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Abstract 

This article presents an experimental study of the effect of chromium (III) oxide, recovered from chromium-containing 

catalyst sludge, on the properties of grouting mortars used for well cementing in permafrost zones. The necessity of 

modifying grouting mortars to increase the strength of the cement stone for intervals in permafrost formations is 

justified. A method for reducing Cr(VI) to the stable form Cr(III) has been developed, and Cr2O3 has been obtained 

for use as an active mineral additive. Four grouting mixture compositions are considered: a base mixture, commonly 

used at sites, based on Portland cement with a setting accelerator; a mixture based on Portland cement; a mixture 

based on Portland cement with the addition of chromium (III) oxide; and a mixture based on Portland cement with 

calcium chloride and the addition of chromium (III) oxide. The experiments include testing of the four compositions 

at two water-to-solid ratios (W/S = 0.4 and 0.5) with an assessment of flowability, compressive and flexural strength, 

microstructure (microtomography, SEM) and phase composition (XRD) at normal and sub-zero temperatures, in-

cluding cyclic temperature changes. The data obtained show that at W/S = 0.5, the addition of Cr2O3 increases the 

compressive and flexural strength of the cement stone; a reduction in the content of free Ca(OH)2 is observed, the 

proportion of calcium silicate hydrates (CSH) increases, and a more homogeneous and dense microstructure is evi-

dent. This modification increases the flowability of the grout, which facilitates better replacement of the drilling 

fluid. The use of Cr2O3 to improve the durability and watertightness of support structures in cryolithozone conditions 

is clearly advisable. 
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Introduction 

Modern oil and gas field development increasingly involves the exploitation of areas located in 

geotechnically complex regions, including zones of permafrost – the cryolithozone [1, 2]. Carrying 

out construction work on a well under such conditions presents a number of serious challenges: sharp 

temperature fluctuations, the presence of meltwater and frozen rock, and a high probability of cracking 

and loss of cement ring integrity. One of the most critical problems remains inter-casing flow, caused 

by a breach in the integrity of the cement stone or its poor adhesion to the casing string and the 

wellbore wall [3-5].  

Conventional cement slurry compositions do not provide the required durability in permafrost 

conditions and are susceptible to degradation under the influence of freezing, thawing and the migra-

tion of aggressive fluids [6]. When testing cements for northern regions, a temperature regime based 

on the temperature conditions during well drilling may be used [7]. 

When drilling wells in permafrost using a water-based clay slurry, the temperature of the slurry 

is artificially maintained between 5 and 7 °C. Consequently, the temperature of the mortar used 
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under these conditions must be the same. This is dictated by the need to equalize the temperature 

of the grouting mortar pumped into the well and emerging at the wellhead with the temperature 

inside the well [8, 9]. After the cementing process is complete, this temperature is maintained  

for some time or decreases slightly. Subsequently, the grouting mortar cools under the influence  

of the cold from the frozen rock mass or heats up due to the exothermic nature of the hydration 

process [10, 11]. 

Cementing of casing strings in a frozen rock interval (FR) involves the formation of cement 

stone and its behaviour under cyclic, alternating temperature stresses [12]. As a result of the changing 

boundary aggregate state of the residual fluid (after the hydration process in the grouting slurry has 

been fully completed) remaining in the closed porosity of the cement stone, at temperatures ranging 

from +5 to –5 °C, a cyclic volumetric effect occurs, leading to a disruption of the integrity of its 

structure [13, 14].  

The aim of this study is to experimentally demonstrate the effectiveness of using catalyst sludge 

containing aluminium oxide and chromium (III) oxide as an active mineral additive to grouting ce-

ment for use in cryolitezones. 

The idea behind the work is to increase the strength of the cement stone by introducing the ad-

ditive in question into the composition of the grouting mortar; this additive promotes the formation 

of a denser and more stable cement stone structure and acts as an antioxidant, which in this case is 

chromium (III) oxide in a quantity of 10-14 % relative to the application medium. 

