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ABSTRACT: Introduction. The efficiency of oil and gas well construction depends largely on the stage of casing cementing and 
is completed by checking the quality of its fixing by various methods, most often by geophysical methods. The necessity of high-
quality cementing and ensuring the quality of technical conditions in the subsequent years of oil and gas well operation is the main 
task. Materials and methods. Microstructural features of cement slurries and cement stone were analyzed with advance methods. 
The essential technological properties were developed according to the requirements of GOST 1581-96 and API standards (API 
spec.10B). Class G cement (PCT-I-G) was used for all formulations. Polypropylene fiber and expanding additive СMA were used to 
increase impact resistance and to ensure tight contact with the confining surfaces of the obtained plugging stone. Microstructural 
analysis of the obtained cement stones and developed plugging mortars was carried out by X-ray diffraction (XRD) and scanning 
electron microscope (SEM). Results and discussion. The results of the study showed that the expanding additive in tandem with 
polypropylene fiber works effectively to ensure the integrity of the cement ring. Conclusion. Microstructural analysis of plugging 
stones showed a tight bond between polypropylene fiber and cement stone at a concentration of – 0.25%. The expanding additive 
is fully hydrated and the obtained cement stone has no expansion cracks at 7 days. The developed grouts with a water-cement ratio 
of 0.44 showed high compressive strength. 
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INTRODUCTION

The efficiency of oil and gas well construction depends 
largely on the casing cementing stage and is com-

pleted by checking the quality of casing cementing by 
various methods, most often geophysical. Accident-free 
cementing and ensuring good adhesion of cement stone 
with casing and geological material are the main tasks 
of the casing cementing process. The success of several 
applied technologies, the safety of work in the field, and 
environmental protection issues regarding reliable isola-
tion of formations proportionally depend on the techni-

cal condition of wells [1]. However, various problems 
appear during good operation, the main cause of which 
is the violation of cement ring integrity. Therefore, when 
developing cement slurries, it is necessary to ensure the 
quality of isolation and durability of the cement ring, 
which will be effective even after well abandonment [2, 
3]. Otherwise, the consequences can be dangerous, and 
secondary cementing can be a high cost.

Cement ring leakage can have different causes, such 
as causes related to tectonic movements, which can lead 
to the failure of not only the integrity of the cement stone 
but also the casing [4]. Researchers [5] have studied the 
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causes of casing deformation, which may be caused by 
axial loads due to reservoir drainage. Notwithstanding the 
causes of deformation, however, quality well cementing 
that ensures the integrity of the cement plug can prevent 
or reduce casing distortion [4, 5].

A number of authors in their works [6, 7] state that 
mainly pressure cycling and temperature changes lead 
to the occurrence of deformation of the cement plugging 
stone, with the results being:
– appearance of microcracks in the cement stone;
– damage to the bond between the cement stone and the 

casing and rock.
The above-mentioned factors should be taken into 

account when constructing wells under conditions of high 
pressures and temperatures. However, it should be noted 
that the factor of pressure influence on cement stone is 
also associated with the appearance of high loads during 
hydraulic fracturing and well perforation [8].

A negative effect of high temperatures on cement stone 
is often associated with the consolidation of steam injec-
tion wells, providing steam injection, the temperature of 
which can reach up to 3000оC [9]. Therefore, the product 
of plugging mortar hardening should be heat-resistant, 
otherwise, due to thermal corrosion can occur destruction 
of the cement stone [10, 11].

Deformation of the cement stone can also be associ-
ated with an exothermic reaction occurring during the 
solidification of the plugging stone, which releases a large 
amount of heat that affects the deformation stability of 
the casing [12]. The result of this reaction can be damage 
or crumpling of the casing, as well as the appearance of 
microcracks in certain intervals.

In addition to the above-mentioned causes, the tight-
ness of the well casing is strongly affected by the disrup-
tion of the cementing process [13] and gas penetration 
into the cement structure while waiting wait on cement 
[14, 15].

