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Abstract. This article describes operations from the well construction cycle where the cement rock behind the
casing is subjected to dynamic action (impacts of the drill stem during drilling and normalization of the cement
sleeve, secondary drilling operations, hydraulic fracturing, etc.). The developed cement mortar compositions
were tested following API1 10B-2, APl 10B-6, APl STD-65-2, and GOST 28985-91 standards. The composition
of the cement system without the use of imported components (CM-5) was developed, which improved elastic
and strength properties compared to existing industry solutions. An improvement in the elastic and strength fea-
tures and technological properties of cement rock when using epoxy resins was identified, the optimal composi-
tion of the cement-and-epoxy grout was determined, and the internal structure of the formed backfill rock, its
permeability, and porosity were studied.
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Introduction. In 2022, the volume of drilling in Russia exceeded 28 thousand km, which
was the highest value in ten years, and the total number of wells had increased by 7 % and exceeded
7,800 [1-3]. According to industry data from Bloomberg, the increase in production drilling in
2022 in Russia was associated with deteriorating production conditions, i.e., with an equivalent level
of annual production in 2021-2022, it was necessary to build more wells to maintain production
levels [3-5].

One of the main factors ensuring efficient extraction of hydrocarbons from the well is the
joint tightness of the casing and cementing. Currently, the most common technological solution for
single-stage cementation is the joint use of two types of backfill solutions: cement mortar (CM) with
a normal density of 1.8-2 g/cm?® (according to the requirements of regulatory documentation and
well construction programs) is used to cover the intervals of productive formations, and light-
weight CM with a density of 1.4-1.6 g/cm?® overlaps the overlying intervals in the open hole and
the annulus [6-8].

According to industry standards and instructions of large field operators, CMs are tested for
requirements for thickening time, water yield, strength, transition time, etc. However, the standards
do not contain recommendations on the necessary elastic and strength properties of cement rock with
normal density, which, located in the zone of productive formations, is subject to dynamic influences
at various stages of drilling, completion, development, and production that result in cracking of the
cementing (cement rock/ring) from dynamic loads and deteriorated cementing tightness behind the
casing [9-11].
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During the construction and completion of the well, the cementing is subject to dynamic loads.
The following dynamic loads are particularly destructive:

* impact of the bottom hole assembly (BHA) during normalization of the cement sleeve and
drilling for the next section;

* casing pressure test;

* cumulative perforation as the most frequent and cheapest method of secondary drilling, as well
as hydraulic fracturing (HF) through cementing (including acid (AHF) and multistage hydraulic frac-
turing (MHF)) [12-14].

The analysis of the RPI report “The Russian market of MHF equipment: the current state and
scenarios of development in 2021-2030” showed the following:

« until 2030, the number of HF operations at horizontal sidetrack wells will be increasing, and
the number of HF stages will increase from 9-10 to 15 or more;

* in the short term (from one to three years), Western Siberia and the Volga region, where the
total volume of hard-to-recover reserves is estimated at 200 billion tons, are most likely to become
the most attractive regions for the application of HF/MHF technology [15-17].

The complication of drilling conditions and the replication of not environmentally friendly
(explosive) secondary drilling methods, as well as production intensification methods, such as HF, to
maintain the required level of annual production volume leads to an increase in operations that have
a dynamic effect on the cementing in the well construction cycle [18, 19].

Considering the current trends in the life cycle of the well during construction and development,
it is necessary to develop elastic cement systems capable of effectively maintaining the insulation
of productive formations under dynamic conditions. The greatest potential in increasing the elastic
properties of cement rock is the method of using epoxy resin as part of a backfill solution (develop-
ment of cement-and-epoxy grout), which has a beneficial effect on the elastic and strength properties,
permeability, and open porosity of cement rock. The use of epoxy resin in CM is primarily justified
by the greater variability of concentrations compared with classical elastomers made of rubber, the
reduction of risks associated with the colmatation of casing tooling elements (the shoe, the front
collar) during cementation, and a greater degree of the cement system uniformity [20-22].

