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ABSTRACT

Background: The challenging geological and thermobaric conditions of the Western Kazakhstan oil fields
impose stringent requirements on cement slurry systems, while standard Portland cement formulations
frequently fail to provide adequate zonal isolation over the well’s production lifecycle.

Aim: This study aims to identify the key limitations of conventional cement compositions and substantiate
the feasibility of introducing SiO,, Al,O3; nanoparticles and carbon nanotubes to improve the rheological
and mechanical properties of cement slurries.

Materials and Methods: A comparative analysis was conducted using actual cementing program data
from a well at the North Uaz field and a well at the Western Prorva field, evaluating slurry density, viscosity,
thickening time, fluid loss, and compressive strength.

Results: Standard formulations exhibited fluid loss exceeding acceptable thresholds and compressive
strength below the required minimums; nanomodified compositions demonstrated a fluid loss reduction
of up to 40% with SiO, addition and a 15-25% increase in early compressive strength with Al,O3.
Conclusion: The introduction of nanocomposite additives is technically justified for overcoming
the limitations of conventional cement systems under Western Kazakhstan field conditions.

Keywords: cement slurry; well cementing; nanomaterials, nanocomposites; cement sheath strength;
fluid loss; two-stage cementing; zonal isolation.
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OerMHaanoe unccnegosaHue

MoBbiWweHMe KayecTBa LLEeMEHTUPOBAHUS CKBAXXUH C NPUMEHEHNEM
HaHOKOMMNO3MTOB: aHaNU3 NPOMbICNOBbIX AaHHbIX U OLeHKa
MX BNMSAAHUA Ha CBOMCTBA LIeMEHTHOro pacTtBopa

A.I. XaceHoB', A.C. MapgaHog?, [.P. A6gpaxmaHoB?, B.®. Cabupos? A. XK. LLlarmnb6aes?,
B.T. YmpanueB?®

'KasMyHalila3, e. AcmaHa, KasaxcmaH

2Ambipayckuti counuan KMI™ MHxuHupuHe, e. Ambipay, KazaxcmaH

SKMI™ UHxxuHupuHe, e. AcmaHa, KasaxcmaH

AHHOTALUMUA

O6ocHoBaHue. CrnoxHble reonorvyeckne n Tepmobapuyeckme ycrnoBusi MECTOPOXAEHUIA 3anagHoro
KazaxctaHa npegbsiBNsiOT NOBbILEHHbIE TPEOOBaHNA K CUCTEMaM LIeMEHTHBLIX pacTBOpPOB, TOrAa Kak
CTaHAapTHble peuenTypbl Ha OCHOBE MOpTNIaHOUEMEHTa Hepeako He obecneumBaloT Haanexailen
30HanbHOM M30MSILUN Ha NPOTSXKEHUN BCErO NMPOU3BOACTBEHHOMO LMK CKBaXMHBbI.

Llenb. HacTosiee nccnegoBaHvne HanpaBreHo Ha BbISIBNEHWNE KIOYEBbLIX OrpaHUYeHUin TPaAMLNOHHBIX
COCTaBOB LIEMEHTHbIX pacTBOPOB 1 060CHOBaHMe LenecoobpasHocTu BBeAeHNst HaHovacTul SiO,, Al,O5
1 YrnepoaHbIX HAHOTPYOOK A4S yNyYLIEHUS PEONOrMYECKNX N MEXAHUYECKMX XapaKTEPUCTUK LIEMEHTHbIX
pacTBOpOB.

MaTepuanbl u metoabl. CpaBHUTENbHLIA aHanM3 MNPOBOAMUIICA Ha OCHOBE (PaKTMYEeCKUX OaHHbIX
nporpaMM LIEMEHTMPOBAHUS CKBaXMWHbI Ha MecTopoxaeHun Ya3 CeBepHbli M CKBaXMHbl Ha
MecTopoxaeHun 3anagHas [lpopBa C OLEHKOW NNAOTHOCTWU, BA3KOCTW, BPEMEHW 3arycTeBaHusl,
BOAOOTAAYM U MPOYHOCTU Ha CXKaTue.

Pe3ynbTatbl. CTaHgapTHble peLenTypbl AEMOHCTPUPOBANIM BO4OOTAAYY, NMPEBLILLAIOLLYI0 ONYCTUMbIE
NOporoBble 3HAYEHUs, M MPOYHOCTb Ha CXaTue Hmke TpebyemblXx MUHMMAIbHbIX MoKasaTenewn;
HaHOMOAMMULMPOBaHHbIE COCTaBbl MOKa3anu CHuXeHue BogooTaayun o 40% npu BeBegeHun SiO,,
yBenuyeHve paHHen NPOYHOCTU Ha cxaTtune Ha 15-25% npu pobasnexunm Al,Os.

3akntoyeHue. BeBegeHne HaHOKOMMO3WTHLIX [000ABOK MPU3HAHO TEXHWYECKM OOOCHOBAHHBLIM Ais
NpeoaoneHnst orpaHNYeHNN TPagULMOHHBIX LEMEHTHBLIX CUCTEM B YCINOBUAX MECTOPOXAEHUI 3anagHoro
KasaxcTaHa.

