment. The introduction of technologies for the gas
emissions treatment,'” monitoring of the hydrosphere®
and the widespread introduction of technologies for
wastewater treatment™® should be noted, but the intro-
duction of technologies for solid industrial and household
waste should be of particular importance, in particular
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their involvement as raw materials in energy,7 industrial,8
agricultural”'® technologies and in the building materials
industry.'"'* Therefore, at the end of the last century the
cement-ash mixtures (CAM) have begun to be widely
introduced at the drilling plants of Ukraine. Acid fly ash,
which is obtained after coal combustion at Kurakhiv,
Ladyzhyn, Burshtyn and Dobrotvorsk state district power
plants (SDPP), serves as an active aluminosilicate additive
to Portland cement." This allows to achieve the required
physico-chemical characteristics of drilling rigs and utilize
the industrial waste. Detailed studies on technological
properties of cement-ash mixtures were carried out by the
researches of the Ukrainian State Geological Exploration
Institute (Poltava branch), the results of which are presen-
ted in the relevant normative documents. "

CAM have a number of advantages:

— thermocorrosion resistance of a stone increases;

— the density of plugging solutions decreases to
1500 kg/m’;

— the pumping time of the plugging solution in the
well increases at high temperatures;

— the cost of plugging material decreases.

Ash is formed during the combustion of coal of the
Donetsk and Lviv-Volyn coal basins and belongs to the
so-called “acid ashes”. This is determined by the low
content of calcium oxide (up to 6 %).

The experience has been gained with the appli-
cation of “high-calcium ash”. Studies on the technological
properties of mixtures consisting of Portland cement and
high-calcium ash of Estonian oil shale were conducted by
Krykh and co-workers."”” Such mixtures were charac-
terized by high operational properties, in particular
expansion during setting, but the thermal range of their
application was limited to a range of 363-373 K.

Some foreign researchers used various calcium
additives, in é)articular nano-CaCO; obtained from
eggshell waste'® to improve the mechanical properties of
cement stone. Significant improvement in the mechanical
properties of cement stone has been reported by Khaliq
and Khan,17 who used calcium aluminate additives
(calcium aluminate CaO-AlLOs). Adjei et al.' considered
geopolymer as an alternative to Portland cement.
Geopolymer is synthesized via the reaction of alumino-
silicate materials and alkaline solution; it is resistant to
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acidic and saline environments, has high compatibility
with drilling fluid."® Geopolymer based on fly ash of
grade C was found to be the prospect material for ce-
menting of wells."

At the end of the twentieth century in the Labo-
ratory of Well Cementing of the Ukrainian State
Geological Exploration Institute (Poltava branch) the
cementing materials with different component ratios were
developed based on high-calcium ash of Estonian oil shale
and acid fly ash from Kurakhiv and Ladyzhyn SDPP."
However, the supply of high-calcium ash from Estonia
was disrupted and the implementation of the developed
technology was stopped.

Dolomite-ash mixtures (DAM) were widely used
for column cementing in oil and gas wells. In these
compositions a binder was powdered by-product produced
by the Mykytiv dolomite plant.'” The main advantage of
DAM was their low cost but the temperature range of
application was limited by 373 K. The use of DAM was
eliminated due to the stoppage of dolomite supply.

Cement-chalk plugging solutions were also used at
different enterprises of State Committee of Ukraine for
Geology and Subsoil Use.

The aim of this work is to study the physico-
chemical characteristics of plugging materials hydration
that expand during setting and the regularities of their
setting, as well as the kinetics of expansion during setting.
To achieve this aim, it was necessary:

— to study the composition of hydration products of
lime-ash plugging materials that expand during setting —
mixtures that set for a long time at high temperatures;

— to investigate the kinetics of expansion of plug-
ging material during setting, to analyze the expansion
curves in terms of the effect of physico-chemical factors
on the rate of setting;

— to examine the dependence of technological pro-
perties of cement stone based on lime-ash plugging
materials expanded during setting on physico-chemical
factors, in particular, the composition of the plugging
mixture, temperature, pressure and setting time.

2. Experimental

2.1. Materials

The investigated cement stone was obtained from
lime-ash mixture, consisting of the following components:
fine powdered lime, which is a by-product of lime
production (BPLP), acid fly ash from Kurakhiv or
Ladyzhyn SDPP and technical (tap) water.