Main research objectives: 

• analysis of the operating conditions of cement stone in permafrost zones and identification of 

the main factors contributing to its deterioration; 

• investigation of the effect of chromium (III) oxide admixture on the strength characteristics of 

cement stone at various water-to-solid ratios; 

• assessment of the structure and microporosity of the resulting cement stone; 

• determination of the optimal admixture content to enhance resistance to external influences. 

The article examines the influence of temperature on the formation of water crystals within the 

cement stone during freeze-thaw cycles upon hydration. An approach is proposed for the utilization 

of industrial waste by re-incorporating it into the technological processes of well construction. 

The practical significance of the work lies in the development of an effective formulation for a 

modified grouting mortar, ensuring enhanced sealing and long-term durability of well casings in per-

mafrost regions. The results obtained can be utilized in the design of oil and gas well construction 

works in Arctic and sub-Arctic regions. 

Literature review and research framework 

Characteristics of cementing in permafrost zones. Permafrost constitutes a complex system com-

prising a mineral matrix, water in various phases, and gases. The temperature at which they occur 

varies from 0 to –15 °C and below. Upon contact with drilling and grouting mortars at above-freezing 

temperatures, local thawing of the rock occurs, accompanied by deformation, the formation of cracks 

and changes in filtration properties [15-17]. The main requirement for grouting materials under such 

conditions is the maintenance of the cement ring’s integrity and resistance to repeated freeze-thaw 

cycles. At the same time, it is necessary to ensure minimal heat transfer to the rock so as not to disrupt 

the thermal balance of the frozen mass [18, 19]. 

When the temperature drops below 0 °C, the rate of cement hydration falls sharply, leading to a 

shortfall in strength and the formation of a porous structure [20, 21]. When water freezes before 

setting begins, ice inclusions and microcracks form, which subsequently act as channels for fluid 

filtration. Thus, even minor temperature fluctuations can lead to a breach in the integrity of the cement 

stone [22, 23].  

Problems with traditional grouting cements. Pure Portland cements used for well grouting are 

not designed to withstand sub-zero temperatures. They are characterized by excessive shrinkage, the 
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formation of free Ca(OH)2, low resistance to leaching, and cracking during freezing [24, 25]. When 

the water-cement mixture freezes, volumetric expansion of up to 5 % occurs, which causes internal 

stresses and reduces flexural strength to 10-15 % of standard values [26, 27]. 

Various additives are used to compensate for these effects: calcium chloride to accelerate 

hydration, microsilica and fly ash to densify the structure, as well as polymer and latex modifiers 

to increase the elasticity of the cement stone [28]. However, these methods do not always  

ensure stability under prolonged exposure to sub-zero temperatures and aggressive formation  

fluids [29, 30]. 

The use of industrial waste as active additives. Traditionally, secondary industrial products have 

been widely used in drilling; these possess an active mineral structure and are capable of improving 

the physical and mechanical properties of cement stones [31-33]. Such materials include fly ash, 

slurries from sulphuric acid and petrochemical production, metallurgical slags, red slurries, and  

catalyst wastes [34, 35]. 

Chromium-containing catalyst sludges are a by-product of the chemical industry, containing  

oxides of chromium, iron, aluminium and silicon [36, 37]. Once the sludges have been reduced to a 

stable state with a Cr3+ content, they can be used as active mineral additives [38, 39]. Their use not 

only improves the performance properties of the cement stone but also addresses the challenge of the 

environmentally safe disposal of hazardous waste [40, 41]. 

Methods 

Method for the preparation of reduced chromium (III) oxide. Chromium is a transition metal with 

pronounced redox properties and is capable of existing in various oxidation states, the most stable of 

which are Cr(III) and Cr(VI). Hexavalent chromium compounds are highly toxic and must be neu-

tralized, whereas trivalent forms are chemically stable and can be used as active mineral additives. 

According to the patented method (Patent RU 2796659 C1), the conversion of Cr(VI) into the safe 

form Cr(III) is carried out by reduction with sodium metabisulphite in a suspension of catalytic sludge 

at 70-85 °C and a reducer-to-slurry ratio of 0.005:1, which ensures up to 99 % process efficiency. 

The resulting precipitate – chromium (III) hydroxide – can be used as a source of chromium (III) 

oxide in grouting solutions after filtration and drying.  

