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Abstract. The peculiarity of the geological structure of carbonate reservoirs is their complex permeability and porosity
characteristics, reflecting the simultaneous presence of cavities variety (fractures, caverns, pores). Loss of circulation
during penetration of fractured rock intervals significantly increases well construction time due to lack of efficient
plugging isolation compositions. The main disadvantages of traditional compositions are high sensitivity to dilution in
the process of their injection into the absorption zone, as well as insufficient structural strength to prevent the isolation
composition from spreading during the induction period. For efficient isolation of catastrophic absorption zones
in conditions of high opening of absorption channels a new cross-linking plugging isolation composition has been
developed, which allows to exclude disadvantages of traditional isolation compositions. Application of the composition
will allow to reduce the injection volume of the isolation composition and the time of isolation works due to its
resistance to dilution and movement of formation water in the absorption interval.

Keywords: drilling; lack of circulation; absorption elimination; catastrophic absorption; cross-linking plugging materi-
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Introduction. At present, it is necessary to reduce well construction costs in order to ensure
profitable hydrocarbon production. The solution to this task requires high-quality well construction
with a multiple reduction in construction time [1]. At the modern level of technologies, it is not pos-
sible to exclude the costs of prevention [2-4] and elimination of complications during drilling [5-7].
Thus, on average 20-25 % of the calendar time of well construction is spent on elimination of com-
plications. Absorption intensity is divided into three categories: filtration (less than 3 m’/h), partial
(3-15 m*/h) and catastrophic (more than 15 m’/h) absorption [8]. The issue of catastrophic absorption
zones isolation is especially relevant [9], which are characteristic for rocks with karst cavities,
caverns, complicated by tectonic dislocations [1, 10]. The task of reducing the cost of eliminating
complications associated with the absorption of technological liquids becomes more complicated
when penetrating highly drained zones in the intervals of absorbing channels [11-13]. As a rule, when
penetrating such zones, an increase in rate of penetration is observed, up to drilling tool dips, with
subsequent loss of circulation. Isolation of fractured zones in carbonate formations with the use of
bridging materials can be ineffective. To achieve the result, a large volume of isolation materials is
used and a large number of repeated isolation works are carried out [14].
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Fig.1. Mechanism of cavity space filling with conventional plugging compositions

1-6 — operation number

The practice of absorption zone isolation shows that low- and medium-intensity absorptions
are successfully isolated using standard technologies accepted in drilling and service companies
(bridging, sediment-forming compositions, instantaneous filtration compositions, plugging and foam-
cement materials) [15]. Isolation of catastrophic absorption zones is achieved by gradual filling
of the cavity space with the use of traditional plugging materials or by installing a profile blocker.
In some cases, in agreement with the customer, the drilling contractor continues well construction
without circulation output, taking measures to reduce flushing fluid consumption [16, 17], which
allows to reduce the equivalent circulation density in the absorbing interval [18, 19]. Such a solution
reduces the probability of fracture opening and drilling mud loss. This approach allows reaching the
design bottomhole with a significant increase in well construction time, whereas drilling necessitates
control of pressure in the annular space to prevent oil-and-gas influx or drill string sticking [18, 20].
Isolation of catastrophic absorption zones is mandatory in conditions of significant reduction of static
fluid level in the well, which can provoke oil, gas and water influx (when penetrating the productive
interval with high formation pressure).

Low efficiency of traditional plugging compositions is caused by the fact that in conditions of
high opening of absorbing channels the cement solution moves along the most drained channels of
maximum opening with subsequent spreading and bottom positioning under the effect of gravitational
forces (Fig.1).

The i1solation method is based on gradual filling of cavity space in the formation channel. A large
number of operations is required to achieve a positive effect, the number of isolation operations can
be reduced by adjusting the structural properties of the plugging composition.

Relevance of the problems in elimination of catastrophic absorptions during well construction.
The problem of efficient solution for elimination of drilling mud absorption is relevant for the major-
ity of o1l and gas fields. At present, there are no unified approaches and technologies to eliminate
absorption because there is no unified and generally recognized classification of absorption by inten-
sity. At each field (area), different classifications of absorptions and technologies of absorption con-
trol based only on drilling experience are applied [21].

