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Abstract 

Loess soils in the arid regions of Uzbekistan are characterized by high 

porosity, metastable structure, and pronounced susceptibility to hydro-collapse 

under wetting, which reduces foundation reliability and increases the risk of 

differential settlement. The aim of this study was to evaluate how microbiologically 

induced calcite precipitation (MICP) and geopolymer injection change the physical 

and mechanical properties of loess soils and, consequently, influence foundation 

bearing capacity. The study was designed as a comparative analytical review 

structured according to IMRAD principles. Peer-reviewed publications on loess 

geochemistry, land degradation in Uzbekistan, MICP, enzyme-induced carbonate 

precipitation, and geopolymer stabilization were synthesized, and their 

engineering implications were interpreted through classical bearing-capacity 

concepts. The analysis shows that MICP strengthens loess by forming calcite 

bridges at particle contacts, increasing apparent cohesion and internal friction while 

reducing permeability and wetting sensitivity. Geopolymer injection provides 

rapid setting, high chemical resistance in sulfate- and salt-affected soils, and a 

lower carbon footprint than ordinary Portland cement systems. Both methods are 

capable of improving the deformation response of collapsible foundations, but their 

domains of optimal application differ: MICP is better suited to environmentally 

sensitive or heritage sites, whereas geopolymer systems are preferable when rapid 

local reinforcement and saline resistance are critical. The study concludes that the 

transition from cement-intensive stabilization to bio-based and alkali-activated 

technologies is scientifically justified for arid loess terrains, although field-scale 

validation under the hydrogeological conditions of the Samarkand region remains 

necessary. 
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1. Introduction 

The reliability of shallow and embedded foundations in arid regions depends 

not only on the current state of the soil mass but also on the rate at which its 

structure degrades under climatic and anthropogenic loading. This problem is 

particularly acute in Uzbekistan, where extensive territories are affected by aridity, 

salinization, and declining soil quality. Recent evidence indicates that more than 

half of the land area of the country is affected by degradation processes, while 

humus content in many soils declined by approximately 1.3-1.5 times between 1990 

and 2020 (Umarov et al., 2025). These trends intensify the instability of near-surface 

deposits and aggravate engineering risks for buildings, transport infrastructure, 

and utilities. 

Loess soils constitute one of the most problematic foundation media in Central 

Asia. They are usually composed of silt-dominated particles, exhibit a high-

porosity open fabric, and preserve an apparently stable structure in the dry state 

due to weak carbonate and clay bonds. After wetting, however, this metastable 

structure collapses, leading to abrupt settlement, a decrease in stiffness, and a 

reduction in shear strength (Muhs, 2018). In addition to natural rainfall variability, 

hydro-collapse may be triggered by irrigation leakage, groundwater fluctuations, 

or accidental flooding. In urbanized territories, such processes are frequently 

expressed through differential settlement, cracking of walls, loss of serviceability, 

and reduction of the calculated safety margin. 

Conventional stabilization methods, including compaction, replacement, and 

cement-based grouting, remain widespread in foundation engineering. However, 

their effectiveness in saline arid settings is constrained by three major factors: (1) 

high carbon intensity of Portland cement production; (2) durability loss in sulfate-

rich and chemically aggressive soils; and (3) ecological disturbance caused by 

strong alkalization and reduction of soil biological activity (Turner & Collins, 2013; 

Alsalman et al., 2021). These constraints have stimulated interest in lower-carbon 

and more chemically compatible alternatives, especially biostabilization and 

geopolymer technologies. 

The research gap lies in the insufficiently structured comparison of how these 

two innovative approaches transform the mechanical properties of loess and how 

such transformations should be interpreted in terms of bearing capacity and 

settlement behavior under arid-region conditions. The aim of this article is 

therefore to evaluate the engineering potential of microbiologically induced calcite 
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precipitation (MICP) and geopolymer injection for collapsible loess soils and to 

explain their implications for foundation performance in Uzbekistan. The working 

hypothesis is that both methods improve bearing capacity through different but 

complementary mechanisms: MICP through bio-mineral bridging and permeability 

reduction, and geopolymers through rapid formation of a chemically resistant 

aluminosilicate framework. 