By-products of lime production are available at
most metallurgical plants of Ukraine. We examined BPLP
from Mariupol metallurgical plant “Azovstal”, Yena-
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kiyevo and Kryvyi Rih metallurgical plants. BPLP is a
fine powder accumulated in cyclones and electrostatic
precipitators during the production (burning) of lime. The
burning temperature is very important for the properties of
BPLP-based plugging materials. It was found that cement
materials with a lime burned within 1123-1473 K form an
expanding stone during setting, and the degree of
expansion increases with increasing temperature. If lime
was burnt at the temperatures of 1573-1673 K, the stone
is destroyed due to irregular changes occurred in a
volume.” Since the burning temperature of lime produced
at “Azovstal” was 1573-1673 K, and that of lime pro-
duced at Yenakiyevo and Kryvyi Rih metallurgical plants
was 1373-1573 K, we selected BPLP from Kryvyi Rih for
detailed study. It is a fine grayish-white powder with a
density of 2850-2950 kg/m’ and a specific surface area of
700-750 m/kg.

Particle size distribution of fractions: 0.25 % (2.00—
1.00 mm); 0.65 % (1.00-0.63 mm); 1.30 % (0.63—0.10 mm);
0.70 % (0.10-0.07 mm) and 97.1 % (less than 0.07 mm).

Chemical composition regarding the oxides: CaO
68.8 %; MgO 10.0-11.0 %; SiO, 1.4 %; AL,O5 0.7 %; Fe,05
0.4 %; weight loss during calcination (w.lc.) 14.2%
(CaCO3, CO2, H20)

Consumers are supplied with a BPLP mixture from
cyclones and electrostatic precipitators.

The most suitable silica additive to the cement
mixtures is an acid fly ash from power plants. In this work
we used acid ashes from Kurakhiv (AAk) and Ladyzhyn
(AAL) SDPP.

AAy is a powder of dark gray color, with the density
of 1950-2050 kg/m’, bulk density of 1100-1150 kg/m’ and
specific surface area of 350400 m*/kg.

Chemical composition regarding the oxides: SiO,
52.0-54.0 %; AlLO; 15.0-24.0 %; Fe,O; 17.0-23.0 %;
Ca0 2.2-2.8 %; MgO 2.0-3.0 %; K,O+ Na,O 1.7-3.4 %;
w.l.c. 3.4-3.7 %.

AA| is a greenish-gray powder, with the density of
2300-2500 kg/m’, bulk density of 1500-1600 kg/m’ and
specific surface area of 230-250 m*/kg.

Chemical composition regarding the oxides: SiO,
55.0-59 %; Al,O3 21.0-24.0 %; Fe,05 10.0-12.0 %; CaO
2.0-2.2 %; MgO 1.9-2.1 %; K,0+ Na,O 1.8-2.3 %; w.l.c.
5.1-5.4 %.

2.2. Methods and Instruments

2.2.1. Investigation of physical properties of
powdered materials

The density of the original powdered materials was
determined by the pycnometric method, and their specific
surface — by the method of air permeability using the
PSH-2 device.”
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The bulk density of powders in the loose and
compacted state was determined according to the standard
procedure.”

The fractional composition of the starting materials
was determined by sieving them through sieves, after
which the percentage of fractions was calculated.”!

2.2.2. Investigation of the plugging solution
properties

The main properties such as mobility, sedimen-
tation stability and density were determined according to
the standard methods (DSTU BV.2.7-86-99).

Water loss was investigated using the device VM-
6. The rate of plugging solutions setting was determined
using the Vicat apparatus, the pumping time — by KC-3
consistometer.>* Pumping of plugging solution is the
solution mobility under the conditions of well (tempe-
rature, pressure)/ It is the ability to be pumped when
cementing the well.

2.2.3. Investigation of physical and mechanical
properties of cement stone

The samples were formed as cylinders with a
height and diameter of 3 cm and preserved under the
conditions simulating the well conditions (temperature,
pressure, chemical composition of the medium) in an
autoclave AU-1-71-IE (designed by the specialists of
Ukrainian State Geological Exploration Institute (Poltava
branch)). The temperature was maintained with the
deviation of £5 K.

The mechanical strength of the cement stone was
measured using a PSU-10 press (measurement accuracy is
+ 0.25 MPa).