The efficiency of isolation works with the use of fillers depends on their proper selection (mate-
rial, size and concentration) [22, 23]. High-intensity absorptions are counteracted by pumping large
volumes of fillers into the well, with clay solution used as a carrier liquid. The plugging ability of the
isolation material is determined by a properly selected particle size. It is believed that the plugging
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material should contain a certain number of particles with a size approximately equal to the diameter
of perforations in the rock, as well as a set of smaller particles [24]. At high opening of absorbing
channels, conditions are created when the maximum size of rigid bridging agent does not meet the
requirements of formation isolation. In such cases, increasing the concentration and volume of the
isolation composition cannot guarantee channel plugging.

The most common isolation material for absorption elimination is Portland cement plugging
composition. Traditionally used methods for isolation of absorbing formations by injection of plug-
ging compounds into the formation through the open end of pipes or with the help of packer do not
always lead to isolation of the absorption interval [25]. Work mechanism of plugging compositions
is based on gradual filling of cavity space in the formation channel. The composition moves in the
opened channel of absorbing intervals not in a continuous and uniform flow, but along the most
drained channels of the highest opening. Spreading far deep from the wellbore zone, it tends to take
a bottom position in the formation under the effect of gravitational force. As a result, the most opened
channels, being filled with plugging material for a short time, are subsequently “thinned”, as the
resistance force in the channel is insufficient to fix the solution in it. The process is complicated by
the fact that when moving down the wellbore below the drill pipes and in the formation, the solution
inevitably mixes with the flushing fluid and loses its plugging properties [21].

To prevent spreading of isolation compositions, plugging compositions with high thixotropic
properties are used, which consist of cement, suspension stabilizer and retarder [26]. Due to high
thixotropic properties and flow resistance, the compositions should prevent spreading in the absorp-
tion zone with subsequent strength gain after hardening [27, 28]. The experience of isolation works
has shown that structural and rheological properties of plugging compositions based on clay-cement,
gel-cement are insufficient for isolation of zones with channel opening of more than 10 mm. Further
increase of structure is possible only at reduction of water-cement ratio, which can lead to rapid
growth of structural strength in the injection process, transitioning to the onset of setting.

In some cases, quick-setting compositions based on Portland cement [29] are used, the strength
of the structure in which is achieved by introducing sulphuric acid salts into the composition. As a
result of reaction between cement and these types of salts, gypsum is formed, which causes such
behaviour of cement that after 10-12 min the plugging mixture thickens sharply. If such a sample of
plugging solution is kept in motion for more than 20 min, the time of setting can be significantly
increased from 30 min to 10 h. In this regard, the works on isolation of absorption zones using
components based on gypsum binder should be carried out within 20 min from the moment of their
preparation. If this condition is not fulfilled, the gypsum structure is destroyed [30].

High thixotropic properties, excluding the spreading of the isolation material, are characteristic
for compositions based on cross-linked polymers [31-33]. In laboratory conditions, these composi-
tions form an elastic gel without water loss with a “ringing” structure. The advantage of cross-linked
systems is their ability to adapt to different channel volumes. At differential pressure, they penetrate
into the absorbing interval and fill the channels without restrictions on opening and morphology.
At the same time, the structurally high rheological characteristics prevent the composition from
spreading after removal of the overpressure occurring in the injection process. This is because the
presence of spatial structures prevents the internal movement of layers in the composition. The dis-
advantages include the occurrence of viscous flow at the appearance of external forces exceeding the
value of the ultimate yield stress, at which the destruction of its structure occurs [34]. Isolation of
catastrophic absorption involves injection of cross-linked polymer in the volume providing the re-
duction of filtration characteristics of the absorption zone with subsequent consolidation by hardening
plugging composition based on Portland cement [35].