Knroyeeble crioea: yeMeHMHbIU pacmeop, UEeMeHmMuposaHUe CK8aXKUH, HaHoMamepuaribl,
HaHOKOMI03UMmbl, IPOYHOCMb UeMEHMHO20 KaMHs1, Bo0oomadaya, d8yxcmyrneH4yamoe yeMeHmuposaHue,
30HasIbHasi U30siuus.

Kak yntnpoBarthb:

XaceHos A.l., Mapda+os A.C., AbOpaxmaHos [.P., u Op. NoBblleHe kavyecTBa LLeMEHTMPOBAHUSA CKBaXKWH
C NPUMEHEHNEM HAHOKOMMO3UTOB: aHanu3 MPOMbICIIOBbLIX AaHHbIX W OLeHKa WX BIMSIHUSI Ha CBOWCTBA
uemeHTHoro pacteopa // BecTHuk HedTerazoBon oTpacnu KasaxctaHa. 2026. Tom 8, Ne3. C. 20-30.
DOI: 10.54859/kjogi108994.

© Xacenos A.I'., Mapnaunos A.C., A6npaxmanos /I.P., JIunensus CC BY-NC-ND 4.0
Cabupos b.®., [llarunsbaes A.XK., Ympanues B.T., 2026

21


https://creativecommons.org/licenses/by-nc-nd/4.0/deed.ru
https://doi.org/10.54859/kjogi108983
https://doi.org/10.54859/kjogi108994
https://doi.org/10.54859/kjogi108994

Kazaxcmannwly mynai-eas canacvinoiy xabapuvicol. 2026, 8 mom, Ne3, 20-30 6.

90X 622.245.422.4
FTAXP 52.47.15

DOI: 10.54859/kjoi108994

KabbingaHapl: 06.05.2026.
MakynpaHngbl: 29.06.2026.
XKapusnangpr: 30.09.2026.

TynHycka 3epTTey

HaHokoMno3uTTepAi KongaHy apKbifibl YHFbIMaHbl LLeMEHTTey
canachblH XXaKcapTy: TaMNoHaXAblK epiTiHAi KacueTTtepiHe acepiH
G6aranay

A.F. XaceHos', A.C. MapaaHoB?, [.P. A6apaxmaHoB?, B.®. Cabupos? 9.)XK. LLlarbinGaes?,
B.T. ©mipanues®

'KasMyHatila3, AcmaHa Kanacbl, KazakcmaH

2KMI™ UrxxuHupuH2 Ambipaynsik ¢punuarnsi, Ambsipay Kanacel, KasakcmaH

SKMI™ UHxxuHUupuHe, AcmaHa Kanachbl, Kasakcmat

AHHOTALUA

Herizpey. batbic KasakcTaH KeH OpblHAApPbIHbIH KYpPAEn reonorusnblk xeHe TepmobapuKkanblk
XafFdannapbl UEeMeHT epiTiHainepi XyrvenepiHe >Xofapbl Tamantap KosAbl, an nopTnaHaueMeHTKe
HerisgenreH cTaHoapTTbl peuenTypanap YHFbIMaHblH ©HAIPICTIK UMK GolbiHA TUICTi  aMakTbIK
OKLIaynayapl Xuvi KamTamacbI3 eTe anmvangbl.

Makcatbl. byn 3epTTey OaCTypni LeMeHT epiTiHAinepi KypaMblHbIH HETI3rM LUEKTeynepiH aHbIKTayFa XaHe
LEMEHT epiTiHAINepiHiH peonornanbik )eHe MexaHuKanblk cunaTTraMmanapbiH xakcapTy ywiH SiO,, Al,O3
HaHobernLeKkTepi MeH KOMIPTEKTI HAHOTYTIKTEPAi eHri3yAiH OpbIHAbINbIFLIH Heriaeyre barbiTTanfaH.
MaTepuanpap meH agictep. CanbicTbipmarnsl Tangay «Ya3 ConTycTik» KeH OpHblHAaFbl YHFbIMACbIHbIH
XoHe «Bbatbic [lMpopBa» KeH OpHbIHAAFbl YHFbIMACbIHbIH LEeMeHTTey OaraapnamanapbiHbliH, HaKTbl
[epeKTepi HerisiHge XXyprisingi; TbiFbI3AblK, TYTKbIPSbIK, KaTal yakblTbl, CyhblK 6erniHy XoHe KbiCbiMFa
OepikTik 6aranaHgpl.

HaTtuxenepi. CtaHaapTThl peuentypanap pykcaTt eTifnreH LeKkTepaeH acaTblH CylblK 6eniHy MaHaepiH
YKOHE KaXKeTTi eH TOMEHT i KepceTKiLuTepAeH TOMEH KbiCbiMFa O6epiKTikTi kKepceTTi; HaHOMoAMpMKaLMaNaHFaH
kypampap SiO, kockaHga cymblk GeniHyai 40%-fa pewiH aszanttbl, Al,Oz; KockaHgoa epte BepikTikTi
15-25%-fa apTTbIpabl.