Methods. The cement mixtures were prepared following the APl 10B-2 standard, and during sam-
ple preparation, the recommendations of the standard for sealing and conditioning time were followed.
The thermal conditions of sample exposure for the formation of cement rock correspond to the tem-
perature conditions of the production casing and shanks of the Nadym-Purskaya region of Western
Siberia (the bottom-hole temperature of the layers Ach, Yul, and Yu2 is 95-105 °C). As a result of
modeling the cementation conditions using CemPro software, the circulation temperature (71 °C
(160 °F)) and pressure (40.7 MPa (5,900 psi)) were determined to test the thickening time. The holding
time of the samples for the subsequent determination of the elastic properties of the cement rock was
10 days since this time interval corresponds to the minimum time from the end of the cementation
operation to the start of secondary drilling work on the object under consideration [23-25].

To determine the elastic properties of cement rock, samples were made with a length of
130+10 mm and a diameter of 58.6+1 mm (according to the State Standard (GOST) 28985-97). PVC
pipes 63x2.2 mm were used as a casting mold [26].

The elastic properties of cement rock were determined following GOST 28985-91 to identify the
deformation characteristics, namely, the modulus of elasticity (Young modulus) and Poisson's ratio [26].
The tests were carried out at the MTS Direct Shear Test Systems installation to determine the mecha-
nical properties.

The method provides for the determination of the tensile strength under uniaxial compression of
the test sample since it is required to unload 50 % of the compressive strength of the sample, and then
load 10 % of the tensile strength of the sample. As a rule, in this case, the phenomenon of hysteresis
is observed, i.e., a mismatch of strain values during loading and unloading for the same values
because the restoration of the shape and size of the body lags behind the load in time and does not
obey Hooke's law.
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To determine Poisson's ratio, it is necessary to measure the longitudinal and transverse defor-
mations simultaneously. The sample is loaded continuously with a constant rate of load increase
(0.6£0.2) MPa/s until its destruction. The built-in software allows one to analyze the collected data
automatically and create a complete test report [26]. The strength properties of cement rock samples
were determined using a Controls hydraulic press, and the test design met the requirements of API
and 1SO standards [9, 10, 27].

The tensile strength was determined using the method of destruction of cylindrical samples by
compression according to the forming materials based on GOST 21153.3-85 “Rocks. Methods for
determining the uniaxial tensile strength”, known worldwide as the Brazilian Test. The testing method
implies applying a compressive load along the diameter of a cylindrical sample, leading to tensile
stresses in the central part of the sample, which destroys the rock disk. According to research by many
scientists, methods of intensification of production, for example, HF/MHF/AHF, create tensile
stresses in cement rock. In this regard, it is necessary to pay special attention to the tensile strength
when selecting CM compositions that are resistant to dynamic effects during secondary drilling
operations and production intensification [18, 28-30].

Testing of the CM thickening time was carried out according to standardized AP1 10B-2 methods
in thermobaric conditions of cementing production casing and shanks in the fields of Western Siberia
using Fann 420 and Fann 290 high pressure and temperature consistometers. The thickening time
is one of the main technological CM characteristics, as it regulates the permissible time of its injection
and squeezing following clause 403 of the safety regulations in the oil and gas industry (PBNGP)
and industry standards for well cementing implemented by the leading companies in Russia and
globally [9-11].

The transition period of CMs (measurement of static shear stress from time) was studied (ac-
cording to the recommendations of AP1 10B-6 and API Standard 65-Part 2) using the Fann MACS I
multitasking CM analysis system. Thermobaric tests and simulation of the CM injection time were
carried out following the average cementing conditions for production casing and shanks of the
Nadym-Purskaya region of Western Siberia. CM testing to determine the transition period, according
to AP1 10B-6, is mandatory when carrying out critical work, such as cementing shanks and production
casing [11].

