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Abstract 
This review examines the mechanisms, effectiveness, sustainability, and 
durability-critical design considerations of bio-enzymatic stabilization 
for collapsible gypseous (gypsum-bearing) soils. These soils are common 
in arid and semi-arid regions and may undergo abrupt settlement upon 
wetting because gypsum dissolution weakens interparticle bonding and 
triggers fabric collapse. Conventional binders (cement, lime, pozzolans) 
can improve strength but are associated with high embodied CO2 and 
performance losses under leaching and wetting–drying exposure. Bio-
enzymatic routes, including bio-enzyme stabilisation (BES) and bio-
cementation via enzyme- or microbially induced carbonate precipitation 
(EICP/MICP), enhance soil performance by forming CaCO3 bridges 
and pore infills, reducing pore connectivity and permeability, and 
improving fabric stability. Recent developments such as non-ureolytic, 
ammonium-free pathways further improve environmental compatibility. 
Evidence from recent studies on Iraqi gypseous soils indicates marked 
reductions in collapse potential and meaningful gains in shear strength 
and stiffness when treatment distribution and curing are controlled. The 
review synthesizes durability trends under wetting–drying cycles, 
soaking, leaching, and temperature variations, and proposes a practical 
evaluation framework to support field adoption in gypsum-rich deposits. 
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Introduction

Gypseous soils pose a persistent geotechnical risk in arid and semi-arid regions, including 
Iraq and neighboring countries, because their apparent strength at low water content is partly 
sustained by gypsum-controlled bonding that can rapidly degrade upon wetting. When water enters 
the soil, gypsum dissolution and changes in suction may destabilize the metastable fabric, 
producing significant volumetric strain (collapse) and sharp reductions in shear strength and 
stiffness. These behaviors directly threaten the serviceability of pavements, embankments, 
pipelines, and shallow foundations, particularly where seasonal wetting or long-term seepage 
promotes dissolution and leaching. Recent Iraqi and international studies emphasize that 
successful mitigation must address both the short-term strength gain and the long-term durability 
under wetting–drying and leaching exposure, which remain the dominant triggers in gypsum-
bearing deposits. 

 
Research Methods 

This review followed a structured screening approach to synthesize recent peer-reviewed 
studies (primarily 2020–2025) on bio-enzymatic stabilization and bio-cementation of collapsible 
and gypsum-bearing soils. Articles were grouped by treatment route (bio-enzyme products, 
biopolymers, EICP/MICP, and hybrid systems) and evaluated against comparable geotechnical 
performance indicators (collapse potential/index, UCS, shear strength, permeability) and durability 
exposure conditions (wetting–drying cycles, soaking, and leaching). Findings were then 
consolidated into a design-oriented narrative and a summary database to support technology 
selection and laboratory/field verification. 

 
Research Results and Discussion 

Conventional Stabilization of Gypseous Soils: Context and Limitations 

Conventional mitigation measures for gypseous soils include soil replacement, pre-wetting, 
compaction control, and chemical stabilization using cementitious or pozzolanic binders. While 
these methods can improve UCS and bearing resistance, their effectiveness may degrade in 
gypsum-rich environments due to continued dissolution, leaching, and cyclic moisture damage, 
and they carry high embodied carbon and logistical burdens. Recent work on alternative additives 
(nanomaterials, fibers, polymers, and geopolymer binders) indicates improved resistance to 
leaching and enhanced ductility, but performance remains strongly dependent on gypsum content, 
pore-fluid chemistry, curing regime, and long-term exposure conditions. These limitations 
motivate the growing interest in low-carbon, pore-scale modification technologies that can target 
fabric stability and hydraulic behavior in addition to strength. 
 
Bio-Enzymatic Stabilization Mechanisms in Gypsum-Bearing Soils 

Commercial bio-enzyme products are typically plant-derived or microbially produced 
catalytic concentrates used at low dosage. Reported mechanisms include reduction in diffuse 
double-layer thickness and surface tension, promotion of particle aggregation, and compaction-
driven densification via shifts in optimum moisture content and maximum dry density. In fine-
grained fractions, these changes can reduce pore connectivity and permeability; however, 
performance is product- and soil-specific and requires laboratory verification before 
generalization. 