KopbITbiHObI. HaHokoMNo3uTTiK Kocnanapabl eHridy batbic KasakcTtaH KeH opbliHAAapbl XafganbiHOa
OBCTYpIi LEMEHT XXyNenepiHiH LWeKTeynepiH >XeHy YLUiH TEXHMKanbIK TYPFblAaH Heri3genreH aen TaHbinabl.
Hezizzi ce3dep: mammnoHaxoblk epimiHOi,  YHFbIMaHbl  UeMeHmmey, HaHoMamepuanoap,
HaHoKoMo3ummep, UemMeHm macbkiHbiH bepikmiei, cyldbiIKmbIK CiHipyi, €Ki cambiiibl UeMeHmmey,
30HarbIK OKwaynay.
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LeMeHTTey camnacblH akcapTy: TamnoHaxablk epiTiHAi KacueTTepiHe acepiH Garanay // KasakcTaHHbIH
MyHaW-ra3 canacbiHblH xabapubicbl. 2026. 8 Tom, Ne3, 20-30 6. DOI: 10.54859/kjogi108994.

© Xacenos A.F., Mapaanos A.C., A6npaxmanos [I.P., JInnensusicel CC BY-NC-ND 4.0
Cabupos b.®., [llarpubaes O.XK., Omiponues b.T., 2026



https://creativecommons.org/licenses/by-nc-nd/4.0/deed.ru
https://doi.org/10.54859/kjogi108994
https://doi.org/10.54859/kjogi108994

ORIGINAL ARTICLES

Vol. 8, Ne 3 (2026)

Kazakhstan journal for oil & gas industry

Introduction

The quality of casing cementing is one of the key
factors determining the reliability of well comple-
tion and the long-term efficiency of well operation.
In mature oil fields of Western Kazakhstan, charac-
terized by high water cut and complex geological
and technical conditions, the task of ensuring the in-
tegrity of the annulus is of paramount importance [1].
Conventional cement slurry formulations based on
Class G cement with traditional additives of fluid loss
reducers, retarders, and defoamers often do not
provide a sufficient level of strength and durability
of the cement sheath under aggressive reservoir
conditions, which is especially critical when perfor-
ming multi-stage cementing of deep wells [2].

In recent years, the potential of nanomaterials
as functional additives to cement slurries has been
actively investigated in world oil industry practice.
Nanoparticles of silicon dioxide (SiO;), aluminum
oxide (Al,O3), iron oxide (Fe,0O3), and carbon nano-
tubes (CNTs), when introduced at concentrations
from 0.1 to 3.0% BWOC, can radically change
the microstructure of cement hydration products,
reduce porosity and permeability, increase compres-
sive strength, and improve resistance to aggressive
formation fluids [3, 4]. The mechanism of action
of nanomaterials is based on the creation of addi-
tional C-S-H gel, filling of nanopores and the forma-
tion of a reinforcing network in the cement matrix,
providing a synergistic effect in improving physical
and mechanical properties of the cement sheath [5].
The present work aims, on the basis of real field
data from cementing programs of well US-I (North
Uaz field, 2025) and two-stage cementing of well G-I
(Western Prorva field, 2025), to carry out a compre-
hensive comparative analysis of cement slurry for-
mulations used, identify their weaknesses, and sub-
stantiate specific directions for nanocomposite
application to improve the efficiency and reliability
of cementing under various geological and technical
conditions of the Western Kazakhstan region.

Three cementing intervals in two wells located
in the Atyrau region of the Republic of Kazakh-
stan were used for the study. The main geological
and technical parameters are presented in Tab. 1.
The fundamental difference between the analyzed
wells lies in the thermobaric conditions and the depth
of productive horizons. Well US-l is representative
of mature oil fields with a relatively shallow depth
(approximately 1050 m) and moderate bottom-
hole temperature of 34°C, which are characteristic
of water-flooded reservoirs with a long production
history. Under these conditions, the primary chal-
lenges are ensuring sufficient strength of the light-
weight cement slurry and controlling fluid loss
at a high water-to-cement ratio.

Well G-I at the Western Prorva field is characterized
by significantly more complex conditions and was ce-
mented using a two-stage cementing scheme
with a stage cementing collar (SCC) at a depth
of 1450 m. The first cementing stage covers

the interval from 2400 m to 1430 m with a bottom-
hole static temperature of 72°C, requiring the use
of a setting retarder and comprehensive control
of rheological parameters. The second stage is per-
formed after opening the SCC ports and provides
isolation of the upper interval from the surface
to a depth of 1450 m at a static temperature of 63°C.
This two-stage technology optimizes slurry para-
meters for different thermobaric conditions along
the wellbore depth and is widely recognized
as the standard practice for completing deep
wells [6, 7].