Analyzing the above-mentioned reasons, it can be 
stated that the main factor of well casing tightness preser-
vation is high-quality cementing due to the proper selec-
tion of cementing slurry formulation, which ensures the 
integrity and durability of cement stone.

Various methods are proposed to solve the problems:
– application of expanding and reinforcing additives;
– the use of nanomaterials;
– use of special additives (e.g., styrene-butadiene rubber 

latex) to obtain self-healing cements [16, 17, 18].
It is known that the presence of expanding additives, 

providing optimal expansion in the cement slurry has 
a positive effect on obtaining a tight contact of the plug-
ging support with the confining surfaces. 

The use of fiber has quite a wide application in vari-
ous branches of construction [19]. Referring to the ap-
plication of fibers in the oil and gas industry, it should 
be noted that at the moment quite a few types of fibers 

such as organic fibers, silicon fibers, and monofilament 
propylene fibers have been investigated. The studies con-
ducted in [20] showed the effectiveness of polypropylene 
fibers even under high pressure and temperature condi-
tions. Hybrid fibers, which consist of calcium carbonate 
of 20–80 nm and carbon fibers of 700–1400 nm, were 
also investigated. The authors of [21] concluded that all 
fibers can reduce the corrosion resistance and strength 
of the plugging stone. However, our studies showed that 
the use of polypropylene fibers on the contrary increases 
the compressive and flexural strength of the stone. The 
use of reinforcing and expanding additives together in-
creases the efficiency of the expansion process, and most 
importantly increases the impact resistance of the ce-
ment stone [10].

The use of nanomaterials to ensure the integrity of the 
plugging stone has recently been developing dynamically. 
The paper [6] proposes the use of polymer fibers with 
shape memory, on which tetraethylorthosilicate nanopar-
ticles were deposited using the sol-gel method. Another 
interesting work is the reinforcement of cement slurries 
using polymer nanocomposite. Experimental studies 
included mini-emulsion polymerization and ultrasonic 
dispersion [4]. Also, many other studies conducted to 
improve the formulation of plugging solutions using nano-
materials have been quite well reported in review articles 
[13, 22]. However, despite the obtained favorable results, 
according to the authors of [13], the use of nanomaterials 
to improve the technological qualities of cement slurries 
is still not cost-effective.

Analyzing various approaches aimed at obtaining im-
pact-resistant cement grout, it was decided to use expand-
ing and reinforcing additives to modify plugging materials.

Regardless of the causes, cement ring failure primar-
ily leads to gas migration, inter-column pressures, and 
griffin formation, which can lead to good abandonment. 
At the same time, many cement slurries designed to 
ensure the integrity of the cement plug under dynamic 
loads are not always resistant to gas penetration through 
them while waiting for cement (WOC) to harden. Gas 
penetration can create channels in the hardening struc-
ture of the stone, reducing the strength and impact re-
sistance of the stone. 

To solve this problem, a method of well cementing 
is proposed that provides curing of grouts “from top to 
bottom” [23, 24]. It is provided by using grouts with 
differential properties, differing in density and address 
additives, which take into account the peculiarities of 
the problem intervals, provide shock resistance of the 
cement ring, and prevent gas penetration in time of ce-
menting [23, 24].

For experimental studies, plugging compositions were 
substantiated, which were tested for compliance with the 
requirements of GOST 1581-96 [25] and 4 formulations 
were obtained.
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It should be noted that in many works devoted to the 
development of plugging systems, there are few studies of 
plugging stones by electron microscopy and X-ray phase 
analysis methods. Many researchers and producers limit 
themselves to checking the basic properties of cement 
slurries and plugging stones for compliance with the re-
quirements of GOST 1581-96 [25].

However, to fully understand the interaction of ce-
ment hydration products with reinforcing and expanding 
additives, it is necessary to investigate the micro- and 
nano-structure by electron microscopy.