2. Materials and Methods 

This research was designed as a comparative analytical study based on 

published scientific evidence rather than as an original field experiment. The 

IMRAD structure was retained in order to present the analytical logic in a form 

acceptable for scientific journals. 

The evidence base included peer-reviewed journal articles and review papers 

on four interrelated topics: (1) the mineralogical and geotechnical properties of 

loess; (2) land degradation and salinization processes in Uzbekistan; (3) MICP and 

related carbonate-precipitation methods for soil improvement; and (4) geopolymer 

binders derived from industrial aluminosilicate wastes. Priority was given to 

sources that reported mechanical, hydraulic, durability, or environmental 

performance indicators relevant to foundation engineering. 

The analytical procedure consisted of three stages. First, the environmental 

and geological preconditions of loess degradation in arid regions were 

systematized. Second, the mechanisms of strength gain and structural densification 

under MICP and geopolymer treatment were compared. Third, the engineering 

consequences of these changes were interpreted through the classical bearing-

capacity expression: 

q_ult = c' N_c s_c d_c + q N_q s_q d_q + 0.5 gamma B N_gamma s_gamma 

d_gamma 

where q_ult is the ultimate bearing capacity, c' is effective cohesion, q is 

surcharge at foundation level, gamma is unit weight of soil, B is foundation width, 

and N_c, N_q, and N_gamma are bearing-capacity factors dependent primarily on 

the internal friction angle. Within this framework, any treatment that increases 

apparent cohesion, friction angle, stiffness, or resistance to wetting should increase 

the safe bearing capacity and reduce settlement. The interpretation remained 

qualitative to semi-quantitative, because the reviewed studies differ in soil type, 

treatment recipe, curing time, and test configuration. 

A limitation of the method is that literature-derived results cannot replace site-

specific field testing for Samarkand loess. Consequently, the article focuses on 

engineering tendencies, mechanistic interpretation, and technology selection 

criteria rather than on a universal design equation. 
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3. Results 

3.1. Environmental and geotechnical preconditions of loess instability 

Loess deposits in Central Asia are predominantly aeolian silt formations with 

variable carbonate content and a fragile pore framework. Their engineering 

behavior is governed by a combination of open structure, low natural moisture, 

weak cementation, and sensitivity to suction loss. In dry conditions, such soils may 

appear sufficiently strong for construction; after wetting, their particle skeleton 

rearranges, soluble bonds weaken, and compressibility rises sharply. The hazard is 

amplified in regions exposed to irrigation, saline groundwater, and large seasonal 

temperature amplitudes. 

In Uzbekistan, soil degradation is additionally influenced by regional salinity 

and dust transport associated with the desiccation of the Aral Sea. Although these 

processes act at different spatial scales, they contribute to the same engineering 

outcome: deterioration of near-surface soil structure and increased uncertainty in 

foundation behavior. Studies from Central Fergana confirm that irrigated and 

saline soils of Uzbekistan often exhibit low organic matter content and chemically 

active salt compositions that may alter the long-term performance of traditional 

binders (Turdaliev et al., 2023). For engineering practice, this means that any 

stabilization method must be evaluated not only for initial strength but also for 

chemical compatibility and moisture sensitivity. 

3.2. Effect of MICP on loess soil properties 

MICP is based on the ability of ureolytic microorganisms, most commonly 

Sporosarcina pasteurii, to induce calcium carbonate precipitation within the pore 

space of soil. The precipitated calcite acts as a bio-cement, bridging adjacent 

particles and reducing the number of unstable contact points. Contemporary 

reviews indicate that the efficiency of MICP depends on bacterial activity, reagent 

concentration, pore-size distribution, temperature, and solution delivery strategy 

(Zhang et al., 2025; Payan et al., 2024). 