Expansion of cement compositions during setting
was studied using a special attachment to the
consistometer'® (Fig. 1). This attachment allows to study
the kinetics of volume changes in time.

The adhesion of the cement stone with the metal
was measured using the attachment to the PSU-2 press
(Fig. 2). The samples set in autoclaves in the special
forms, which are coaxial cylinders,” simulating a cased
well regarding the ratio of diameters. The attachment was
installed on the movable plate of the PSU-10 hydraulic
press and the force (adhesion) at which the metal rod
shifts from the cement stone 5 was determined.

The study of gas permeability of cement stone was
performed using GK-5 device.">*

Corrosion resistance of plugging mixtures was
determined by the following method. Solutions of 5 %
magnesium sulfate, magnesium chloride, bischofite and
0.8 % hydrochloric acid were prepared taking into account
the different nature of formation waters. The samples of
cement stone were formed within 2 days in autoclaves at a
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temperature of 373 K. After determining the strength, the
samples were placed in a corresponding medium. We
observed the properties of cement stone for 2 years.

Fig. 1. Consistometer attachment to determine
the expansion of plugging materials: 1 — removable bottom
of the glass; 2, 3 — elements of the glass body;
4 — separating piston; 5 — coil; 6 — connecting thread;
7 —hole; 8 — plugging solution

Fig. 2. PSU press attachment to determine
the adhesion of cement stone with metal: 1 — pressure plate;
2 — cylinder; 3 — the rod-clamp; 4 — housing;
5 —metal rod; 6 — cylindrical shape; 7 — cement stone;
8 —movable plate of the hydraulic press PSU-10

The main criterion of corrosion resistance was the
coefficient of resistance k, which reflects the strength ratio
of the samples stored in aggressive environment and
similar samples stored in tap water.

X-ray phase analysis of the cement stone was per-
formed using DRON-2 installation equipped with a copper
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cathode with a monochromator. The test material was stuffed
into a cuvette (diameter 0.0275 m, depth 0.005 m), which

was rotated around the axis ata constant speed of 20 min™."”

3. Results and Discussion

3.1. Investigation of the Phase
Composition of Cement Stone Setting

Products

2432 .
Several researchers show that the main factors

influencing the phase composition of plugging materials,
which set under conditions of wells, are temperature,
pressure and time, but the effect of pressure is negligible.

There are various explanations for the negative
impact of temperature on the technological properties of
cement stone. The most common theory explains the
decrease in strength at the temperatures of 373 K and
higher due to the formation of highly basic calcium
hydrosilicates of C;SH(A) type, prone to recrystallization,
which leads to the destruction of the formed structure. To
minimize the negative effect of high temperatures on
cement stone the active mineral additives containing silica
are added. This reduces the concentration of calcium
oxide in the cement mortar resulting in the formation of
low-basic hydrosilicates of CSH(B) type; the formed
stone has high values of strength.

Hydration of compositions based on by-products of
lime production has its own peculiarities. It is similar to
the hydration of lime-sand mixtures, but with some
differences, because ash contains a number of other
minerals in addition to SiO,. Therefore, the phase
composition of hydration products is more diverse.

Fig. 3 shows the X-ray pattern of dry (non-
hydrated) BPLP. It clearly shows the lines corresponding
to calcium oxide (d = (1.88; 2.41; 2.78)-10"" m), calcium
carbonate (d = (2.29; 2.49; 3.87)10" m), calcium
hydroxide (d = (1.92; 2.64; 4.98)-10"° m) and dolomite.*
Other minerals are in small quantities. A significant
amount of calcium carbonate is due to its presence in the
material as a result of incomplete burning and calcium
oxide carbonization during transportation and storage.

The hydration of lime-ash mixtures at the
temperatures of 373 and 413 K is of considerable interest
because the processes are accelerated under such
conditions and the formed products have a stable phase
composition even at the early stages of setting.™*

Figs. 4-6 show the X-ray patterns for different
BPLP:ash ratios.

For BPLP:AA| mixtures, which set at 413 K, after
2 days of storage we identified (see Fig. 4) low-base
calcium hydrosilicates of C,S;H type (d = (2.53; 2.76;
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3.68).10"" m), tobermorite-like mineral C,;SsHs (d =
= (1.82; 2.98; 11.40)-10"° m) and gyrolite C,S;H, (d =
=(2.09; 2.49; 3.36)-10"° m). We also observed the traces
of silica (d = (2.28; 3.36; 4.27)-10™° m) and calcite (d =
=(1.88; 2.28; 3.05)-10" m). The composition is also
characterized by the formation of C;ASH,4 hydrogarnets,
which exhibit high thermal and corrosion resistance.

