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Abstract

:

The impact of climate change has become increasingly severe in forests, where droughts and strong winds on the one hand and extreme rainfall events on the other hand can damage forest ecosystems. To mitigate the effects of drought and enhance soil water retention capacity, three types of soil conditioners (SCs), labeled SC_R, SC_CG, and SC_ZZC, were developed as part of the European project ONEforest. All the conditioners are based on Xanthan gum and have different types and amounts of fillers with diverse cellulose fiber lengths. These can offer the potential to optimize the SC characteristics, e.g., water absorption, water retention, and mechanical stability. This paper focuses on the influence of fillers in the SCs on the geotechnical properties of forest soils from Ljubelj in the Alpine part of Slovenia (S1), Catalonia, northeastern Spain (S2), and Heldburg, Germany (S3). The results show an increase of 53% to 100% in the water absorption of treated soil. A less favorable impact of the SCs was found on the drained shear strength and the compressibility. The drained shear strength of untreated forest soils in a saturated state was S1 c′ = 4.4 kPa, φ′ = 33.5°; S2 c′ = 1.4 kPa, φ′ = 30.0°; and S3 c′ = 12 kPa, φ′ = 28.0°. The addition of SCs results in a reduction in the drained shear strength of saturated mixtures. The reduction depends on the dosage of added SC—whether it is a low (L) or a high (H) dosage. For instance, when the soil S1 was treated with a low dosage of the soil conditioner SC_R, it demonstrated a cohesion (c′) of 11 kPa and a friction angle (φ′) of 27.0°. However, increasing the dosage of the SC_R led to a decrease in both the cohesion and the friction angle for the same soil (c′ = 7.7 kPa, φ′ = 25.0°). Additionally, the type of soil conditioner also impacts the drained shear strength. Among the mixtures with a high dosage of the SC_R, SC_CG, or SC_ZZC, those containing the SC_CG with the longest fibers stand out, demonstrating the highest friction angle. Therefore, longer fibers can be a promising component of the SCs to reduce the negative influence of XG on the mechanical properties of treated soils.
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1. Introduction


Biopolymers are polymeric, biodegradable materials derived from renewable sources [1,2]. They play an increasingly important role in enhancing the geotechnical soil properties and providing the water retention ability of the soil in agriculture and other land management practices (e.g., forest management). Unlike other biomaterials, including proteins, which degrade within hours to days, biopolymers exhibit a prolonged degradation process, spanning years, with no reported adverse environmental effects [3].



Among widely used biopolymers, such as Xanthan gum, Gellan gum, Agar glue, and Guar gum, Xanthan gum stands out as one of the most commonly applied in geotechnical engineering [4,5,6,7]. This stems from its soil property modification ability and its cost efficiency [8,9]. The alteration of the soil properties induced by Xanthan gum (XG) results from two primary mechanisms: (i) the aggregation of the soil particles due to the deposition of the XG in the voids and (ii) the establishment of bonds between the XG and the soil particle surfaces, particularly if the soil particles are electrically charged, as is the case in clayey soils [10].



Several studies have demonstrated that the addition of XG affects the shear, the tensile strength, and the compressive strength of the soil [8,11,12,13,14,15,16,17,18], alters the compaction characteristics [14], reduces the swelling potential of high-plasticity soils [12,14], decreases soil erosion [19], lowers the hydraulic conductivity of the soil [14,16], and enhances the conditions for plant growth [1,20,21].



The effectiveness of the XG-based soil conditioners is highly dependent on the soil water content [5,22,23,24,25,26]. Due to their hydrophilic nature, the XG-based soil conditioners form a low-viscosity hydrogel around the soil particles in a wet state. In a dry state, this hydrogel transforms into a high-strength network around the soil particles. As a result, the dried soil, previously treated with XG-based soil conditioners, has high strength. An equally treated soil in wet or submerged conditions has a significantly lower strength [5,8,18,22,25,26]. Although the XG soil treatment offers advantages like high dry strength, cost-effectiveness, and improvement of soil water retention capacity, which reduce the soil vulnerability to drought, its widespread application in natural environments is limited due to its inefficacy as a soil-strengthening agent in wet conditions and associated durability concerns [5].



To improve the wet strength and durability of the XG-treated soil, numerous studies have focused on chemical modification of the XG physicochemical properties by adding Ba2+, Ca2+, Cr3+, and Fe3+ and observing their influences on the gelation process and the XG gel strength [5]. However, there is a shortage of data regarding other potential modifications of XG that could preserve its high retention capacity while maintaining or even improving the mechanical properties of the XG-treated soils in a wet or saturated state.



The novelty of this research stems from the utilization of newly developed engineered bio-based soil conditioners (SCs) composed of Xanthan gum, oxide ash, and cellulose fillers of varying fiber lengths. Despite the potential synergies arising from the combination of Xanthan gum with cellulose fibers to create materials for soil conditioning and water retention, no study on this topic can be found in the open literature [2].