In this work, the structure, and interaction of the 
components of the plugging stone were investigated by 
scanning electron microscope (SEM). X-ray phase analy-
sis (XRPA) was used to identify the crystalline phases of 
the materials.

MATERIALS AND METHODS

The research methods included scanning electron mi-
croscopy and X-ray diffraction analysis of the structure 
and crystal phase composition of plugging stones. The 
influence of microstructural characteristics on mechanical 
properties and deformation stability of materials under 
conditions typical for well operation was studied.

A large number of tests of the technological properties 
of cement mortars and the resulting stone were carried 
out according to GOST 1581-96 [25] and API standards 
(API spec.10B) [26]. 

Class G cement (PCT-I-G) was used in all formula-
tions for the studies. Polypropylene fiber and expanding 
additive CMA produced by LLC «Cement Technologies» 
(Ufa, Republic of Bashkortostan, Russian Federation) 
were used to increase impact resistance and ensure tight 
contact with the confining surfaces of the resulting plug-
ging stone. There were additional additives in the slurry 
composition, presented in Table 1.

Using the above-mentioned materials according to the 
developed method of well cementing [23], which provides 
the use of cement slurries having differential properties, 
4 formulations of cement slurries with various properties 
were substantiated and obtained (Figure 1):

Formulation 1 – W/C – 0,7; EA-CT – 5%; СаСl2 – 
1%; PP fiber – 0,5%; FLoss – 0.2%;

Formulation 2 – W/C – 0,7; EA-CT – 2%; NaСl – 
1%; PP fiber – 0,25%;

Formulation 3 – W/C – 0,44; EA-CT – 5%; NMA – 
0,01%; PP fiber – 0,25%; Floss – 0,2%;

Formulation 4 – W/C – 0,44; EA-CT – 5%; NMA – 
0,05%; PP fiber – 0,25%.

Following the investigation of the main technologi-
cal properties of cement slurries in accordance with the 
requirements of GOST 1581-96 and API, the obtained 
cement stone samples were used for microstructure study. 
The cement slurry hardening temperature was 22оС, hard-
ening time was 2 and 7 days. In parallel, 2 samples of each 
formulation were tested and compared.

The experiments were carried out in the laboratory 
«Nanotechnology of Cement Systems named after Pro-
fessors A.F. Polak and N.H. Karimov» of Ufa State Pe-
troleum Technical University.

The samples were examined for microanalysis and 
morphological analysis of the surface by scanning electron 
microscope JEOL JSM-6610LV, which was equipped with 
an attachment energy dispersive spectrometer Oxford 
Inca Energy. 

When studying the contact between the polypropylene 
fiber and the cement stone matrix, images of the speci-
mens were obtained at magnifications up to 3300x.

The purpose of the investigation on X-ray diffractom-
eter D2PHASER was to obtain a qualitative and quan-
titative analysis of the composition of curing products. 
Decoding of the obtained X-ray diffractograms was per-
formed in the programs «Eva.diffrac» and «Topas.diffrac».

Table 1 
Chemical reagents used for cement slurry development

Additives Description Functions Concentration 
(of cement weight, %)

PP fiber Polypropylene fiber Increasing deformation resistance 0.25;
0.5

CMA
(EA-CT) Expanding additive Creation of tight contact 2; 5

Floss Synthetic polymer based on 
polyacrylamide Reduces water release 0.2

СаСl2 Calcium chloride Hardener 1%
NaСl Sodium chloride Hardener 1%

NMA Nitrilotrimethylphosphonic acid Structuralizer 0.01;
0.05
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RESULTS AND DISCUSSION

Investigations of the effect of water-reducing agents 
on the strength properties of cement plugging stone with 
reinforcing and expanding additives have been carried out 
(Table 2). These data are necessary for comparative evalu-
ation and a complete understanding of microstructure 
changes in cement stone of the developed 4 formulations.

Table 2 shows that the decrease in the concentration 
of expanding admixture and the absence of a water-re-

ducing agent led to a decrease in the strength properties 
at W/C = 0.7.