For BPLP:AA| mixtures, which set at 373 K, after
14 days of storage the composition of hydration products
is very close to that of mixtures, which were stored for 2
days (Fig. 5).

The patterns show that that a basicity of calcium
hydrosilicates increases; mainly C,SH, is formed (d = (1.63;
2.10; 2.74)10" m); tobermorite-like calcium hydrosi-
licates and hydrogarnets are not formed.

Fig. 6 shows X-ray patterns for BPLP:AAg
mixtures. In comparison with the mixtures containing ash
from Ladyzhyn SDPP (AAL), the mixtures with AAg (ash
from Kurakhiv SDPP) have a higher crystallization degree
of the formed products, as evidenced by clearly defined
peaks on the patterns. If we compare the intensity of SiO,,
CaCO; peaks and peaks of other unreacted minerals (Figs. 4
and 6), we observe some retardation of the hydration
process. The formula of the formed hydrogarnets is
somewhat different: C;ASH,5 (d = (1.60; 2.13; 2.21;
2.71)-10™"° m) instead of C;ASH,,

All mixtures with 10 % BPLP have less quantity of
formed products to compare with those containing 20 %
of BPLP, due to insufficient reactivity of calcium oxide.

Low-basic calcium hydrosilicates and hydrogar-
nets, characterized by high thermal and corrosion resis-
tance, are formed in the process of setting. This is
confirmed by the results obtained in the study of cement
stone technological properties (Table 1).

The main parameters that characterize the
technological properties of plugging solutions are density,
solution yield from 1 ton of dry material, water-holding
capacity (sedimentation stability) and setting time under
different thermodynamic conditions.

According to the existing classification, the plugging
materials are divided into three main groups relative to the
density: lightweight (1400-1650 kg/m’), normal (1650—
1950 kg/m’) and weighted (1950-2300 kg/m’).*

The mixtures with BPLP as a binder are
characterized by a wide range of densities: from 1450 to
1780 kg/m’.

Water gain during cementing of wells is mainly
observed, when the plugging solutions after pushing into
the annulus do not set for a long time. In this case the
sedimentation of solid phase particles takes place under
the action of gravity. Also, water gain is observed in the
presence of permeable layers in the cementation intervals.
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These phenomena are not desirable, as they may adversely
affect the quality of cementation.

The introduction of fine materials into the plugging
mixture reduces water gain and improves sedimentation
stability.”® BPLP of Kryvyi Rih Metallurgical Plant is cha-

racterized by a high specific surface area of 700-750 m’/kg
(this is their advantage over other BPLP) and therefore it
adsorbs a significant amount of mixing water on its
surface, thereby significantly increases the stability of
plugging solution (Table 1).
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Fig. 3. X-ray pattern of non-hydrated BPLP
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Fig. 4. X-ray patterns of hydrated BPLP:AA; mixtures with different ratios (w/w):
20:80 (a) and 10:90 (b). Setting conditions: 2 days, 413 K, 60 MPa
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Fig. 5. X-ray patterns of hydrated BPLP:AA; mixtures with different ratios (w/w):
20:80 (a) and 10:90 (b). Setting conditions: 14 days, 373 K K, 40 MPa
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Fig. 6. X-ray patterns of hydrated BPLP:AAx mixtures with different ratios (w/w):
20:80 (a) and 10:90 (b). Setting conditions: 2 days, 413 K, 60 MPa

Table 1. Technological properties of BPLP-based plugging solutions

Components, wt % - .
W/M* Densit}y, Mobility, | Water gain, Pumpability, hours-min.
BPLP | AAL | AAx | KLST-ME* (retarder) kg/m m mL T=348K, T=373K,
P=30MPa | P=40MPa
10 90 0.45 1780 0.18 0 4-20
10 90 1.0 0.53 1730 0.20 3.75 3-50
20 80 0.60 1690 0.24 5.0
10 90 0.67 1500 0.17 8.75 4-00
10 90 1.0 0.75 1450 0.21 12.5 4-10
20 80 0.85 1450 0.23 8.75