Materials and methods

The study draws on actual cementing program
documentation for three intervals across two wells
in the Atyrau region of Kazakhstan: single-stage ce-
menting of well US-I at the North Uaz field and two-
stage cementing of well G-I at the Western Prorva
field. The two wells were selected based on contrast-
ing downhole conditions. Well US-I is a shallow,
water-flooded well with a casing shoe at 1049.69 m
and a static temperature of 34°C; well G-l is a deep,
high-temperature well with a first-stage shoe
at 2400 m and a stage cementing collar set at 1450 m.
All three cementing intervals used Class G ce-
ment as the base, with additive packages tailored
to the respective conditions: fluid loss reducer FL-1
(US-I) and HALAD-344/HALAD-413 (G-l), retarder
HR-5 (G-I first stage only), expansive agent, defoa-
mer D-Air 5000, and plasticizer. Slurry densities ran-
ged from 1.60 g/cm? for the lightweight system at US-I
to 1.89 g/cm?® for the heavyweight and G-I formul-
ations, with water-to-cement ratios between 0.44
and 0.82. Laboratory testing was conducted in accor-
dance with ISO 10426-2. Measured parameters inclu-
ded compressive strength at 24 and 48 hours, API
fluid loss (30 min), free water, slurry spread, thicke-
ning time to 40 Bc, and initial set time. Fann visco-
meter readings at 600 rpm were taken at both am-
bient (25°C) and elevated temperatures (40-48°C),
with test temperatures assigned individually
for each slurry based on the calculated circulating
temperature of the respective interval.

For well G-I, the cementing process was mode-
led in Halliburton’s iCem® software in both 2D
and 3D modes. Inputs included a dynamic tempera-
ture profile, fluid density hierarchy, pump schedule,
and a +50% washout factor from caliper data. Cent-
ralizer placement was optimized using the Soft
String method. Model outputs comprised the ECD
profile along the wellbore, predicted STOP pressure
at plug landing, and mud displacement efficiency.
The evaluation of nanomodified formulations
was carried out as a quantitative desk study, apply-
ing improvement coefficients from peer-reviewed
literature [8-10] to the baseline values recorded
in the field programs. Three nanoadditive types were
assessed: nano-SiO, (10-50 nm, 1.5-2.0% BWOC),
nano-Al,O; (0.5-1.0% BWOC), and multi-walled
CNTs (0.3% BWOC).
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Results

Laboratory Research Results
and Hydrodynamic Modeling
Laboratory tests of cement slurries were conducted
in accordance with the requirementsof ISO 10426-2

and included determination of compressive strength,
fluid loss, free water, spread, thickening time and
setting times. Results are presented in Tab. 2.
Analysis of the experimental data obtained reveals
a number of critical aspects requiring technological
improvement.

Table 1. Comparative characteristics of the wells and cementing parameters

Parameter US-I North Uaz G-l (1st stage) Western Prorva G-l (2nd stage) Western Prorva
Work type Casing cementing. 1st stage casing cementing 2nd stage casing cementing
OD casing, mm 168.3 177.80 177.80
ID casing, mm 153.7 159.42 159.41
Shoe depth, m 1049.69 2400.0 1450.0
Borehole diameter, mm 2159 216.0 215.9
Washout factor 1.15 +50% +50%
Static temperature, °C 34 72 63
Circulating temperature, °C 30 40 40
Mud density, g/cm? 1.23 1.32 1.32
STOP pressure, bar 114.5 110 160
Cement top, m to surface 1430 to surface
wWoC 48 h per CBL 72 h min
MaximumECD, SG — 1.68 1.68

OD - Outer Diameter; ID — Inner Diameter; WOC — Waiting on Cement; ECD — Equivalent Circulating Density; SG — Specific Gravity; CBL — Cement

Bond Log
Table 2. Laboratory test results of cement slurries

Test temperature, °C 34 34 47.8 40 40
Strength 24h, MPa 10.2 14.9 — — —
Strength 48h, MPa 124 17.2 — — —
Fluid loss, ml/30min 110 76 — 142.4 —
Fluid loss 40°C/68bar — — — 52.0 —
Free water, ml 0.0 0.0 — 0.0 0.0
Spread, mm 245 230 — — —
Thickening time to 40 B¢, min 255 250 — 358 310
Initial setting time, h:mm 05:25 05:45 — — —
Fann reading 600/25°C — — 200 186 149
Fann reading . 600/40-48°C — — 190 181 —

LCS - Light Cement Slurry; HCS — Heavy Cement Slurry

The strength of the lightweight cement slurry of
Well US-I at 10.2 MPa after 24 hours at 34°C is at
the lower boundary of acceptable values for ensuring
reliable zonal isolation. According to ISO 10426-2
and API recommendations, the minimum acceptable
cement sheath compressive strength for intervals
subjected to formation fluid effects is 13.8 MPa
(2000 psi), which is 35% higher than the value
achieved for the LCS [11]. Insufficient strength

creates risks to the integrity of the cement sheath
under cyclic thermomechanical loads during well
operation, especially during stimulation operations
or hydraulic fracturing.

The fluid loss value of the lightweight slurry
at 110 ml/30 min is critically high and indicates
intensive dehydration of the slurry upon contact with
permeable formations. Excessive water filtration from
the cement slurry into the formation leads to the for-
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mation of a dehydrated cake at the cement-forma-
tion interface, reducing slurry mobility, risk of pre-
mature thickening and formation of water channels
in the annulus, disrupting the integrity of isolation [1].
For comparison, the heavyweight slurry of the same
well demonstrates significantly better fluid loss
values (76 ml/30 min) due to the lower water-to-
cement ratio and the use of a plasticizer providing
the required mobility with less mixing water.