The primary objective of adding oxide ash and cellulose fillers of varying fiber lengths to the soil conditioners was to reduce their sensitivity to water. This prevents the decrease in strength of the treated soils in wet conditions, minimizes the volumetric changes during the wetting/drying cycles, and slows down the water release. The aim is to maintain the increased water retention capacity, which is a primary function of the developed SCs [1,2]. The development of XG-based soil conditioners for agricultural and forestry applications was described in [2], and the properties of the developed SCs and their impact on soil water retention capacity and plant growth were partially demonstrated in [1].



In this study, the impact of various fillers on the sensitivity of XG-based soil conditioners to water is investigated for the first time from a geotechnical perspective. Having in mind the applications of SCs for supporting plant growth, the water retention capacity of SCs is fully utilized in moist conditions. Therefore, specimens of soil and mixtures of soil with SCs were investigated in a saturated state. While the saturated condition represents the best utilization of SCs absorbing capacity and is favorable to providing sufficient water for the growth of plants and trees, it is expected that the values of the mechanical properties of the treated soils will be at their lowest. The focus is on the drained shear strength and compressibility, the index properties, the water absorption capacity, and the saturated hydraulic conductivity of the untreated soils and the soils treated with three types of newly developed XG-based soil conditioners. The study was conducted on three different types of forest soils.




2. Materials


2.1. Soils


Laboratory investigations were carried out on three types of soils from different forest areas in Europe, i.e., Ljubelj in the Alpine part of Slovenia (S1), Catalonia, northeastern Spain (S2), and Heldburg, Germany (S3). Soil samples at their natural water content are shown in Figure 1. The samples were taken from approx. 10–20 cm below the organic layer, which consisted mostly of fresh leaves and needles. The organic content of soil S1 was 8.2% per dry matter (DM), whereas S2 and S3 had organic contents ranging between 1.8% and 5.2% DM. Before laboratory investigations, older and partially decomposed large organic particles were manually removed from the soils at their natural water content. The cleared soils were then stored in tightly closed containers until the investigations were conducted.




2.2. Soil Conditioners


Three types of SCs were used in the investigation. All are based on Xanthan gum (XG) and have different types and amounts of fillers with diverse fiber lengths that are listed in Table 1. The fillers were mixed with a 4% XG-water solution at a dosage of 2%. The mixing operations were performed using a Dispermat® F1 mixer (VMA-Getzmann Gmbh, Reichshof, Germany), operating at 5000 rpm for 15 min, until a homogeneous mixture without lumps was obtained. After mixing, the SCs were dried in an oven at 50 °C for 72 h and grinded through the use of a Piovan® RN166/1 granulator (Piovan SpA, Venice, Italy) for 3 min. A detailed description of the SCs and their preparation can be found in the literature [1,2]. The final product had the form of granules of irregular size and shape, as shown on the left half of Figure 2. On the right half of Figure 2, the SCs can be seen in a wet state (the wet state was achieved by adding tap water until the granules were saturated). It is evident that the addition of water significantly alters the texture of the SCs and leads to a hydrogel-like paste whose volume increases considerably due to swelling.




2.3. Mixtures


All tests were carried out on both untreated soils and mixtures of soils with SC_R, SC_CG, or SC_ZZC. The soil conditioner SC_R was applied in low (L) and high (H) dosages, with 0.4% and 1.7% of the SC per dry soil mass, respectively. The soil conditioners SC_CG and SC_ZZC were used only in high (H) dosages. For each soil type, four mixtures listed in Table 2 were prepared and investigated. Therefore, 12 mixtures were included in this research.



For the determination of water absorption (wA,24h), the mixtures were prepared from dry soil and dry soil conditioners. For the other tests, the mixtures were prepared from the soil at its known natural water content with the addition of dry soil conditioners. Each specimen was prepared from a fresh mixture.





3. Methods


The preparation of specimens, the test procedures, and the evaluation of the results followed the standard test methods outlined in Table 3. Most of the investigations were carried out on both the untreated soils and the mixtures; however, that was not feasible in all cases. For example, during the drying of the mixtures, the properties of the SC hydrogel changed notably, and the determination of the plastic limit was not possible. Due to the nature of the SCs (sensitivity to water, swelling, etc.), the particle density and the particle size distribution of the mixtures were not determined.



The water absorption of the untreated soils and the mixtures was determined on crushed dry specimens with particles smaller than 0.355 mm and an initial mass of 1.0 g. At least two test repetitions were conducted for each untreated soil or mixture. Following the recommendation of the standard, the water absorption was assessed after 24 h (wA,24h).



The specimens were placed into the oedometer, or direct shear cell, with dry porous plates and submerged under water, allowing them to swell. This enabled the measurement of the compressibility, the shear strength, and the hydraulic conductivity in a saturated state, as well as the swelling of the untreated soils and mixtures.