Notes: * condensed lignosulfonate; ** water/mixture ratio

Table 2. Technological properties of BPLP-based stone

Components, wt % Compressive strength, MPa Gas permeability after 2 days, pm™10

T=348K, T=373K, T=413K, T=348K, T=373K, T=413K,

P =30 MPa P =40 MPa P =60 MPa P =30 MPa P =40 MPa P =60 MPa

BPLP | AAL | Adk =5 28 2 28 2 28 2 28 2 28 2 28
days | days | days | days | days | days | days | days | days | days | days | days

10 90 2.0 10.8 9.2 19.8 | 13.5 17.0 1.9 0.8 1.4 0.9 1.6 1.1
20 80 1.7 11.5 6.9 17.5 9.5 16.8 24 1.2 1.8 0.7 14 1.0
10 90 1.0 6.1 4.0 7.2 7.0 | 13.0 2.1 0.8 1.8 0.9 1.5 1.2
20 80 0.7 3.5 3.8 8.5 4.5 8.9 24 1.4 1.9 1.1 1.8 1.4

The pumpability of plugging solutions (thickening
time) determines the suitability of the mixture for the well
cementing under certain thermodynamic conditions (tem-
perature and pressure at the bottom).

Table 1 shows the data on the pumpability of
plugging solutions. The obtained results indicate that most
mixtures (except for those with low water/mixture ratio)
have sufficient pumpability at the temperature of 348 K
without the addition of retarder. With the increase in
temperature, the thickening time is reduced and at 373 K
it is necessary to use the retarder, for example NTFK.>

Strength is one of the main quality indicators of
cement stone. Some authors believe that the requirements
for strength are often inflated and the main function of the
stone in the well is insulating. Increasing the strength, as a
rule, reduces the deformation of the formed cement stone.
The minimum allowable compressive strength of cement
stone is 0.91—3.50 MPa."

Table 2 shows physico-mechanical properties and
gas permeability of the plugging mixtures, which set
under different thermodynamic conditions.
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The analysis of the obtained data shows that with
increasing setting time the strength of the cement stone
increases, and its gas permeability decreases for all
compositions. The data of Table 2 also confirm the high
heat resistance of the stone. This allows to use the raw
materials at high temperatures of the cementing medium.
Low gas permeability allows to use the mixtures for
cementing columns of gas wells.

For high-quality separation of layers, it is necessary
to ensure a reliable contact of the cement ring with the
well walls and casing.

Standard Portland cement-based grout is prone to
shrinkage. Therefore, under hydrothermal conditions
during cementation it is necessary to use non-shrinking
materials.’® The effective expansion is provided by the
presence of calcium or magnesium free oxides in the
setting system.”’ Such binders are most suitable for
oilwell cement, because the high burning temperature
provides low chemical activity at elevated temperatures in
deep wells. This allows to adjust the setting time within
the required limits.

The use of expandable (non-shrinking) cements
based on calcium and magnesium oxides has a number of
advantages. Ca(OH), and Mg(OH), are stable compounds,
which virtually have not phase transformations leading to
the destruction of the formed stone structure."

Due to the insufficient amount of calcium oxide
and the high burning temperature of BPLP, a significant
expansion of cement stone does not occur. Fig. 7 shows
the kinetics of expansion of BPLP-based plugging mix-
tures. The expansion is completed after the first 2 h of
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hydration, when the mixture is in a state of dispersion or
gel no crystallization contacts occur. After the stone
formation, there is almost no increase in volume and thus,
there is no danger of structure destruction.

The absolute value of the expansion depends on the
BPLP amount. The higher the CaO content, the greater the
expansion value. With the increase in temperature, the
expansion slightly decreases due to the rapid formation of
Ca(OH),, when the system does not have coagulation
contacts and therefore the increase in volume is minimal.

It is known that one of the main causes of well
watering is insufficient contact of cement stone with
casings and rocks that make up the walls of wells.

The adhesion of the cement stone to the boundary
surface depends on many factors, the main of which are
the composition of the contact surfaces, namely the
plugging mixture, and the ambient temperature. Rock
pressure has almost no effect on the adhesion of cement
stone to metal,”> because it is mainly due to the Van der
Waals forces of adhesive—substrate. Adhesion of cement
stone to rocks may also include H-bonds and individual
chemical bonds between the components of the plugging
solution (and further between stone components) and the
wall of the rock, which had previously undergone mecha-
no-chemical destruction during drilling.***’

Table 3 shows the results of studies on the adhe-
sion of cement stone to metal under different thermo-
dynamic conditions.