One of the industry requirements for normal density CM, according to RD 39-00147001-767-2000,
is the permeability of cement rock. When separating the intervals of occurrence of productive for-
mations from which extraction is planned, it is required that the permeability of cement rock to gas
should not exceed 2 mD. The permeability of cement rock was tested using the PIK-PP gas permea-
bility and porosity analyzer, designed to study the gas permeability coefficient and open porosity of
rocks. The principle of operation of the device is based on the Boyle and Mariotte law, where the
basic characteristic of the filtration and capacitance properties of the rock is determined by the con-
sumption of helium passing through the rock sample; the operating range of measurement of the gas
permeability coefficient is from 0.01 to 5,000 mD. The sample was placed in the receiving chamber
of the analyzer, and then the permeability was automatically measured following the thermobaric
conditions of the production casing and shanks [31-33].

Results. Well cementing is an established technological process in the well construction cycle;
in the USA alone, cementing operations have been used since the end of the 19th century. An im-
portant role in the development of well cementing was played by E. Halliburton's invention of the
JET Mixer, which made it possible to mix a dry cement mixture with a sealing liquid in a continuous
mode and immediately pump it into the well without using a surge tank [28, 34].

Well cementing is carried out by pumping special backfill solutions into the casing and then
squeezing it into the annulus; most often CM is used as a grouting solution. Since the end of the
19th century, scientists, laboratory assistants, and cementing engineers have developed many vari-
ants of compositions for cementing wells and introduced and created an extensive range of additives
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to regulate the CM properties. However, the
main disadvantage of CM as a backfill solution 75 68.88
is the relatively small values of the elastic pro-

46.67

perties of cement rock and its low ability to 50

withstand dynamic loads [35-37]. 25 23.87

The cumulative perforation method has 12.21

' i 0

been used since _the late 19505_. Howgver, |_n Cement bond log Cement bond log

recent years, various technologies for intensi- by productive in the HF interval

fying production, such as HF (AHF, MHF), interval

have become increasingly widespread. This is | 1 | 2

mainly due to the need to maintain the produc- Fig.1. Cementing quality

tion level at a consistently high level to ensure before (1) and after (2) HF, %

contractual obligations for oil supply in condi-

tions of depletion of field reserves of the existing fund. Besides, according to forecasts of
analytical agencies, until 2030, there will be a trend of stable growth and an increase in the
number of works on secondary drilling of HF/MHF, as well as an increase in the stages
of MHF to 15 [14, 28, 38].

From the completion of the work on the well lining to the occurrence of loss of tightness,
several technological operations take place (pressure test, perforation, inflow, etc.), the execution
of which creates dynamic loads on the casing transmitted to the cement rock. These impacts worsen
the quality of the cementing and lead to cracking, loss of adhesion (to the casing and rock), and the
formation of micro-gaps when using inelastic cement rock. According to OOO KogalymNIPIneft,
the quality of cementing after hydraulic fracturing decreases two to three times, and the probability
of leakage increases, as a result of which flow channels can form in the annulus and the space
behind the casing, the reservoir waters can break through in the perforation intervals, etc. The quality
of casing cementing is determined using geophysical methods of well exploration, among which
the most common is cement bond log (CBL) (Fig.1) [24, 39, 40].

Figure 2 shows the typical effects of high overpressure on cement rock without special addi-
tives and on elastic cement rock. Cracking was recorded in the cement rock without special addi-
tives and the integrity of the cement sheath deteriorated, while the elastic cement rock withstood
overpressure tests without consequences. The overpressure during testing of cement rock without
special additives was 30.9 MPa, and the elastic cement composition withstood tests at a pressure of
61.8 MPa (according to Halliburton Incorporated) [22, 28, 29, 41]. According to the data cited in [42],
when a micro gap of 0.38 microns is formed, cement loses adhesion to the casing, a micro gap of
25 microns is gas permeable, and a micro gap of 200 microns is fluid permeable.

To reduce the negative impact of dy- a b
namic action on the cementing and increase
the tightness of the cementing, a CM with
increased elastic properties should be used,
i.e., a solution that forms cement rock with
low values of Young's modulus and a high
Poisson's ratio. Cement rock of normal
density without special additives is character- _ _
rized by relatively low elastic properties 792 Dee slcement ock heraetng
(Young's modulus: 11-12 GPa, Poisson's an overpressure of 61.8 MPa; b — is the cement rock

[P _ without special additives after exposure
ratio: 0.15-0.17) [15, 22, 43, 44]. to an overpressure of 30.9 MPa
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To increase the elastic properties of cement rock, special additives like elasticizers are used. In this
study, epoxy resin was used as an elasticizer. This is due to the significant variability in resin concen-
trations in the composition of the CM compared with classical elastomers from rubber processing
products. Besides, the use of resin as an elastomeric additive is due to lower risks during cementing,
since there is no likelihood of floating equipment clogging [20, 22].