In conditions of highly fractured (channel opening of more than 10 mm) and karst rocks, the
values of ultimate yield stress for compositions are significantly reduced. As a result, when fixing the
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plugging composition, the pressure is applied to the gel screen, at which viscous flow of isolation
compositions into the absorption zone occurs that significantly reduces the efficiency of isolation
works. To exclude viscous flow of cross-linked compositions it is necessary to increase the strength
of the gel structure and its adhesion to the rock [36]. Catastrophic absorptions are often accompanied
by a significant drop in the liquid level in the well (500 m and more). When filling the well with
drilling mud after isolation works, excessive hydrostatic pressure equivalent to the static level value
acts on the isolation composition from the well side. Thus, the necessary property of isolation mate-
rials for elimination of high-intensity absorptions is the ability to withstand rather high pressure drops
(5 MPa and more). Therefore, cross-linked isolation compositions are not suitable for isolation of
zones with high channel opening.

High efficiency for isolation of catastrophic absorption zones is achieved using local well wall
support equipment [37-39]. The disadvantages of this technology include limited application in
directional and horizontal wells, high cost and significant duration of work (7 days on average).
At present, there is no effective technology for elimination of catastrophic absorption, where the
absorption zone is complicated by fractured and cavernous rocks with reduced formation pressure.

It can be concluded that none of the isolation compositions provides effective isolation of high-
intensity absorption zones, where the complication is confined to high opening of the absorption
channel (presence of fractured rocks, paleokarst). It is necessary to develop an isolation composition
capable of adapting to the morphology of the fracture space, combining the properties of cross-linked
gel and cement solution, which will prevent the spreading of the isolation composition during the
induction period and withstand the pressures arising during the resumption of the well construction
process after the isolation works [30].

Methods. Technique for elimination of catastrophic absorptions during well construction.
Attention should be paid to the necessity of developing an isolation composition capable of
adapting to the morphology of the fracture space with the effect of complete filling of absorbing
channels, as well as withstanding sufficiently high pressure drops (5 MPa and more) after the
waiting for setting.

To solve the problems of low efficiency for isolation of catastrophic absorption zones, the
authors developed cross-linking plugging isolation material (CLPIM). The composition is a
combination of cement and cross-linked polymer possessing transverse chemical bonds. After
mixing, the composition undergoes three phase transitions from the linear gel stage to the cross-linked
gel stage, with the final stage being crystallisation (solidification). The composition is pumped into
the well as a linear liquid (Fig.2), the movement of the
composition through the drill pipes is mainly in the liquid state.
The concentration of cross-linking agent is selected so that cross-
linking takes place in the lower part of the drill string. Thus, the
composition enters the absorption zone in the cross-linked state,
which prevents its spreading in the cavernous cavity of the
absorbing formation. After completion of the injection, the well
is left to wait for cement hardening to build up the strength of the
isolation composition. The achieved strength allows the
composition to withstand hydrodynamic pressure that occurs
when the well construction process is resumed.

The required properties are ensured by using the basic compo-
sition (cement, mixing liquid, functional additives) and polymer.

Fig.2. Mechanism of cavity space filling

with CLPIM plugging The composition is a stoichiometric mixture of oxides, carbonates,
compositions magnesium and calcium sulphates. When added to the magnesium

1 — no cross-linking; 2 — beginning of cross- . . . . .
linking; 3 — end of cross-linking chloride solution, it forms a cement mixture, that when entering the
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polymerisation reaction, forms an inorganic polyhydrate of magnesium hydroxysulphate/chlo-
ride, characterized by high compressive strength. The polymer from the group of heteropolysac-
charides contained in the composition acts as a structure-forming agent and forms covalent chemi-
cal bonds of the polymer when interacting with the crosslinking agent. As a result, polymer chains
are cross-linked with simultaneous increase in structural strength of the composition.
The combination of reagents allows obtaining a homogeneous mixture, density and gelation time
can be selected according to specific geological and technological conditions by adding conven-
tional cement additives (retarding agents).

Laboratory tests were carried out at the laboratory base of ‘“PermNIPIneft”, a branch of
000 “LUKOIL-Inzhiniring” in Perm. Gelation time and rheological characteristics of the isolation
composition were determined.

The gelation time of the plugging material was determined by measuring its viscosity (con-
sistency) on a consistometer in conditions close to wellbore parameters. Temperature, pressure, and
rate of their gain were set according to geological and technical conditions of wells. Chandler 7322
high pressure and temperature sealed consistometer was used to determine the gelation time.