Cr2O3 compounds improve the structure of the cement stone, increasing its density, frost re-

sistance and chemical resistance, which makes them promising for use in well cementing in perma-

frost zones [42, 43]. 

Reduction with sodium metabisulphite (Table 1) proceeds via the following reaction: 

2 2 2

4(l) 2 5(l) 2 3(s) 4(l) (l)4CrO 3S O 7H O 3Cr(OH) 6SO 2OH .         

 

Table 1 
 

Material balance of the reduction process [42] 
 

Input Amount, kg Output Amount, kg 

Catalyst sludge pulp 

Liquid phase 

Solid phase 

359 

180 

179 

Recovered catalyst sludge pulp 

Liquid phase 

Solid phase 

361.52 

180 

181.52 

Sodium metabisulphite 2.52   

Total 361.52 Total 361.52 

 
Research Methodology. Four grouting mixtures are examined: a base mixture commonly used 

for cementing wells in MMP intervals, based on PCT with a setting accelerator (N 1); a mixture 

based on PCT (N 2); based on PCT with the addition of chromium (III) oxide (N 3); based on PCT 

with calcium chloride and the addition of chromium (III) oxide (N 4). The characteristics of the 
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base mixture are required as initial data and for comparison with the characteristics of the alterna-

tive mixtures.  

Each composition was prepared with two water-to-solid ratios (W/S) of 0.4 and 0.5, except for 
composition N 4.2, as the study revealed that Cr2O3 performs better at a higher water-to-solid ratio. 

Formulations of grouting mixtures with the main binder PTS-I-50: N 1 – base, 2 % CaCl2;  
N 2 – pure; N 3 – 4 % Cr2O3; N 4.1 – 4 % Cr2O3 and 2 % CaCl2; N 4.2 – 2 % Cr2O3 and 2 % CaCl2. 
Purpose of additives: Cr2O3 – to improve strength characteristics; CaCl2 – to increase the rate of 
hydration, reduce the setting time of the grouting mortar, and accelerate strength development. 

The required mass of the cement sample for mixing the mortar is calculated using the formula 

w
mix ,

W/S

m
m   

where 
wm – mass of water, kg. 

The components of the mixture are weighed on an A&D DX-500 bench-top laboratory balance 
with an accuracy of ±0.02 g. An IKA Eurostar power control-visc 6000 top-drive mixer is used  
to prepare the grouting mortars. Mixing is carried out by adding the components of the dry grouting 
mixture to the mixer beaker containing deionized water and stirring for 180±5 s at a speed of 
1500±100 rpm.  

The KR-1 spread cone (AzNII) is used to determine the spreadability of grouting mortar, whilst 
the CONTROLS Digimax 3 testing press is used to measure the compressive and flexural strength 
characteristics of cement samples.  

The density of the grouting mortar is determined using a FANN 140 lever balance. The structure 
of the grouted rock is examined using a TESCAN VEGA3 scanning electron microscope fitted with 
an elemental analysis attachment. 

A SkyScan 1173 microtomograph is used to study the internal structure of the cement stone. In 
addition to determining the total open porosity and the shape of the pore space within the sample 
volume, the instrument allows the identification of physical and chemical changes, including filtration 
effects arising from acid treatments, and the assessment of the mineral composition and distribution 
of mineral aggregates. 

A cryostat with a climatic chamber [43] was used to age cement stone samples at sub-zero tem-
peratures and to simulate cyclic changes; a Shimadzu XRD-7000 X-ray powder diffractometer was 
used to determine the phase composition of the cement stone.  

Discussion 
The aim of the experiments is to demonstrate that the proposed grouting mortar, with the addition of 

chromium (III) oxide, offers superior strength and frost resistance compared to the base mixture (N 1).  
Objectives of the experiments: to determine the composition and water-to-solid ratio of the 

grouting mixture that will achieve optimum compressive and flexural strength, as well as frost re-
sistance; to test the strength of grouting mixtures 
that have hardened under normal conditions  
(20 °C) and at sub-zero temperatures (–5 °C); to 
test the strength of grouted stones subjected to 
cyclic temperature changes during the hardening 
process. 