Compositions of cement systems with different resin concentrations were developed. The
reference samples were compositions of CMs with normal density and without special additives and
the technological solution used was a CM with normal density and with the addition of elastomers
from rubber processing products. In many ways, the CM properties depend on density. For this study,
the density of CMs was determined as 1.84 g/cm?, which converges with the average density of
normal-density CMs used for fastening production casing and shanks.

The CMs were created by upgrading the composition of the base CM, which did not contain
special additives like elasticizers. This study considered that some additives change the output of the
solution, and thus the water-cement ratio (W/C) can differ. The density of solutions was additionally
checked on sealed lever scales, and the concentration of additives was calculated based on the weight
of dry cement (Table 1).

Table 1
CM composition

Component CM-1" ‘ CM-2 ‘ CM-3 ‘ CM-4 ‘ CM-5 ‘CM-6**
Cement, % 100
wi/cC 047 | 047 | 044 | 043 | 047 | 044
Lignosulfonate inhibitor, % 0.2
Water loss regulator, % 0.25
Foam suppressant, % 0.2
Resin, % 411 4.11 7.92 11.90 411 -
Firming agent % 0.41 0.41 0.79 1.19 0.41 -
Latex, % - - - — 1 -
Elastomer, % — - - — — 5

*The basic CM composition.
** An industry-average solution for an elastic cement system.

With an increase in the concentration of epoxy resin compared to the presented formulations
(CM-2, CM-3, CM-4, and CM-5), the cost of backfill solution increases, and, consequently, the
profitability decreases.

Functions of the chemical reagents used:

* backfill Portland cement PCT 1-G-CC-1 — CM base (cement);

« CM inhibitor for moderate temperatures (lignosulfonate): an increase in thickening time;

* polymer of prop-2-enoic acid with 2-methyl-2-[(1-oxoprop-2-enyl) amino]-1-propanesulfonic
acid — water loss regulator;

+ a mixture of silicon dioxide, mineral oil, n-Decanol, and 1-Heptanol — foam suppressant;

« diglycidyl ether of bisphenol A — elastomer;

* polyethylene polyamine — firming agent;

« a mixture of rubber components — elastomer;

* latex (a copolymer of vinyl acetate and ethylene 3 %) — elastomer.

The results of the elastic strength studies were decisive in assessing the properties of elastic cement
systems. The results of the experimental studies (changes in Young's modulus, Poisson's ratio, and
strength properties of backfill rock) are shown in Fig.3.
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Fig.3. The results of the experimental studies: change in Young's modulus (a);
change in Poisson's ratio (b); strength properties of the backfill rock composition (c)

According to the results of testing the CM elastic properties (Fig.4), the CM-5 solution has the
best properties, therefore, CM-5 was chosen for further research, and the base solution CM-1 was
used as a control sample.

To determine the applicability of the CM composition, tests for the thickening time (Fig.5) and the
duration of the transition period (Fig.6) were carried out. The tests were carried out on certified Fann
equipment based on API 10B-2, ISO 10426-2, and API 10B-6 standards [10, 11].

Studies of the permeability and porosity of cement rock were carried out for samples CM-1
(control) and CM-5 (which showed the best results when testing elastic and strength properties) on
an automated PIC-PP device. According to RD 39-00147001-767-2000, the permeability of cement
rock should be less than 2 mD. For CM-1, the permeability was 1.4 mD with an open porosity of
22.9 %, while for CM-5, the permeability was 0.011 mD with an open porosity of 0.008 % [21, 28].
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Fig.4. Test schedules for CM elastic properties: a— CM-1; b — CM-5
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Fig.5. Determination of the thickening time for CM-1 (a) and CM-5 (b)
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Fig.6. Definition of the transition period for CM-1 (a) and CM-5 (b)

The test results are presented in Table 2. The exposure time of the samples was 10 days (the
minimum possible time from the working practice in the Nadym-Purskaya region of Western
Siberia).