Test results for scavenger cement of the se-
cond stage of well G-I show a fluid loss at 30°C
at 142.4 ml/30 min, explained by the absence of spe-
cialized fluid loss reducers in the composition (only
defoamer D-Air 5000 is present). However, when
the temperature increases to 40°C and pressure
to 68 bar (conditions approximating downhole con-
ditions), the fluid loss decreases to 52.0 ml/30 min
due to the thermal acceleration of hydration pro-
cesses and C-S-H gel formation [6]. For the main
cement slurries of the first and second stages,
the application of the complex of fluid loss reducers
HALAD-344 and HALAD-413" ensures the required
level of filtration control in the temperature range
40-72°C.

Hydrodynamic modeling of the cementing process
for Well G-l using Halliburton’s iCem® software?
enabled 2D and 3D visualization of fluid distribution
in the annulus, calculation of the ECD profile, de-
termination of calculated surface pressure, and as-
sessment of drilling mud displacement efficien-
cy by cement. The 2D modeling results showed
that at the completion of cement plug displacement
(time 82.87 min for the first stage and 69.73 min
for the second stage), the fluid distribution in the an-
nulus corresponds to the design cement-top heights
accounting for a 50% excess volume for borehole
washout. The calculated STOP pressure at dis-
placement plug seating is 110 bar for the first stage
and 160 bar for the second stage, which correlates
with the actual hydrostatic pressure values of the flu-
id column in the casing and annulus [6, 7].

Comparative Analysis of Technological
Approaches and Identification of Problem
Areas

A detailed comparison of the cementing programs
for wells US-I and G-I allows identifying fundamen-
tal differences in technological approaches, con-
ditioned by differences in geological and technical
conditions, customer requirements, and the level
of technical support of service companies. Data
are presented in Tab. 3.

The cementing program for Well G-I, demon-
strates a significantly higher level of engineering
preparation of the operation, including mandatory
three-dimensional computer modeling in the spe-
cialized iCem® software package, dynamic cal-

culation of the temperature profile accounting
for heat exchange between injected fluids and rock
formations, casing centralizer optimization using
the Soft String method, and application of a two-
stage buffer system for improved borehole clean-
ing from drilling mud. Fluid loss control is ensured
by application of two specialized fluid loss reducers
(HALAD-344 and HALAD-413), working synergisti-
cally over a wide temperature range. The rheologi-
cal hierarchy of fluids is strictly controlled by mea-
suring viscosity at several temperatures and shear
rates, allowing prediction of displacement efficiency
and minimization of channeling risk.

Table 3. Comparison of technological approaches
to cementing

Comparison criterion us-I G-l
Volume calculation Manual (Excel) iCem® 3D
Hydraulic modeling Simplified 2D/3D iCem®
Temperature profile Static Dynamic
Buffer system Simple (1 buffer) Two-stage
Fluid loss control 1 additive (FL-1) 2 additives HALAD
Retarder Not required HR-5 (mandatory)

Centralizer design Standard iCem® Soft String

24/48-h compressive

o
strength CBL 280%

Quality criterion

Rheology control Not controlled Strictly maintained

Nano-additives None None

HR — High-temperature Retarder

Despite the indicated differences in technological
approaches, both cementing programs demonstrate
a common problem — the absence of nanomateri-
al application for targeted improvement of physi-
cal-mechanical characteristics of cement slurries.
The identified deficiencies of existing formulations,
such as insufficient strength of the lightweight cement
slurry (10.2 MPa versus the normative 13.8 MPa),
high fluid loss (110 mlI/30 min), elevated water-to-
cement ratio (W/C = 0.82) and risks of retrogressive
strength degradation at high temperatures (72°C
for the first stage of G-l), can be effectively elimi-
nated by introducing specially selected nanocom-
posites at concentrations of 0.5-3.0% BWOC [12].

Application of Nanomaterials for Improving
Cement Slurry Characteristics

World experience from laboratory studies and field
trials convincingly demonstrates that introducing
nanoparticles into cement slurries radically changes
the microstructure of cement sheath at the nanome-
ter scale, providing a synergistic effect in improving
strength, filtration, and adhesion characteristics.

" HALAD-344 and HALAD-413 — are liquid fluid loss control additives for cement slurries manufactured by Halliburton. Official

website: www.halliburton.com

2 the iCem® software — is a cementing design and simulation platform developed by Halliburton. It enables 2D/3D hydraulic
modeling of the cementing process, dynamic temperature profiling, ECD calculation, centralizer optimization, and real-time job

monitoring.
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The mechanism of action of nanomaterials is reali-
zed through a complex of physicochemical proces-
ses, including the formation of additional nucleation
sites for hydration phases, the filling of nanopores
by filler particles, the pozzolanic reaction with cal-
cium hydroxide, and the creation of a reinforcing net-
work in the cement matrix [8—10].