Table 2 presents the results of compressive 
and flexural strength measurements for all mix-
tures. 

As can be seen from Table 2, mixtures N 3, 
N 4.1 and N 4.2 with the addition of Cr2O3 exhibit 
lower compressive strength values, but have 
higher flexural strength values. Flexural strength 
is a more important indicator than compressive 

 

Table 2  
 

Results of compressive and flexural strength measurements 

of mixtures cured at 20 °C for 2 days 
 

Number 
mixture 

W/S 
Compressive 

strength, MPa 

Flexural 

strength, MPa 

1 
0.4 23.22 4.36 

0.5 17.16 3.61 

2 
0.4 21.77 7.69 

0.5 11.75 4.05 

3 
0.4 18.28 6.33 

0.5 12.45 5.25 

4.1 
0.4 18.14 4.71 

0.5 16.55 4.36 

4.2 0.5 12.05 4.95 

 

 



 

 

Journal of Mining Institute. 2026. Vol. 280. P. 37-46 

© Vyacheslav N. Kuchin, Georgii V. Buslaev, Vladimir A. Sidorov, Olga S. Zubkova, 2026 

 

41 

This is an open access article under the CC BY 4.0 license 

strength, as in the cryolithzone the cement stone is subjected to 
internal tensile stresses due to the freezing of water. A stone with 
high compressive strength but low flexural strength will crack 
under such stresses. 

The next stage of the experiment involves testing the 
strength of cement stones that have been stored for 7 days at a 
temperature of –5 °C.  

The samples were placed in the freezer in accordance with 

GOST 30744-2001. The moisture content of the samples in the 

freezer was maintained without contact with the air by means of 

airtight packaging on the samples, as during the hardening of 

grout in a confined space they do not dry out, and the effect of 

moisture on strength is significant. 

Curing of the grouting samples under normal conditions at 

a liquid temperature of 20 °C was carried out in a water bath.  

Table 3 presents the results of the compressive strength test for mixtures that had been in the 

freezer for 7 days at a temperature of –5 °C (Fig.1). It should be noted that the addition of Cr2O3 

reduces the compressive strength at W/S = 0.4, but increases it at W/S = 0.5. After fracture, distinct 

inclusions of Cr2O3 were visible in the samples. 

Figure 1 shows that samples of all compositions have cracks, demonstrating the negative effect 

of low temperature on the grout. 

The next stage involves testing the samples for strength following cyclic temperature changes. 

The samples were placed in a freezer, where the temperature varied according to the schedule (Fig.2). 

The temperature of the cement stone was measured using a contact method with a Testo 905-T2 

temperature logger, which is listed in the State Register of Measuring Instruments and holds a valid 

calibration certificate C-SP/28-11-2025/484519722. 

Table 4 shows the results of the compressive strength tests for mixtures N 2 and N 3, which were 

subjected to cyclic temperature changes over a period of 3 days. The addition of Cr2O3 slightly re-

duces the compressive strength at W/S = 0.4, but significantly increases this value at W/S = 0.5. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Table 3 
 

Compressive strength of mixtures cured 

for 7 days at −5 °C 
 

Number 
mixture 

W/S 
Compressive 

strength, MPa 

1 
0.4 13.69 

0.5 12.82 

2 
0.4 7.67 

0.5 5.53 

3 
0.4 7.05 

0.5 5.98 

4.1 
0.4 19.94 

0.5 12.56 

4.2 0.5 13.11 

 

a b c d 

Fig.1. Cement cubes cured at −5 °C for 7 days: 

a – mixture N 1; b – mixture N 2; c – mixture N 3; d – mixture N 4.1 
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Fig.2. Change in temperature in the freezer compartment (a)  

and in the temperature of the cement block in the freezer compartment (b) 
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Table 5  presents the results of compressive strength tests on samples that had been stored in a 

freezer for 2 days at a temperature of –5 °C (Fig.3). The addition of Cr2O3 reduces the compressive 

strength at a W/S ratio of 0.4, but increases these values at a W/S ratio of 0.5. A 2 % Cr2O3 content 

yields better results compared to a 4 % content in specimens with a W/S ratio of 0.5. This is due to 

more favourable conditions for the dispersion of the additive and the progression of hydration pro-

cesses. At a W/S ratio of 0.4, the effect of the additive on strength is negligible. 