The rheological properties were determined on a modular rheometer MSR-102 manufactured by
Anton Paar with a plane-to-plane measuring system (d = 50 mm), and gap size of 1 mm. The effective
(dynamic) viscosity was determined at shear rates of 1-5 s~! to minimize disruption of the composition
structure and to avoid extrusion of the sample from the measuring system. To minimize the slipping
effect of the sample in the measuring system, which leads to underestimation of the results, measure-
ments were carried out under load (normal force 5 N).

Results. Fig.3 shows the consistency gain profiles (gelation time) of traditional magnesia
binder-based isolation materials of fast-setting composition (FSC) without the effect of
cross-linked gel stage and the proposed CLPIM composition with and without polymer. The tra-
ditionally used composition (FSC) is designed for bridge installation and absorption elimination.
The composition is inert to hydrocarbon-based drilling muds, resistant to hydrogen sulphide
aggression, has high adhesion characteristics, adjustable gelation time, fast strength gain, but has
a number of disadvantages when isolating catastrophic absorption zones.

Graphs in Fig. 3 show that the technical result when using FSC is a sharp increase in the gelation
time at the end of the induction period, short setting time (4-8 h), high thixotropic properties. Such
result for carrying out isolation works in oil and gas wells is achieved by giving the plugging compo-
sition short setting and hardening times with provision of technological properties of injectability,
simultaneous increase of compressive strength due to the use of caustic magnesite, stability regulator,
bischofite, water, setting and hardening regulator (additives based on organophosphates) in the
composition. The gelation time and consistency gain profile were determined on a consistometer
at a pressure of 2-5 MPa and a temperature of 25-32 °C, the most typical for the fields of Perm
region.

In the isolation compositions CLPIM and FSC, caustic magnesite is used as a binder, which
includes functional additives that ensure its cross-linking. Cross-linking, which is expressed by a
sharp increase in consistency, at maximum amount of additives occurs after 6-8 min (Fig.3, b), the
time of the gelation beginning of the plugging part starts not earlier than 2.15 h (Fig.3, ¢).

When pumped into the cavernous cavities, the plugging compositions pass through a large
volume of water and are diluted, which leads to deterioration of the isolation composition properties.
Thus, a substantial part of the plugging compositions is spent on dilution. The technical result of the
proposed composition is that the combination of components provides a shortened yield loss time due
to internal cross-linking of the polymer. After the beginning of cross-linking the composition be-
comes resistant to degradation during its injection into the formation, it is not subject to dilution even
in conditions of formation water movement. Contamination of the composition with well or formation
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Fig.3. Consistency gain profiles: a — fast-setting composition; b — CLPIM composition with maximum amount of polymer
for gelation; ¢ — CLPIM composition without polymer, regulating the gelation

fluids does not affect the process of strength gain, including in conditions of hydrogen sulphide
aggression. Stability is confirmed by laboratory investigations in different environments. According
to the results of investigations, it was concluded that polymer cross-linking inside the plugging com-
position makes the composition non-degradable.

In laboratory conditions, the composition after mixing for the first 15 min does not differ from
conventional cement solutions and is in a liquid, flowing state, which allows the composition to be
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pumped into the well at minimum pressure. In 15 min after mixing, internal cross-linking takes place
and the composition changes to an elastic gel state, but still flows. After 20 min, the composition is
in a fully cross-linked state, withstands significant tensile forces and restores its shape after their
removal. It should be emphasized that the proposed formulation of the composition after cross-linking
provides low flowability while maintaining the conditions of injectability due to low adhesion to the
well equipment. Thus, in the high pressure cell of a dynamic filter press the composition is pressed
out at minimum pressure drop through a simulated model of a fracture with 10 mm opening.

In order to determine the safe time of operations with plugging compositions it is important to
know the time of their gelation and setting. Two parallel processes — cement cross-linking and hydra-
tion — take place simultaneously in the proposed composition. When determining the gelation time, a
consistency of 70 Bc (which characterizes the viscosity of a non-pumpable cement dough) will be
reached at the time when polymer cross-linking starts (after 5 min). This is because when the polymer
swells, a viscous linear gel is formed, which interacts with the cross-linking agent to form a three-
dimensional elastic structure. The cross-linking process has no effect on the timing of the gelation
onset — these are two independent processes. Consequently, the safe time of work can be determined
by the gelation time of the base formulation without the addition of polymer.