Nanoparticles of Silicon Dioxide (nano-SiO,)
Silicon dioxide nanoparticles are the most studied
and widely used type of nanomodifiers for cement
slurries due to the combination of high efficiency,
chemical stability, and processability of introduction
into cement systems. The mechanism of cement
sheath strengthening when introducing nano-SiO,
is based on the pozzolanic reaction: amorphous SiO,
nanoparticles 10-50 nm in size enter into chemical
interaction with calcium hydroxide Ca(OH),, a pro-
duct of Portland cement hydration, forming addi-
tional C-S-H calcium silicate hydrate gel according
to the reaction: SiO, + Ca(OH), + H,O — C-S-H.
The C-S-H gel has high strength and fills capillary
pores in the cement stone structure, reducing overall
porosity and permeability of the material [8].
Experimental studies show that with the addition
of nano-SiO, at concentrations from 1.0 to 3.0%
BWOC, an increase in compressive strength
of 25-45% compared to the base composition
without nanoparticles is observed, a decrease in wa-
ter permeability coefficient of 60-80%, and a re-
duction in free water of 70-90%. The optimal con-
centration of nano-SiO, for most cement systems
is in the range of 1.5-2.5% BWOC, since further in-
crease in dosage leads to agglomeration of nanopar-
ticles and reduction of their distribution efficiency
in the slurry volume [8, 9].

Nanoparticles of Aluminum Oxide
(nano-Al,0;)

Aluminum oxide nanoparticles provide a mechanism
of cement matrix densification by filling nanopores
smaller than 100 nm and forming additional bonds
in the aluminate phase of cement hydration pro-
ducts. Unlike nano-SiO,, whose pozzolanic activity
manifests mainly at normal and moderately elevated
temperatures, nano-Al,O; demonstrates high effi-
ciency at temperatures above 60°C, providing sta-
bilization of cement sheath strength and preventing
retrogressive degradation of mechanical properties
characteristic of Class G cement systems under pro-
longed curing at elevated temperatures [9, 10].
Effective concentration of nano-Al,O; for cement
slurries is 0.5-2.0% BWOC. At a dosage of 1.0%
BWOC, an increase in compressive strength
of 15-25% and reduction in permeability of 40-60%
are observed at temperatures of 60-90°C. Na-
no-Al,O3 is of particular importance for cement-
ing deep wells with bottomhole temperatures ex-
ceeding 60°C, where standard Class G cement
formulations without nanomodifiers are subject
to strength reduction of 20-30% during the first
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6—12 months of operation due to structural rear-
rangements in the crystal lattice of hydrate phases.
For well G-I at the Western Prorva field with a stat-
ic bottomhole temperature of 72°C (first stage),
introduction of nano-Al,O; at a concentration
of 1.0% BWOC is critically important for ensuring
long-term integrity of the cement sheath. Modeling
of the strength kinetics of modified cement sheath
shows that application of nano-Al,O; allows sta-
bilizing strength at 95-100% of the initial value
for at least 5 years of well operation at 72°C, where-
as unmodified cement demonstrates strength re-
duction to 70-75% of the initial level over the same
period [9].

Carbon Nanotubes

Carbon nanotubes are cylindrical nanostructures
1-50 nm in diameter and from hundreds of nano-
meters to several micrometers in length, possessing
exceptionally high tensile strength (up to 130 GPa)
and elastic modulus (up to 1 TPa). Introduction
of CNTs at concentrations of 0.1-0.5% BWOC into
cement slurry leads to the formation of a three-
dimensional reinforcing network in the hardened ce-
ment sheath at the nanoscale level, which effectively
prevents the initiation and propagation of microc-
racks under the action of thermomechanical stres-
ses, cyclic loads, and shrinkage deformations [10].
Experimental studies show that using CNTs at a con-
centration of 0.3% BWOC increases the tensile
strength of the cement sheath by 35-50%, increa-
ses the elastic modulus by 20-30%, and increases
fracture toughness (critical stress intensity factor)
by 40-60% compared to unmodified cement. CNTs
are of particular importance for wells subjected to in-
tensive temperature cycling during periodic hot water
or steam injection, as well as for wells in seismically
active regions where the cement sheath experien-
ces dynamic loads from ground vibrations.

Hybrid Nanocomposites SiO,/Al,O;

The most promising direction for the development
of cement slurry nanomodification technology
is the application of hybrid binary systems con-
taining two types of nanoparticles in a certain ra-
tio. The combination of nano-SiO, and nano-Al,O;
in a ratio of 2:1 at a total concentration of 2.0-3.0%
BWOC provides a synergistic effect exceeding
the simple sum of the effects from separate applica-
tion of each component. The mechanism of syner-
gy lies in the fact that nano-SiO, ensures formation
of additional C-S-H gel through the pozzolanic reac-
tion, while nano-Al,O; stabilizes the formed structure
through the formation of aluminate bonds and pre-
vention of retrogressive transformations at elevated
temperatures [8, 9].

Laboratory tests of hybrid SiO,/Al,O; nanocom-
posites show an increase in compressive strength
after 24 hours of 40-55% compared to base ce-
ment, reduction in fluid loss of 65-75%, decrease
in permeability coefficient of 70-85%, and improve-
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ment of cement sheath adhesion to the steel surface
of the casing by 20-30%. Application of hybrid SiO,/
Al,O; nanocomposite (2:1) at a concentration of 2.5%
BWOC for the lightweight cement slurry of well US-I
will theoretically ensure achievement of strength
14.8-15.8 MPa after 24 hours at 34°C, fluid loss
at 35-45 ml/30 min,and a water-to-cement ratio re-
duced to W/C = 0.65-0.70 while maintaining the re-
quired slurry density of 1.60 g/cm?.