Bio-cementation via carbonate precipitation provides a more explicit bonding mechanism. 
In EICP/MICP, calcium carbonate (CaCO3) precipitates within pores and at particle contacts, 
forming bridges (cementation/bonding) and pore infills (pore filling) that increase stiffness and 
shear transfer and reduce hydraulic conductivity. For gypseous soils, carbonate bonding can partly 
compensate for the loss of gypsum-controlled contacts during wetting, thereby reducing collapse 
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susceptibility. Treatment success depends on achieving uniform distribution of 
reagents/enzymes/microbes and controlling precipitation morphology and location. A practical 
illustration of plant-derived urease as an EICP source has also been reported in Jurnal Pensil for 
shallow footing applications (Safi'i et al., 2025). 

Environmental considerations are central to implementation. Ureolytic pathways may 
generate ammonium by-products, requiring management (e.g., optimized dosing, staged flushing, 
or adoption of non-ureolytic/ammonium-free pathways) to reduce environmental load. For 
gypsum-rich deposits, durability must be evaluated under wetting–drying, soaking, and leaching, 
because dissolution-driven void formation and salt migration can progressively weaken treated 
matrices if bonding is discontinuous or if precipitation is poorly distributed. 

 
Bio-Enhanced Applications in Gypseous Soils 

Recent studies indicate that biopolymers (e.g., xanthan gum, Arabic gum, pectin) can reduce 
collapse susceptibility in gypseous soils by forming viscous networks and pore-blocking structures 
that improve apparent cohesion and limit rapid water ingress. In practice, biopolymer additions 
often increase optimum moisture content and may slightly reduce maximum dry density, so 
compaction specifications must be recalibrated for the treated material. Where gypsum contents 
are high, biopolymer performance should be verified under leaching and wetting–drying exposure 
to confirm that pore-filling and bonding effects persist. 

Bio-enzyme stabilizers have shown measurable improvements in UCS/CBR and reductions 
in permeability in various fine-grained and sandy soils, but outcomes vary with mineralogy, pore-
fluid chemistry, and product formulation. Accordingly, gypseous-soil applications should be 
framed as site-specific calibration problems: dosage, dilution, application method (mixing, 
spraying, soaking, or multi-cycle infiltration), and curing must be optimized to achieve targeted 
collapse mitigation and durability. 

EICP and emerging ammonium-free routes can provide stronger, more durable gains by 
creating CaCO3 bridges that stabilize the fabric against wetting-triggered collapse. For field 
adoption in gypsum-bearing subgrades and embankments, multi-cycle treatment 
(injection/soaking) and quality control of reagent delivery are essential to avoid preferential 
precipitation near the surface and to achieve depth-uniform improvement. 

 
Sustainability Perspectives 

Cement-based stabilization is often effective but contributes substantial greenhouse-gas 
emissions and may be vulnerable to durability losses when gypsum dissolution and leaching persist. 
In contrast, bio-mediated routes can reduce embodied carbon and enable lower-dosage, locally 
sourced treatment strategies. Life-cycle assessments reported for bio-cementation indicate 
potential reductions in embodied impacts relative to conventional binders, while also highlighting 
trade-offs that can be mitigated by improved reagent management and ammonium-free pathways. 

 

Figure 1. Indicative treatment cost per m³ of soil (schematic; based on literature synthesis) 
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Figure 2. Relative embodied-carbon footprints of stabilizers  
(schematic; based on literature synthesis) 

 
Durability and Mechanical Performance 

Durability under cyclic wetting–drying and leaching is a governing design criterion for 
collapsible gypseous soils. Conventional binders may exhibit microcracking and progressive bond 
deterioration under moisture cycling, whereas bio-cementation performance is controlled by 
carbonate distribution, crystal morphology, and the continuity of bonding at particle contacts. For 
screening and pre-design, strength retention after wetting–drying exposure, collapse index 
reduction, and permeability reduction provide complementary indicators of field resilience. 