The development is currently being prepared for pilot field testing, and the risks associated with
the pressure generated during the injection process have been identified. The safety of operations
when using plugging compositions is a priority. In order to predict the pressure, to exclude the risks
associated with the impossibility of pumping the isolation composition during the period of its cross-
linking, a mathematical calculation for predicting the injection pressure at changing the rheological
parameters of the isolation composition was performed. The calculation of pressure on the injection
line was carried out in OptiCem module (LandMark) under the following conditions: static level
before the start of works is 500 m, setting the open end of drill pipes above the absorption zone is
500 m, the depth of the absorption zone is 1 500 m, the volume of the injected composition is 20 m’,
the flow rate (pumping rate) is 6 /s, the composition is injected into the well with the open annular
space. MSR-102 rheometer was used to measure the rheological characteristics of the cross-linked
isolation composition, which allows obtaining highly accurate results of any viscous liquids, including
cross-linked ones. Based on the obtained data, a graph of pressure dependence on the volume of
injected CLPIM composition was plotted (Fig.4).

In conditions of high opening of the channels in the absorbing interval, the pressure during filling
of the pipe space with the isolation composition and its injection into the formation will not exceed
3.5MPa (lines 1 and 2). In case of low opening of the absorbing channels, when there are
preconditions of the isolation composition movement into the annular space, it will be necessary to
wash out the isolation composition by circulation. Movement of the cross-linked isolation
composition through the annulus will be accompanied by higher values of wellhead pressure
4.5-5.0 MPa (line 3), in case of increasing the flow rate up to the design value the maximum pressure
will increase up to 5.8 MPa. The injection technology 6o
implies setting the open end of the drill pipe above the ' A _—TT\

\e3
\

. . 5.0
absorption zone in such a way as to place 10-20 m® of
isolation composition in the open wellbore, i.e. no
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will be required. The risk associated with high pressure
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Fig.4. Injection pressure of the composition into the well
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in its viscous flow into the absorption zone. In order to increase the efficiency of isolation works,
the test program at the object will recommend excluding the stage of tool washing, which may
lead to clogging of drilling tools with cement solution. To exclude these risks, reagents have been
added to the formulation of the composition to reduce adhesion in the pair of isolation composi-
tion — metal, thus minimizing adhesion of the composition to the inner surface of the tool.
The tests show that after condensing a sample of CLPIM in a pressure and temperature regulated
cell (HTHP) for 20 min after the start of cross-linking, the composition was pressed out through
an opening of 10 mm with minimum pressure, the formation of “tongues” on the inner surface of
the cell was not recorded.

The results of the tests indicate that there are no risks when CLPIM isolation composition passes
through the bottomhole assembly during its gelling period. In the cross-linked state, the composition
does not provide high hydraulic resistance, and adhesion-reducing reagents minimize adhesion of the
composition to the inner surface of the tools.

Conclusion. The developed composition meets the requirements for isolation of catastrophic
absorption zones complicated by high opening of absorption channels: shortened yield loss time
due to internal cross-linking of the polymer; after the beginning of cross-linking the composition
becomes resistant to degradation during its injection into the formation; the achieved strength allows
the composition to resist hydrodynamic pressure occurring when the well construction process
1s resumed.

The use of magnesia binder in the formulation of the developed composition allows its destruc-
turing by acid compositions during the development period, and also expands the area of application
in conditions of hydrogen sulphide aggression. The advantages of the composition include short set-
ting time and resistance to degradation in conditions of formation water movement. Parameters of
density, gelation time, as well as the beginning of cross-linking can be selected in accordance with
specific geological and technical conditions by adjusting the water-cement ratio, as well as by intro-
ducing retarders and cross-linking agents. At the first stage the area of application is limited by for-
mation temperature (35 °C) as well as by the depth of the absorption zone (1500 m). After pilot tests
the area of application can be expanded.

Tests of the developed technology are planned in order to assess the efficiency of eliminating
catastrophic absorptions confined to formations with high opening of absorption channels. If the re-
sults of pilot tests are satisfactory, the use of CLPIM will significantly reduce the volume of injected
isolation compositions, as well as the time of isolation works.
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