The cement stone, which expands at setting, has
high adhesion. The increase in expansion value increases
the the adhesion to contact surfaces.

1
0,875
5
o 075 = 5
0,625 7> 6
S 05 —
5 0375 / ,./
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0,125 ,
p — > > 5
0 1 2 3 4 5 6

Setting time, h

Fig. 7. Kinetics of expansion for BPLP:AA mixtures with different ratios (w/w): 10:90 (1, 2, 3)
and 20:80 (4, 5, 6). Setting conditions: 7= 348 K, P=30 MPa (1, 4); T=378 K, P=40 MPa (2, 5); T=413 K, P=60 MPa (3, 6)

Table 3. Adhesion of BPLP-based stone to metal

Components, wt % Adhesion to metal, MPa
T=348 K, P=30MPa T=373 K, P=40MPa T=413 K, P= 60 MPa
BPLP e 2 days 28 days 2 days 28 days 2 days 28 days
10 90 1.8 6.8 2.5 5.6 52 7.4
20 80 1.9 73 33 4.7 73 73
10 90 0.5 2.2 1.0 2.5 2.6 5.8
20 80 1.0 4.1 1.8 3.1 3.1 4.2
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4, Conclusions

The composition of hydration products of lime-ash
cement mixtures, which set for a long period of time at
high temperatures, was specified by the X-ray phase
analysis of cement stone. The formed products were found
to have a number of low-basic calcium hydrosilicates of
C,S;H type (2Ca0-2Si0,-H,0), tobermorite, hydolite and
hydrogarnets. This allows to predict the high heat resis-
tance and strength of the cement stone. At the same time,
the absence of calcium hydroxide indicates the stability of
the compositions in aqueous medium, as well as in the
environment with high concentrations of MgCl, and
MgSO..

Kinetic expansion curves of the plugging materials
show that the expansion process is practically completed
within the first 2 h; and the expansion value is maximum
at higher lime content (20 % vs. 10 %).

The peculiarities of technological properties of
BPLP-based stone are the following:

— the stone strength of after 28 days of setting is
twice higher than that after 2 days;

— the highest strength is observed for cement
mixtures containing AAp;, which set at 373K and
mixtures containing AAg, set at 413 K;

— the gas permeability of the BPLP-based stone
is in the range of (0.8-2.4)-10° um’, which is sufficient
for high-quality insulation of wells.

Thus, non-shrinking lime-ash plugging mixtures
(LAPM) with a density of 1450-1780 kg/m’ were
developed on the basis of lime production by-product and
acid fly ash from thermal power plants. According to their
operational parameters, the obtained LAPM are charac-
terized by high heat resistance, high strength, low
permeability, absence of shrinkage in the setting process
and wide range of density.

The introduction of new cement mixtures will
ensure high-quality reinforcement of wells.
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JOCIIKEHHA BAITIHAAHO-30IbHUX
TAMITOHAKHUX CYMIIIER

Anomauyin. Po3pobneno i 00Cniodiceno HO8i KOHKYPEHmOo-
30QMHI MAMNOHANCHT KOMNO3UYIL — BANHAHO-30/IbHI MAMNOHANCHL
cymiwi (B3TC), wo poswupioromscsa npu myx#cagimui, 2yCmuHow
1450 — 1780 xa/vi’. Komnonenmu: sanno, xucii 3onu eurocy TEC.
Penmeenopazosum ananizom mamnoHa@CHO20 KAMEHIO YMOYHEHO
cknao Hosoymeopenv y npoyeci ciopamayii B3TC. Ompumarno
KIHeMUYHi KpUBi pOWUPEHHA MAMNOHAJICHO20 Mamepiany npu
memnepamypax 348—413 K. Buznaueno payionanvui memnepamyp-
Hi pesrcumu mysrcaginusa B3TC 3a kpumepiamu miynocmi i 2azonpo-
HUKHOCMI Y eMEHMHO20 KAMEHIO.

Knrouoei cnosa: yemenmysannsi c6eponosuH, mamno-
HadiCHUTE  mamepian, 2idpamayis yemenmy, anHo, Kucida 301d
BUHOCY, B000CYMIULEGE BIOHOUWLEHHS], YeMEHMHULL KAMIHb.



