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Abstract

This study investigates the impact of freeze-thaw cycles on the dynamic California Bearing Ratio (CBR) of enzyme-stabilized and
unstabilized subgrade soil. The research focuses on two enzyme-based stabilizers, Road Stabilizr and TerraZyme, applied to
materials with varying plasticity indices. The results reveal that prior to conditioning, TerraZyme-stabilized samples exhibited an
11% increase in dynamic CBR, whereas Road Stabilizr-stabilized samples showed a slight decrease of 4% compared to unstabilized
specimens. After subjecting the samples to freeze—thaw cycles, both enzyme-treated materials demonstrated substantially enhanced
resistance to frost-induced degradation. Dynamic CBR increased by 38% for TerraZyme-stabilized samples and 39% for Road
Stabilizr-stabilized samples relative to unstabilized controls. These results indicate that enzymatic stabilization strengthens
interparticle bonding, reducing susceptibility to freeze—thaw weakening and promoting significant performance gains under cold-
region conditions. The findings highlight the potential of enzyme treatments to improve the durability of soils in frost-prone
infrastructure applications.
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1. Introduction

In most geotechnical projects, achieving a construction site that fully meets design requirements without some form
of ground modification is rarely possible (Makusa 2013; Sanchez-Garrido et al. 2022; Khan et al. 2024).

Soft soils, in particular, pose significant challenges related to settlement and stability, necessitating the use of soil
improvement techniques to enhance their engineering properties (Heidari et al. 2020). These methods are designed to
increase soil strength, reduce compressibility, and improve overall stability, making them essential for long-term
infrastructure performance (Chen 2000; Petry & Little 2002; Razouki et al. 2011; Puppala 2016; Firoozi et al. 2017;
Pooni et al. 2022; Estabragh et al. 2024).

The success of soil stabilization depends on multiple factors, including the type and quantity of cementitious
materials used, as well as the intrinsic properties of the soil itself. Critical parameters such as particle size distribution
(PSD or gradation), chemical composition, mineralogy, plasticity, organic matter content, salt content (mainly
sulfates), cation exchange capacity (CEC), pH, and specific surface area all influence stabilization outcomes.
Additionally, external factors such as curing conditions, the chosen stabilization method, and construction quality,
particularly compaction effort, play a crucial role in determining the long-term effectiveness of soil treatment
(Behnood 2018). Given these complexities, engineers must carefully evaluate these parameters to select the most
appropriate stabilization approach for each project.

A promising approach to soil stabilization involves the use of low environmental impact additives, which improve
weak subgrade materials while minimizing ecological disturbance. Among these, enzyme-based stabilizers have
gained particular attention due to their ability to enhance soil bond and increase bearing capacity without introducing
harmful chemicals into the environment. By improving the structural integrity of subgrade soil, these stabilizers
contribute to longer road lifespans and reduced maintenance costs, making them an attractive alternative to
conventional chemical stabilizers.

However, the effectiveness of enzyme-based stabilization is highly dependent on soil characteristics such as grain
size distribution, plasticity index, and moisture retention properties. Additionally, environmental conditions such as
freeze-thaw cycles can significantly affect the durability and long-term performance of stabilized materials, especially
in cold regions. While previous research suggests that enzyme-based stabilizers enhance particle bonding through
biochemical interactions, their resilience under varying repeated freeze-thaw cycles remains an area of ongoing
investigation.

This study evaluates the effectiveness of enzyme stabilization on selected road materials and investigates their
durability under simulated cold-region climatic conditions in terms of dynamic CBR testing. By addressing these
factors, this research will contribute to a better understanding of how enzyme stabilizers perform under freeze-thaw
conditions and their potential for broader application in road construction.

2. Testing methodology
2.1. Material selection and characterization

Two road materials, sourced from existing roads in Trosa and Sveg, Sweden, were selected for investigation. To
accurately characterize their properties, the materials underwent extensive laboratory testing, including grain size
distribution, Atterberg limits, moisture-density relationship, and grain density analysis. These tests provided essential
insights into their physical and mechanical behavior, forming the basis for further evaluation.

Figs. 1 and 2 show the grain size distribution of the materials from Trosa and Sveg, respectively, in accordance
with SS- EN 933-1 (2012). It can be shown from Fig. 1 that the material from Trosa contains, on average, about 40%
fine-grained material passing sieve #200 (0.075 mm), while the material from Sveg contains about 16% fine-grained
material passing the same sieve as given in Fig. 2.