For loess-like and silty soils, the principal engineering effect of MICP is not 

simply an increase in unconfined compressive strength, but a transformation of the 

failure mechanism. The untreated material typically behaves as a weak, wetting-

sensitive aggregate with low apparent cohesion. After treatment, the calcite-coated 

contacts generate a more coherent structure, improve shear resistance, and slow 

down water ingress. In practical terms, this combination is crucial for collapsible 

soils because hydro-collapse is controlled by both bond dissolution and rapid 

wetting. Literature reviewed in this study consistently shows the following 

tendencies under optimized MICP conditions: higher unconfined compressive 
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strength, greater apparent cohesion, moderate increase in internal friction, and a 

marked reduction in permeability. 

From a structural viewpoint, MICP is especially attractive for contexts where 

massive injection pressure or strong alkalization is undesirable. The method is 

minimally invasive, compatible with irregular pore geometries, and conceptually 

close to natural mineralization. At the same time, MICP has technological 

limitations. Urea hydrolysis generates ammonium, which may require capture or 

rinsing strategies in environmentally sensitive sites. In addition, performance 

becomes less predictable in very fine-grained soils, where transport of bacterial and 

cementation solutions is constrained. 

3.3. Effect of geopolymer injection on loess stabilization 

Geopolymers are alkali-activated aluminosilicate binders synthesized from 

materials such as fly ash, slag, or metakaolin. In contrast to MICP, their 

strengthening effect is based on rapid dissolution and polycondensation of silica- 

and alumina-bearing precursors into a rigid three-dimensional network. Reviews 

on waste-based geopolymers show that such systems can substantially reduce 

environmental impact relative to ordinary Portland cement while also providing 

high early strength and superior chemical resistance (Ren et al., 2021; Alsalman et 

al., 2021). 

For loess foundation reinforcement, geopolymer injection is attractive because 

it can be localized, fast-setting, and effective in water-bearing or saline zones. Once 

injected, the material may fill macrovoids, create rigid lenses or columns, and 

increase the stiffness of the treated volume. This mechanism is particularly relevant 

beneath existing buildings, where rapid reduction of settlement risk is often more 

important than uniform treatment of a large soil mass. Recent studies on loess 

stabilization and carbonate/grouting approaches further suggest that modern 

alkali-activated or carbonate-based systems can be designed for improved 

durability and more controlled distribution in the soil matrix (Hatefi et al., 2026; Li 

et al., 2026). 

The main engineering advantage of geopolymer treatment over conventional 

cement grouting is its better resistance in chemically aggressive environments. 

Sulfate-rich and salt-affected soils frequently damage ordinary cementitious 

matrices; geopolymer systems are generally less vulnerable to such deterioration. 

Their main limitations are technological rather than conceptual: variability of 

industrial precursor composition, the need for mixture optimization, and careful 

control of viscosity and injection pressure in the field. 

Table 1. Comparative engineering characteristics of MICP and geopolymer 

stabilization 
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Criterion MICP Geopolymer injection 

Dominant 

mechanism 

Calcite precipitation at particle 

contacts by ureolytic or related 

carbonate-precipitation 

processes 

Formation of an alkali-activated 

aluminosilicate binder within 

pores, fissures, and injection 

bulbs 

Primary 

geotechnical effect 

Increase in apparent cohesion; 

reduction in permeability; 

mitigation of hydro-collapse 

sensitivity 

Rapid increase in stiffness and 

local strength; void filling; 

creation of rigid inclusions 

Best use cases 

Sensitive sites, heritage 

structures, low-pressure 

treatment, surface or near-

surface loess stabilization 

Fast remedial intervention, saline 

soils, existing foundations 

requiring local reinforcement 

Main environmental 

issue 

Possible ammonium generation 

and reagent-management 

requirements 

Need for alkali handling and 

consistency control of industrial 

precursors 

Main engineering 

limitation 

Restricted transport in very fine-

grained soils; curing depends on 

biological activity 

Field control of viscosity, setting 

time, and injection pressure is 

critical 

 

3.4. Implications for foundation bearing capacity and settlement 

The reviewed evidence indicates that both technologies are capable of 

increasing the bearing capacity of loess foundations, but they do so through 

different parameter pathways. MICP primarily improves apparent cohesion, 

internal bonding, and water resistance. Geopolymers primarily increase stiffness, 

provide local structural inclusions, and improve resistance to chemically aggressive 

pore environments. In the Terzaghi-Meyerhof framework, MICP affects c' and, to a 

lesser extent, the friction-angle-dependent bearing factors. Geopolymers influence 

the same parameters indirectly, while also redistributing stresses and reducing 

compressibility within the treated zone. 