Table 2
Results of the experimental studies with an exposure time of 10 days
cM Density according to AP water Compression/bending/tensile Yotﬁ]é?:m?éztlzti%% Dynamic/s.tatic Poisson's

sealed lever scales, g/cm? loss, ml strength, MPa [20] ! ratio [20]
CM-1 1.84 48 27.45/6.03/1.78 18.43/11.37 0.15/0.16
CM-2 1.84 51 24.14/5.31/5.67 13.89/10.03 0.23/0.24
CM-3 1.83 56 34.45/6.88/3.42 11.31/9.11 0.27/0.28
CM-4 1.83 55 26.05/8.07/1.98 9.83/7.89 0.25/0.27
CM-5 1.84 47 32.81/7.86/6.49 9,52/6.93 0.28/0.31
CM-6 1.83 49 24.67/6.54/1.52 11.12/7.21 0.26/0.29
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a The values of permeability and open porosity
- 0f CM-1 met the requirements of industry standards,

" 1 and the results of 3D X-ray scanning showed a de-
: 5 -+ ... veloped porestructure. As aresult of 3D X-ray scan-
--------- " : 7 ning of samples (Fig.7), it was observed that the in-
pensyscle T o ner space of CM-5 was uniformly filled with epoxy
] resin [36], which formed a cohesive mesh inside the

b | e cement rock, creating an additional barrier, and had
e il -+ a synergistic effect enhancing the elastic and
7 ¢ strength properties of cement-and-epoxy rock.

When visually evaluating cement rock samples,
a change in the aggregate state of the epoxy resin

21 oty Biaae. i from liquid to solid was noted, i.e., during the expo-
w0 22/ sure time of the samples, epoxy resin particles had
Fig.7. The internal space of the CM samples based formed a solid substance.

on the results of X-ray

3D scanning: a - CM-1: b CM-5 Conclusion. When studying the properties of

cement-and-epoxy systems, the technological
properties of the compositions were analyzed, and a comparative assessment of the developed com-
positions with an industry solution and a basic additive-free CM was carried out. The composition of
a cement-and-epoxy system made of Russian-made components with improved elastic, strength, and
technological properties was developed.

The developed composition (CM-5), containing 4.52 % epoxy resin (resin: 4.11 %, firming
agent: 0.41 %) and latex (3 % vinyl acetate and ethylene copolymer) 1 %, is characterized by the
following:

* reduced Young’s modulus: 6.93 GPa (38 % lower than that of the additive-free CM-1 and 4 %
lower than that of the industry-based CM-6 solution);

« increased Poisson's ratio: 0.31 (51 % higher than that of the additive-free CM-1 and 6 % higher
than that of the industry-based CM-6 solution);

* increased compressive/bending/tensile strength: 32.81/7.86/6.49 MPa, respectively.

When using epoxy resin in a CM, the thickening time of the CM decreases, however, this effect
can be reduced by increasing the concentration of the inhibitor and adjusting the concentration of the
epoxy resin firming agent.

When the epoxy resin concentration reaches more than 10 % of the cement weight, there is a
decrease in the compressive strength of the cement-and-epoxy rock.

Epoxy resin reduces the CM transition time by more than two times (see Fig.6): CM-1 had the
time between 100 to 500 SGS from 2:38 to 3:07 equaling 29 min, while for CM-5 the time between
100 to 500 SGS from 02:44 to 03:01 equaled 16 min. The thickening time is acceptable for carrying
out work on cementing production casing and shanks in Western Siberia.

The use of epoxy resin in the CM composition reduces the permeability of cement rock to
0.011 mD, as well as the open porosity to 0.008 %, favorably affecting the cementing tightness.

Based on laboratory studies of the sealing and then the preparation of cement-and-epoxy
mixtures in the field, it is necessary to provide for the use of a surge tank for careful mixing and
obtaining a homogeneous mixture and consider the use of an epoxy solvent for washing cementing
equipment.
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