The specific gravity of the materials from Trosa and Sveg was determined to be 2.63 and 2.65, respectively, in
accordance with SS- EN 1097-6 (2013). When determining the consistency limits, the samples showed that the
material from Trosa has a liquid limit (LL) of 37% and a plastic limit (PL) of 21.6%, based on SS 027120 (1990) and
SS 027121 (1990). This results in a plasticity index (PI) of 15.4%. Similarly, tests showed that the material from Sveg
has a liquid limit (LL) of 21% and a plastic limit (PL) of 18 %, resulting in a plasticity index (PI) of 3%.
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The compaction properties were determined according to SS- EN 13286-2 (2010) to establish the optimum water
ratio and maximum dry density for the tested materials. The compaction test showed that the material from Trosa
achieved a maximum dry density of 1.86 g/cm® at an optimum water ratio of 13.5%, while the dry density of the
material from Sveg was higher, at 2.12 g/cm? at an optimum water ratio of 8%.

The determined maximum dry densities and optimum water contents have been used to compact CBR samples for
each series of stabilised and unstabilised tested materials.

Many enzyme manufacturers recommend that the material to be stabilized should contain between 15% and 65%
fine-grained particles passing sieve #200 (0.075 mm) to achieve a well-graded, high-density mixture. In this study,
both tested materials, Sveg and Trosa soils, fall within this recommended range, making them suitable for enzyme
stabilization from a particle size distribution perspective.

In addition to the requirement on fine-grained particles, the plasticity index (PI) plays a crucial role in determining
the effectiveness of enzyme stabilization. For optimal results, the recommended PI typically falls between 5% and
15%. In this study, the Sveg soil has a PI below the recommended range, while the Trosa soil's PI is within the upper
end of the optimal range. As a result, this research will focus on evaluating the impact of enzyme-based stabilizers on
Trosa soil, which aligns with the manufacturer's guidelines for effective stabilization.
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Fig. 1. Grain size distribution of a representative sample collected from an existing road in Trosa.
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Fig. 2. Grain size distribution of a representative sample collected from an existing road in Sveg.
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2.2. Sample preparation and conditioning

Two low environmental-impact stabilization additives, Road Stabilizr and TerraZyme, were selected for evaluation
in this study. To assess their effectiveness, unstabilized and enzymes stabilized CBR samples were prepared.
Following the manufacturers' recommendations, both enzyme stabilizers were applied at a rate of 17.9 pL per kilogram
of dry material. This application rate was maintained consistently throughout the preparation of all stabilized samples
tested in the laboratory.

Following stabilization, the samples were cured for three weeks under controlled moisture conditions. Enzyme
stabilizers such as Road Stabilizr and TerraZyme typically require a curing period of three to four weeks to achieve
optimal soil stabilization. During this time, the enzymes facilitate interactions between soil particles, strengthening
the bonds and improving the bearing capacity of the soil. To ensure proper adhesion and complete stabilization, the
samples were allowed to cure under controlled moisture conditions for at least three weeks before being subjected to
climate simulations. This curing phase is essential for the enzymes to reach their full potential, ensuring long-term
durability and improved resistance to environmental stresses such as water exposure and freeze-thaw cycles. Without
sufficient curing time, the stabilized material may fail to achieve the desired structural performance.

The curing procedure involved maintaining moisture in the prepared CBR samples by regularly adding water to
compensate for any weight loss due to evaporation during the curing period.

2.3. Conditioning of CBR samples in a climate chamber

To evaluate the impact of environmental factors, two conditioning scenarios were applied to both stabilized and
unstabilized CBR test samples. In the first scenario, unconditioned samples were tested immediately after the curing
period, without being exposed to freeze-thaw cycles. In the second scenario, samples underwent ten freeze-thaw cycles
to simulate freeze-thaw period in Sweden.

Freeze-thaw cycles significantly influence the mechanical properties of construction materials, affecting their
stability in cold regions. This study investigates whether temperature fluctuations above and below freezing impact
both stabilized and unstabilized materials. Additionally, it evaluates whether any of the selected stabilizers are frost-
sensitive or vulnerable to damage from freezing temperatures.

The freeze-thaw conditioning was performed in a climate chamber following the SS- EN 1367-1 (2007) standard
(see Fig. 3). The chamber temperature fluctuated between 25°C and —20°C of about a 24-hour cycle, as illustrated in
Fig. 4. This procedure aligns with standard testing methods for assessing aggregate freeze-thaw resistance, ensuring
consistency and comparability with established protocols.
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Fig. 3. Conditioning of CBR samples in the climate chamber under freeze-thaw cycles.
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Fig. 4. Temperature variation in the climate chamber during ten freeze-thaw cycles.