The task of the investigation was, in addition to ana-
lyzing the cement structure, the determination of the 
expanding admixture, and the interaction between the 
matrix and polypropylene fiber.

Figure 2 shows the tight contact of polypropylene fiber 
and the presence of ettringite. The imaging was contin-
ued at 2500x and 3500x magnification to clarify the re-
lationship. With a magnification of 3500x, the presence 

Table 2
Results of measuring the strength characteristics of cement stone

Composition W/C
Bending strength, MPa Compressive strength, MPa
2 days 7 days 2 days 7 days

Additive-free PTC -I-G 0.44 2.9 3.8 10.8 15.4
Additive-free PTC -I-G 0.7 1.5 2.6 4.5 13.8
Formulation 1 0.7 1.97 2.95 5.53 8.7
Formulation 2 0.7 3.0 4.37 6.71 12.2
Formulation 3 0.44 3.9 5.57 17.26 More than 22
Formulation 4 0.44 3.5 5.52 13.2 More than 22

Fig. 1. Samples of plugging stones with different properties
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of cracks can be seen, which could be the reason for the 
reduction of the strength characteristics of the stone.

A photo of the fiber shows the interaction between ce-
ment and fiber curing products, and quantitative analysis 
confirms that there are cement (CaO) particles on the 
fiber surface (Figure 3). 

The quantitative analysis of spectrum 1 shows a large 
amount of carbon content which means the presence of 
polypropylene fiber (Figure 4).

Late hydration of any expanding additive can lead 
to the destruction of the cement matrix of the plugging 
stone, but in all samples such phenomena were not de-
tected.

At hardening of 7 days of cement stone of formula-
tion 1, it is possible to note the increase of ettringite. It 
is also possible to speak about the presence of expanding 
additives since the core practically contains only calcium. 
From Figures 5 and 6 it can be concluded that all com-
ponents are in close contact with each other.

Analysis of the obtained images shows a dense ce-
ment stone structure in all formulations (Fig. 7). During 
an investigation of the formulations (formulation 2) it is 
necessary to note the absence of holes or channels from 
polypropylene fiber. This proves that it interacts well with 
the cement stone, works in tension and after breaking 
the fibers remain in the cement stone. From the images 

Fig. 2. Development of ettringite in the cement matrix of formulation 1 during hardening in water for 2 days (×2500 
and ×3500)

Fig. 3. Fiber image (90 µm) and elemental spectrum analysis 1
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Fig. 4. Fiber image (scale 20 µm) and elemental analysis of the spectrum 1

Fig. 5. Spectra of chemical elements of the investigated sample and quantitative results of formulation 1 at hardening in 
water for 2 days (expanding additive – CMA of “Cement Technologies” Ltd.)
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Fig. 6. Development of ettringite in cement matrix of formulation 1 during hardening in water for 7 days (×2500)

Fig. 7. Cement stone structure of formulations 2, 3, and 4 at hardening in water for 2 and 7 days 

Composition 2 (2 days) Composition 2 (7 days)

Composition 3 (2 days) Composition 3 (7 days)

Composition 4 (2 days) Composition 4 (7 days)
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(formulations 3, 2 days), the surfaces of polypropylene 
fibers can be seen to have particles of cement harden-
ing products, even after rupture. Studying formulations 
2–4 showed that all the expanding admixtures are fully 
hydrated and have no cracks (e.g. 3 at 7 days hardening).

The results of the investigation of the plugging stone 
by X-ray phase analysis are shown in Figures 8 and 9.

Quantitative analysis of XRD of formulation 1, showed 
that when the hardening time in the water is increased 
from 2 days to 7 days, ettringite decreases by 3% and 

Fig. 8. Quantitative analysis of radiographs of formulation 1 when hardened in water for 2 days

Fig. 9. Quantitative analysis of radiographs of formulation 1 at hardening in water for 7 days
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with complex mining and geological conditions.
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