This distinction has design implications. When the principal risk is hydro-

collapse due to sudden wetting of a loose, unsaturated loess layer, the combination 

of permeability reduction and contact cementation provided by MICP is highly 

valuable. When the principal risk is existing settlement, void migration, or the need 

for rapid intervention beneath an operating structure, geopolymer injection offers a 

more immediately controllable engineering response. Consequently, the 

technologies should not be treated as competitors in absolute terms; they are 

complementary tools for different geotechnical scenarios. 
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4. Discussion 

The analysis confirms the initial hypothesis: both MICP and geopolymer 

treatment can significantly improve the engineering behavior of collapsible loess, 

but the mechanisms and design consequences differ. This distinction is important 

for journals and practitioners because discussions of innovative stabilization 

methods often remain descriptive and do not explicitly connect microstructural 

change with bearing-capacity parameters. 

For the Samarkand region, the most important practical conclusion is that 

technology choice should be controlled by hydrogeological regime, salinity, 

structural sensitivity of the site, and required intervention speed. MICP is more 

suitable for environmentally sensitive areas, low-pressure treatment, heritage 

buildings, and cases where maintaining soil biocompatibility is desirable. 

Geopolymers are more suitable for fast remedial work, saline soils, and local 

reinforcement under existing foundations. In both cases, preliminary geotechnical 

diagnostics should include moisture state, collapse potential, salt composition, 

permeability, and deformability parameters. 

The environmental dimension also deserves emphasis. Cement-based 

stabilization is still technically effective, but its high carbon burden and durability 

limitations in aggressive soils make it a less sustainable baseline. Comparative life-

cycle studies show that alkali-activated systems and carbonate-precipitation 

technologies may offer substantial environmental benefits when optimized, 

although MICP performance depends strongly on reagent selection and 

ammonium management (Alotaibi et al., 2022; Alsalman et al., 2021). Thus, 

sustainability claims should not be generalized without considering the full process 

chain. 

The main limitation of the present article is methodological: it synthesizes 

published data and therefore cannot provide calibrated design values for a specific 

construction site. Further research for Uzbekistan should combine laboratory 

treatment of local loess, mineralogical analysis, oedometer and plate-load testing, 

and pilot-scale field verification. It is also advisable to assess hybrid solutions, for 

example, surface biostabilization combined with deeper geopolymer reinforcement 

in zones of concentrated stress. 

5. Conclusion 

Loess soils of arid regions represent a high-risk foundation medium because 

their structure is metastable and strongly sensitive to wetting, salinity, and 

anthropogenic changes in the water regime. Under such conditions, conventional 

cement-based stabilization is increasingly limited by environmental cost and 

durability concerns. 



AMERICAN JOURNAL OF MULTIDISCIPLINARY BULLETIN  
                     ISSN: 2996-511X (online) | ResearchBib (IF) = 9.512 IMPACT FACTOR 

   Volume-4| Issue-4| 2026 Published: |30-04-2026| 

48 

The comparative IMRAD-based analysis carried out in this study 

demonstrates that MICP and geopolymer injection are scientifically grounded 

alternatives for improving the bearing capacity of collapsible loess soils. MICP 

enhances contact cementation, reduces permeability, and mitigates hydro-collapse 

sensitivity. Geopolymers ensure rapid hardening, chemical resistance, and efficient 

local reinforcement of weak foundation zones. 

From an engineering perspective, the choice between these technologies 

should be based on the dominant failure mechanism, site sensitivity, salinity 

regime, and required speed of intervention. From a scientific perspective, the 

results support a transition toward lower-carbon geotechnical methods in arid 

regions of Uzbekistan. 

Future work should focus on field-scale validation for Samarkand loess, 

optimization of reagent systems under saline conditions, and quantitative 

integration of treatment effects into design models for bearing capacity and 

settlement. 
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