2.4. Dynamic CBR testing

The bearing capacity of the materials was evaluated through laboratory dynamic CBR tests on both unstabilized
and stabilized samples across each conditioning scenario. This test offers a straightforward and efficient approach for
assessing the bearing capacity of the investigated materials (Kuttah, 2019; 2020) and yields important insights into
the durability and performance of enzyme-stabilized soils under real-world environmental conditions.

The dynamic CBR test is carried out by attaching CBR extension to the Light Weight Deflectometer, where a
falling weight is used to generate a defined load pulse on the CBR piston, see Fig. 5. According to Zorn (2002), the
laboratory dynamic CBR value (CBRLp) in % is calculated by employing an empirical equation, of relating piston
settlement(s) as shown in Eq. (1) below:

CBR;, = 24.26.p.57%% )]
where S is the settlement amplitude (in mm) of the CBR stamp and p is the peak pulse load amplitude (in N/mm?).

The peak pulse load is 7070 N and the diameter of the stamp is 50 mm (cross section area — 1963 mm?). Hence p is
3.6 N/mm?.

Fig. 5. Dynamic CBR testing of compacted samples.
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The dynamic CBR test can be conducted both in the laboratory and in situ. However, this paper focuses solely on
the laboratory-based dynamic CBR test. For more details on the factors influencing light-weight deflectometer
measurements, refer to Kuttah (2023 and 2025).

In this study, numerous dynamic CBR tests were performed on prepared and cured samples of both unstabilized

and enzyme-stabilized material from Trosa to evaluate the effectiveness of enzyme stabilization at the laboratory scale
(Fig. 5).

3. Results and discussion

After curing the CBR specimens stabilized with the two selected enzymes (TerraZyme and Road Stabilizr) and
prior to freeze—thaw conditioning, different trends were observed in the dynamic CBR values. TerraZyme-stabilized
samples exhibited a slight reduction of approximately 4% compared to the unstabilized specimens, whereas Road
Stabilizr-stabilized samples showed an initial increase of about 11%.

Following freeze—thaw conditioning, however, enzyme stabilization was found to substantially improve resistance
to frost-induced degradation. Both stabilizers produced significantly higher dynamic CBR values than the untreated
samples. Specifically, TerraZyme-stabilized specimens demonstrated a 38% gain in dynamic CBR, while Road
Stabilizr-stabilized specimens achieved a 39% gain relative to unstabilized counterparts exposed to identical
conditions (see Fig. 6).

These findings suggest that enzymatic stabilization enhances soil bonding, thereby reducing susceptibility to
freeze—thaw weakening. By strengthening interparticle bonds, the enzymes enabled the stabilized specimens to benefit
from conditioning, while the unstabilized samples experienced minor strength losses. In particular, the initial reduction
in strength observed for Road Stabilizr-treated specimens was not only recovered but also surpassed after freeze—thaw
cycling, indicating that the conditioning process further reinforced the enzyme-induced bonds and resulted in
substantial performance gains under cold-region environmental stresses.

UNCONDITIONED SAMPLES SAMPLES SUBJECTED TO FREEZE-
THAW CYCLES
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Fig. 6. Dynamic CBR results for stabilized and unstabilized samples of Trosa material, with and without exposure to freeze—thaw cycles.

4. Conclusions

In conclusion, the study highlights the promising role of enzyme-based stabilizers, specifically TerraZyme and
Road Stabilizr, in enhancing the freeze-thaw durability of subgrade soils. The dynamic CBR test results clearly
demonstrate that enzyme stabilization significantly improved the resistance of the tested soil to freeze-thaw cycles,
with both stabilizers showing a marked increase in strength compared to the unstabilized material. This improvement
indicates that the enzymes strengthen particle bonding, allowing the stabilized soil to benefit from freeze-thaw cycles
rather than deteriorate under such conditions. The results suggest that enzyme stabilization enhances the long-term
performance of road materials in cold climates. This study contributes to a deeper understanding of the potential of
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enzyme-based stabilizers in sustainable road construction, emphasizing their capacity to increase soil resilience while
maintaining environmental integrity. Further studies are needed to assess the long-term effects of freeze—thaw cycles,
with the aim of advancing best practices for cold-region infrastructure and facilitating the application of these
stabilization treatments in full-scale pilot projects.
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