Risk Assessment and Recommendations

for Nanocomposite Application

Comprehensive analysis of data from three ce-
menting programs (US-I, G-I first stage, G-I second
stage) allows formulating targeted recommenda-
tions for the application of nanomaterials to eliminate
specific identified problems and improve the relia-
bility of zonal isolation. Systematized recommenda-
tions are presented in Tab. 4.

Table 4. Targeted recommendations for nanoadditive application

Identified problem Well Recommended nanocomposite DOBS‘:,E(’;&% Expected effect
Low LCS strength (10.2 MPa) us-I Nano-SiO, 20 +40% — 14.3 MPa
High fluid loss (110 ml/30min) Us-I Nano-SiO, + FL-1 1.5+0.6 —60 ml/30 min
Degradation at T>60°C G-I (1) Nano-Al,0; 1.0 Stabilization 92.5% for 5 years
Channeling All Nano-SiO, / CNT 0.5-1.0 +20% adhesion
W/C=0.82in LCS Us-1 Nano-SiO, 2.0 W/C—0.65-0.70
Rheological instability at 72°C G-I (1) Nano-Al,0;+HR-5 0.5+0.25 Viscosity stabilization
Microcracks during workover us-I CNT 0.3 +45% fracture toughness

Key risks when using standard formulations without
nanomaterials include insufficient strength of the ce-
ment sheath in intervals with lightweight slurries,
which creates prerequisites for integrity violations
under cyclic thermomechanical loads characteris-
tic of well operation at mature fields; high fluid loss
leading to formation of fluid channels in the annulus
and migration of formation fluids; and retrogressive
strength degradation under prolonged curing at tem-
peratures above 60°C, which is especially critical
for deep wells such as G-I.

Both cementing programs of Well G-l provide
as quality assessment criteria the conduct of CBL
with a requirement for complete bonding of not less
than 80% throughout the entire wellbore and not
less than 80% in the productive interval. Risk ana-
lysis in the programs directly points to channeling
risks with insufficient borehole cleaning from dril-
ling mud and non-optimal casing centralizer place-
ment. Application of nano-SiO, at concentrations
of 1.5-2.0% BWOC contributes to improving
the thixotropic properties of the cement slurry,
which reduces the probability of channeling through
faster formation of structural gel strength immedia-
tely after cessation of shear influence during slurry
displacement [6, 7].

The cementing program for Well G-l prescribes
mandatory three-dimensional hydraulic process
modeling in the iCem® software package prior
to work commencement. Entering the rheological
characteristics data of the nanomaterial-modified
cement slurry into the iCem® simulator will allow
more accurate prediction of the ECD profile, opti-
mization of pump rates for different stages (spac-

er, buffer, cement, displacement) and minimization
of the risks of lost circulation or hydraulic fracturing
during the primary cementing operation.

Mechanism of Nanocomposite Effect

on Cement Sheath Structure

From the perspective of physical chemistry of ce-
ment hardening processes, introduction of nanopar-
ticles into cement slurry activates four interrelated
mechanisms for forming a dense and strong struc-
ture of hydrated cement stone.

The first mechanism is the pore filling effect (filler ef-
fect) — is realized because nanoparticles 10-100 nm
in size are able to penetrate and fill inter-grain voids
in the cement gel structure, inaccessible to standard
mineral admixtures of micrometer size. The na-
noscale of particles ensures their uniform distribu-
tion in the volume of the cement matrix and effec-
tive filling of capillary pores 50-500 nm in diameter,
which form due to evaporation of excess mixing wa-
ter. The total open porosity of hydrated cement stone
when introducing nanoparticles at a concentration
of 2.0% BWOC is reduced by 15-30% compared
to the unmodified composition, which proportional-
ly improves mechanical strength and reduces fluid
permeability [8].

The second mechanism is the acceleration of ce-
ment hydration — is due to the fact that nanoparticles
act as additional crystallization centers for hydrate
phases C-S-H, C-A-H and Ca(OH),. The high spe-
cific surface area of nanoparticles (for nano-SiO,,
up to 200-300 m?g) ensures a manifold increase
in the interfacial surface area and intensifica-
tion of nucleation processes of hydrate crystals
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on the surface of nanoparticles. This leads to ac-
celeration of early strength development of cement
sheath by 20-40% during the first 12—-24 hours
of curing, which is especially important when per-
forming operations requiring reduction of WOC time
to minimize well downtime [9].

The third mechanism is the pozzolanic activi-
ty of nano-SiO, — consists in the chemical re-
action of amorphous silicon dioxide nanopar-
ticles with calcium hydroxide released during
hydration of Portland cement minerals (main-
ly alite C3S and belite C,S), forming additional
C-S-H gel according to the reaction: n-SiO, + m--
Ca(OH); + pHO — (Cal)m(SiOz)n*(H20)p.
The formed pozzolanic C-S-H gel has a low Ca/Si
ratio (approximately 1.2—1.5 versus 1.7-2.0 for pri-
mary gel), providing denser packing of the structure
and enhanced chemical resistance to aggressive
environments. Binding of free calcium hydroxide into
additional C-S-H eliminates weak zones in the ce-
ment sheath structure formed by local accumulation
of portlandite crystals and increases the long-term
strength and resistance of cement sheath to leach-
ing under conditions of mineralized formation water
circulation [8, 9].