Based on the research results (Table 4, 5), it can be concluded that the addition of Cr2O3 is  

advisable at a W/S ratio of 0.5; this value for the water-solid ratio is specified in the technical data 

sheet for PCT-I-50. 

It can be observed that the sample containing chromium sludge and calcium chloride did not 

disintegrate after testing in the chamber (composition N 4.1). 

The next stage of the study was to determine the spreadability of the grouting mortar: composi-

tion N 4.1 – 230 mm, composition N 1 – 170 mm. Low rheological characteristics allow for an in-

crease in the upward flow rate of the grouting mortar, as it will exert less stress on the rock. As the 

upward flow rate of the grouting mortar increases, the quality of cementation improves due to better 

replacement of the drilling fluid by the grout. 

 Next, the phase composition of the cement stone was determined (Fig.4). 

Chromium (III) and (VI) can replace aluminium Al3+ in the structure of cementitious minerals, 

forming new stable compounds. Chromium oxides can interact with silicates and calcium aluminates, 

altering the phase composition and density of the cement stone. Such interaction promotes the for-

mation of a more homogeneous structure and increases the material’s resistance to environmental 

influences. 

X-ray diffraction analysis of the additive shows that the crystalline phases present in the sample 

include a mixture of alpha and delta aluminium oxide, as well as coarse-grained crystallites of a 

Cr2O3-Al2O3 solid solution (chromium-aluminium oxide). The X-ray diffraction data indicate that a 

high proportion of the amorphous phase is present. The chemical composition of the solid phase of 

the catalyst sludge remains unchanged before and after boiling. The bulk of the solid phase of the 

catalyst sludge consists of aluminium oxide, 

silicon oxide, chromium-containing com-

pounds and impurity elements (iron, potas-

sium, calcium, manganese, and zirconium), the 

total amount of which, expressed as oxides, 

does not exceed 4.1 wt.%. When the additive in 

question is incorporated into the cement sys-

tem, chromium-containing hydrates and com-

plex silicates may form, which enhance the 

strength, frost resistance, and chemical re-

sistance of the cement stone. A reduction in the 

Table 4 
  

Compressive strength of mixtures N 2  

and N 3 cured for 3 days 
 

Number 

mixture 
W/S 

Compressive 

strength, MPa 

2 
0.4 13.460 

0.5 6.09 

3 
0.4 12.735 

0.5 10.395 

 

Table 5  
 

Compressive strength of mixtures cured  

for 2 days at −5 °C 
 

Number mixture W/S Compressive strength, MPa 

1 
0.4 3.78 

0.5 0.72 

2 0.5 0.1 

3 0.5 0.8 

4.1 
0.4 3.56 

0.5 2.15 

4.2 0.5 2.14 

 

а b 

 

Fig.3. Samples of cement stone that have been kept  

in a freezer for 2 days at –5 °C:  

a – mixture N 2; b – mixture N 4.1 
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content of unstable compounds, such as free calcium oxide, lowers the likelihood of cracking during 

cyclic temperature changes, which is particularly important for use in permafrost conditions. 

X-ray phase analysis showed that the addition of chromium to the cement mixture resulted in 

changes to the phase composition of the cement stone (Fig.4): 

• The intensity of the peaks corresponding to Ca(OH)2 is lower in the mixture containing chro-

mium than in pure cement. Free portlandite (Ca(OH)2) is a weak phase susceptible to leaching and 

degradation under the influence of aggressive water. A lower Ca(OH)2 content increases durability 

and resistance to aggressive environments, which is critical for per-

mafrost conditions. 

• Figure 4 shows an increase in the intensity of the peaks corre-

sponding to CSH upon the addition of Cr2O3; CSH (calcium silicate 

hydrate) is the main binding phase of the cement stone, ensuring its 

strength and density. The greater the proportion of the CSH phase, 

the stronger and more stable the structure of the cement stone. The 

addition of chromium oxide promotes the formation of a denser and 

stronger structure capable of withstanding mechanical loads and 

thermal fluctuations in permafrost zones. 