 

Figure 3. UCS retention under cyclic wetting–drying (schematic) 

 

Figure 4. Relative screening indices for UCS gain, shear strength, and permeability reduction  
(0–100; schematic) 
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Figure 5. Multi-criteria performance radar chart of different stabilizers (0–100; schematic) 
 

Design Considerations and Specifications 

Site characterization for gypseous soils should quantify gypsum content, grading, plasticity, 
suction state, and pore-fluid salinity, supported by mineralogical and microstructural confirmation 
(e.g., XRD/SEM/EDS where feasible). Laboratory verification should include compaction, UCS, 
CBR, direct shear or triaxial strength, permeability, and collapse testing using a double-oedometer 
approach consistent with the project stress level (commonly reported at 200 kPa). Dosage 
optimization for bio-enzyme products and biopolymers should be performed against target 
performance thresholds (e.g., collapse potential ≤ 2% and ≥ 50% permeability reduction relative 
to untreated soil), followed by durability verification using at least 5–10 wetting–drying cycles and 
leaching/soaking exposure. Field pilots should include QC/QA on moisture-density control, 
delivery uniformity, in-situ strength/stiffness indices (DCP/PLT/FWD), and seasonal 
monitoring. 

 
Synthesis of Recent Studies (2020–2025) 

Table 1 consolidates recent experimental studies, durability evaluations, and programmatic 
test plans related to bio-enzymatic stabilization and bio-cementation of collapsible and gypsum-
bearing soils. The collective evidence indicates repeatable reductions in collapse susceptibility and 
measurable gains in stiffness and strength when treatment is uniformly distributed and curing is 
controlled, with durability remaining the primary discriminator among competing routes (Li et al., 
2024; Deylaghian et al., 2025). 

 
Table 1. Summary of recent studies on bio-enzymatic stabilization of collapsible soils (2020–2025) 

Citation / Study Method / 
Route 

Soil / Context Key Findings Notes / 
Remarks 

Theyab et al. 
(2020). 

Biopolymer (XG 
2–6%) 

Gypseous soils 
(Iraq) 

CP ↓ 30–45%; 
shear ↑ 

OMC ↑, MDD ↓ 

Li et al. (2024). BES (Review) Fine-grained soils UCS ×2–4.5; k ↓ 
to 0.16–0.4 

Mechanisms 
consolidated 

Deylaghian et al. 
(2025). 

FDH-EICP 
(non-ureolytic) 

Sandy matrices Strength ↑ up to 
an order of 
magnitude 

Ammonium-free 
pathway 

Abaas et al. 
(2024). 

CCR + LABSA 
Geopolymer 

Gypseous CP ↓; shear ↑ Chemical 
comparator 
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Citation / Study Method / 
Route 

Soil / Context Key Findings Notes / 
Remarks 

Nadeem et al. 
(2023). 

Terrazyme Clayey sand Index & strength 
gains 

Field relevance 

Sulaiman et al. 
(2024). 

MICP Sandy gypseous 
(~35% G) 

Reduced wetting 
collapse; ↑ shear 

Feasibility of 
Iraqi soils 

Kim et al. (2023). EICP Bio-cemented 
sand 

Sulfate trapped as 
gypsum; CaCO₃ 
≈ 46% 

— 

Jiang et al. 
(2025). 

EICP Underwater sand Model-box 
reinforcement 

Subaqueous 
conditions 

Fu et al. (2023). Review (MICP) Various Mechanisms & 
applications 

Comprehensive 
synthesis 

Bian et al. (2024). EICP + nHAP Various Nucleation aid 
improves 
performance 

— 

Chen et al. 
(2023). 

MICP (baseline) Various Field challenges 
& survivability 

— 

Al-Riahi et al. 
(2024). 