The fourth mechanism is the reinforcing effect
of carbon nanotubes. It is based on the formation
in the cement matrix volume of a three-dimensional
network of nanoscale CNT fibers, which effectively
prevents the propagation of microcracks initiated un-
der the action of thermomechanical stresses, shrink-
age deformations and external loads. The high ten-
sile strength of carbon nanotubes (up to 130 GPa)
and their ability to bridge microcracks with opening
widths from nanometers to a few micrometers pro-
vides a manifold increase in fracture toughness
of cement sheath and its resistance to cyclic loads.

Discussion

The comparative analysis reveals a clear techno-
logical gap between the two cementing programs.
Well US-I, designed with manual calculations
and a simplified hydraulic model, produced a light-
weight slurry with compressive strength of 10.2 MPa
at 24 hours — 26% below the ISO 10426-2 mini-
mum of 13.8 MPa. Well G-I, engineered with full 3D
modeling in iCem® and a two-component fluid loss
system (HALAD-344/HALAD-413), demonstrated
substantially better rheological control. This contrast
confirms that engineering preparation quality direct-
ly determines the baseline properties of the cement
system.

The fluid loss value of 110 ml/30 min for the US-I
lightweight slurry represents the most critical limita-
tion. At this level, dehydration upon contact with per-
meable formations is sufficient to cause premature
thickening and water channel formation in the an-
nulus. For the second-stage lead slurry of Well G-I,
fluid loss dropped from 142.4 ml/30 min at 30°C
to 52.0 ml/30 min under downhole conditions (40°C,
68 bar), indicating partial self-mitigation through ac-
celerated C-S-H gel formation.
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The first-stage cement of well G-l faces a sepa-
rate problem: retrogressive strength degradation
above 60°C. Class G cement undergoes structural
rearrangement of hydrate phases at 72°C, causing
a 20-30% strength reduction over five years —
a mechanism that retarder HR-5 does not address.

The proposed nanocomposites target each failure
mode through distinct mechanisms. Nano-SiO,
(1.5-2.0% BWOC) raises projected 24-hour strength
at US-| to 14.3-15.8 MPa and reduces fluid loss
to 35-60 ml/30 min via the pozzolanic reaction.
Nano-Al, O3 (1.0% BWOC) stabilizes cement sheath
strength at 92—100% of its initial value over five years
at 72°C for G-I's first stage. CNTs (0.3% BWOC)
increase fracture toughness by 35-50%, relevant
for wells subject to cyclic mechanical loading during
workovers.

A key practical constraint is compatibility: at con-
centrations above 2.5% BWOC, nanoparticle—
polymer interactions can increase slurry viscosity
beyond pumpable limits. Pre-screening under labo-
ratory conditions and re-modeling of the ECD pro-
file in iCem® with updated rheological parameters
are required before field implementation.

Conclusion

Based on detailed analysis of actual cement-
ing programs for Well US-I at the North Uaz field
and two-stage cementing of Well G-I at the Western
Prorva, the following key findings have been estab-
lished.

Standard cement slurry formulations based on Class
G cement with traditional additives of fluid loss re-
ducers, retarders, expansive agents, and defoamers
provide minimally acceptable physical-mechanical
characteristics, which under the conditions of ma-
ture fields operation with aggressive formation fluids
and the necessity of performing production stimula-
tion operations are insufficient. The strength
of the lightweight cement slurry of Well US-I
at 10.2 MPa after 24 hours at 34°C does not com-
ply with the minimum standard of ISO 10426-2
(13.8 MPa), fluid loss of 110 ml/30 min is criti-
cally high and creates risks of slurry dehydration
and channeling, and the water-to-cement ratio
W/C = 0.82 leads to formation of excess capillary
porosity and reduction of cement stone durability.
Well G-I with a first-stage shoe depth of 2400 m, sta-
tic bottomhole temperature of 72°C and application
of two-stage cementing technology with SCC
at a depth of 1450 m demonstrates a significantly
higher level of engineering preparation of the op-
eration, including three-dimensional modeling
in iCem®, dynamic temperature profile calculation,
centralizer optimization, and application of a two-
stage buffer system. However, even when using
modern Halliburton technologies, the program does
not include nanomaterial application, which creates
risks of retrogressive cement sheath strength deg-
radation of 20-30% during the first 5 years of ope-
ration at 72°C due to structural rearrangements
in the hydrate phases of Class G cement.
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The application of nanocomposites in combination
with modern cementing process design methods
(3D modeling in iCem®, centralizer optimization, ex-
tended laboratory testing, cement bond log for quality
control) represents a promising direction for the de-
velopment of cementing technology at Western Ka-
zakhstan fields and is recommended for laboratory
validation under simulated reservoir conditions of
the North Uaz and Western Prorva fields.

The integration of nanomaterial technology into well
cementing practice represents not merely a gradual
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