Following X-ray phase analysis, the cement stone was scanned 

on a SkyScan 1173 microtomograph to determine its internal struc-

ture. The results of the study of compositions N 2 and N 3, which 

underwent testing in a chamber with cyclic temperature changes, are 

presented in Fig.5. 

Composition N 3 has a denser structure with fewer channels 

compared to composition N 2 following the cyclic temperature 

change test over a period of 3 days. This is an important indicator, 

as fluid can migrate through the channels formed, leading to inter-

column flow. 

Following microtomography scanning, compositions N 2 and  

N 3 were examined using a TESCAN VEGA3 electron microscope. 

The results are shown in Fig.6. 
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Fig.4. Results of X-ray phase analysis of mixtures N 2 and N 3 

 

Fig.5. Internal structure 

of compositions N 2 (a) and N 3 (b) 

with W/S = 0.5 after testing 

in a freezer 
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The dense microstructure reduces the number of micropores, improving compressive and  

flexural strength. A lower content of free Ca(OH)2 and the presence of chromium-containing phases 

result in a denser cement stone, which reduces water permeability and prevents leaching.  

Conclusion 

It has been established that the use of chromium oxide (Cr2O3) in the composition of the grouting 

mortar has a positive effect on its properties at a water-to-solid ratio of 0.5. This composition ensures 

the formation of a more durable cement stone, which is particularly important for cryolithzone con-

ditions, where the presence of microcracks and pores can lead to inter-pillar flow and a reduction in 

the integrity of the support. 

The results of microtomographic analysis showed that the structure of the cement stone with the 

addition of chromium becomes more homogeneous, with fewer internal channels and pores. Although 

the overall density of the cement stone remained unchanged (due to the equivalent replacement of  

24 g of cement powder with 24 g of chromium oxide), an improvement in the internal structure is 

observed, indicating a reduction in permeability and a potential increase in the material’s durability. 

The observed reduction in the number of internal channels and the more homogeneous structure 

of the samples with chromium (III) oxide additive may indicate a potential reduction in the permea-

bility of the cement stone. 

X-ray phase analysis confirmed that the presence of chromium oxide reduces the Ca(OH)2 con-

tent, indicating a more complete course of hydration processes. At the same time, an increase in the 

intensity of the peaks corresponding to calcium hydrosilicates (CSH) as well as aluminate and silicate 

phases (C3A and C2S) is observed, which is directly linked to the improvement in the material’s 

strength characteristics. Stable chromium compounds slow down the degradation processes of the 

cement stone, extending the well’s service life.   

The use of chromium oxide helps to increase the flowability of the grout, significantly facilitates 

its injection and improves the quality of the annular space filling. Low rheological properties allow 

for an increase in the upward flow rate of the grouting mortar, as it exerts less pressure on the wellbore 

walls and surrounding rock. The increased flow rate facilitates a more effective replacement of the 

drilling fluid with the grouting mortar, which directly improves the quality of the cementing. 

а b 

 

Fig.6. Scanning results for samples N 2 (a) and N 3 (b) 
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Reduced water absorption and the dense structure of the cement stone minimize the risk of damage 

during freezing and thawing.  Promising avenues for further research include optimizing the composi-

tion of grout containing chromium additives under various climatic conditions, investigating the effect 

of the additive on the rheology of the grout at extremely low temperatures, and conducting field tests 

on actual wells in permafrost formations.   

The issue of cement stone durability is particularly relevant for wells operated in permafrost 

conditions. The main potential problems are associated with the destruction of the cement stone  

during repeated freeze-thaw cycles. The addition of chromium sludge helps to minimize this problem 

by reducing the capillary moisture content. Furthermore, chromium-containing compounds can en-

hance the chemical resistance of the cement stone, preventing its degradation under the influence of 

groundwater (cement leaching).   

Thus, the addition of Cr2O3 improves the internal structure of the cement stone, enhances its 

strength and technical properties, whilst maintaining its density. This makes the additive an effective 

solution for cementing wells in permafrost zones. 
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