Leaching study Artificial 
gypseous soil 

Leaching-induced 
alterations 

Durability focus 

Naeem et al. 
(2024). 

EICP Sand Improved 
resilient behavior 

— 

Chen et al. 
(2024). 

EICP + nHAP Pb systems Enhanced 
immobilization 

Nucleation 
design 

Omoregie et al. 
(2023). 

Review Bio-cementation Strategies 
overview 

— 

Laboratory 
Program 
(Proposed) 

Double-
oedometer 
(collapse), 
Proctor, UCS, 
CBR, durability 
tests 

Gypseous soils 
(10–70% G) 

CP ≤2% at 200 
kPa; UCS ≥450 
kPa; ≥80% UCS 
retention after 5–
10 WD cycles 

BES: 0.1–0.5 
mL/kg; XG: 2–
6% 

 
Comparative Evaluation 

Compared with cement and lime, bio-enzymatic stabilization can reduce greenhouse-gas 
intensity and logistical demands, but it may deliver lower ultimate compressive strength unless 
enhanced through carbonate precipitation or hybridization. EICP/MICP routes can compensate 
by increasing stiffness through CaCO3 cementation, while ammonium-free pathways improve 
environmental acceptability. Geopolymer systems often provide strong performance in gypsum-
bearing matrices but may require alkaline activators and higher cost, positioning them as both a 
benchmark and a potential hybrid partner in practice. 
 
Challenges, Prospects, and Practical Implementation 

For broader geotechnical risk management (e.g., slope performance in moisture-sensitive 
soils), recent case-based analyses in Jurnal Pensil illustrate the importance of integrating laboratory 
evidence with stability modeling and field reinforcement design (Wintoro et al., 2025). 
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Conclusion  

Bio-enzymatic stabilization provides a credible low-carbon pathway for mitigating wetting-
induced collapse in gypseous soils by modifying pore-scale fabric and, in carbonate-precipitation 
routes, by forming CaCO3 cementation bridges that improve stiffness and reduce permeability. 
Across recent studies, successful performance is consistently linked to controlled compaction and 
curing, uniform treatment distribution, and durability verification under wetting–drying and 
leaching exposure. For engineering adoption, the most defensible workflow is a staged approach: 
(i) characterize gypsum content and pore-fluid chemistry; (ii) calibrate dosage and application 
method to meet collapse and permeability targets; (iii) demonstrate durability retention; and (iv) 
implement field QA/QC and seasonal monitoring to confirm long-term resilience. 
 

Table 2. Conceptual comparison of conventional and bio-enzymatic approaches (summary) 

Aspect Conventional Iraqi Studies Bio-Enzymatic / Modern 
Approaches 

Focus Collapse potential is linked to 
density, water, and gypsum 
content. 

Stiffness, permeability, and 
carbonate bonding. 

Scale Mainly laboratory testing with 
limited field validation. 

Laboratory trials, pilot trials, 
and potential field applications. 

Durability Few wetting–drying cycles; 
occasional leaching checks. 

Comprehensive durability 
protocols with cycles, leaching, 
and thermal effects. 

Binders/Additives Cement, lime, grouting, nano-
silica, nano-clay, fibers. 

Enzymes, microbial cultures, 
and hybrid bio-polymers. 

Sustainability High carbon footprint and 
reliance on bulk binders. 

Low carbon footprint, 
potential for circular economy 
solutions. 

 
Nomenclature 

BES – Bio-enzymatic stabilisation 
CaCO3 – Calcium carbonate 
CaSO4·2H2O – Gypsum 
CBR – California bearing ratio 
CP – Collapse potential 
EDS – Energy-dispersive spectroscopy 
EICP – Enzyme-induced carbonate precipitation 
GHG – Greenhouse gas 
MICP – Microbially induced calcite precipitation 
NH4+ – Ammonium ion 
OMC – Optimum moisture content 
SEM – Scanning electron microscopy 
UCS – Unconfined compressive strength 
XG – Xanthan gum 
XRD – X-ray diffraction 
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