After undergoing swelling at     σ   v   ′   = 4.5 kPa in the oedometer, specimens were subjected to incremental loading and unloading in the following load stages: 12.5 kPa, 25 kPa, 50 kPa, 100 kPa, 200 kPa, 100 kPa, 50 kPa, 25 kPa, 4.5 kPa. The saturated hydraulic conductivity was measured using a falling head permeameter at the end of the consolidation in loading stages of 25 kPa and/or 50 kPa. The oedometer tests and measurements of the saturated hydraulic conductivity were performed on two parallel specimens prepared from the same untreated soil or mixture. To ensure the repeatability of the results, two measurements of hydraulic conductivity were taken at each loading stage on the same specimen.



Once the swelling in the direct shear test was completed, the soaked specimens underwent consolidation in loading stages ranging from 12.5 kPa up to the highest selected effective vertical stress of 50 kPa, 100 kPa, or 150 kPa. Throughout the shearing stage that followed the consolidation stage at the highest selected effective vertical stress, the vertical load was maintained constant, and the specimens remained submerged. The rate of horizontal displacement during shearing ranged between 0.002 mm/min and 0.003 mm/min. Due to a high coefficient of correlation (>0.98) for each test and the high repeatability of the measured values, confirmed on two different mixtures, the majority of the direct shear tests were conducted without repetitions.




4. Results and Discussion


4.1. Index Properties of the Investigated Untreated Soils


Figure 3 shows the particle size distribution of the representative specimen of the investigated untreated soils, while their index properties are presented in Table 4. The investigated soils belong to fine-grained soils since they contain more than 50% of particles smaller than 0.063 mm. Based on the liquid limit, plasticity index, and particle size distribution, S2 and S3 were classified as sandy clays, while S1 was classified as silt with sand. Regardless of the different sampling locations, the particle densities of the soils are in the same range, with an average value of 2.56 g/cm3.




4.2. Liquid Limit of Untreated Soils and Mixtures


Figure 4 illustrates the liquid limits for the untreated soils and mixtures with SC_R in low and high dosages. The impact of the SC on the liquid limit is strongly affected by the index properties of the untreated soil. In the case of silt with sand S1, the SC has a negligible effect on the liquid limit, regardless of the dosage. Small differences in measured values of wL could be a consequence of the specimen’s heterogeneity. Unlike soil S1, the liquid limit of soils S2 and S3 increases with increasing SC_R content. Treatment of S2 and S3 with low and high dosages of SC_R increased the liquid limit by approximately 10% and 35%, respectively.



This finding aligns with the study [19], which reported a liquid limit (wL) of 22% for an untreated mixture of 50% river sand and 50% residual soil. The study observed an increase of 13% and 39% in wL with the addition of 0.5% and 2% XG, respectively.




4.3. Water Absorption of Untreated Soils and Mixtures


The water absorption of the untreated soils and mixtures is presented in Figure 5. Due to the comparable results of the tests performed in two or more replicates, the water absorption is presented as their average value.



In general, the addition of the SCs increases the wA,24h for all types of soils. The mixtures of S1 or S3 with a high dosage of SC_R exhibited approximately 80% higher water absorption compared to untreated soils, while for S2, the increase was 53%. The overall highest increase in wA,24h was observed for the mixtures of soil S3, specifically SC_CG H and SC_ZZC H, which were over 100% in both cases. Soil S2 had a similar increase in the wA,24h for all three types of SCs at a high dosage, which is approx. 53%. These results highlight the influence of both the soil type and the dosage of the SCs on water absorption. However, the type of the SC is not an influential parameter, which was also confirmed by the ANOVA test (α = 0.05).




4.4. Compressibility


In Figure 6, the compressibility curves are shown as the relationship between the specimens’ vertical strain and effective vertical stress. The compressibility curves obtained on two parallel specimens from the same untreated soil or mixture are comparable. To ensure clarity and avoid information overload in the diagrams, only one test per untreated soil or mixture is presented in Figure 6.



Despite a comparable initial void ratio between the specimens from the untreated soil and its mixtures, the compressibility curves of mixtures are shifted above the compressibility curves of untreated soils. This is the result of the free swelling of specimens from mixtures after soaking at the beginning of the test (σv′ = 4.5 kPa). Soaked specimens of untreated soils S1, S2, and S3 did not swell. As previously demonstrated, the observed swelling of specimens from mixtures is attributed to the soil conditioners (SCs), which enhance the water absorption capacity of the soil. The swelling depends on the amount of the SC. The compressibility curves in Figure 6 illustrate that the low dosage of SC_R yields smaller swellings compared to the high dosage. The statistically significant difference (α = 0.05) between specimens with low and high dosages of SC_R was also confirmed by the statistical analysis (ANOVA). It was performed on the oedometer moduli calculated for all the specimens at the same loading stage. On the other hand, the analysis showed that the influence of the type of SC is not statistically significant. No considerable swelling was observed during unloading, even at σv′ = 4.5 kPa.



Figure 7 (left) illustrates the time-dependent swelling of a 19.3-millimeter-high specimen from untreated soil S1 and its mixtures. The specimen is held in a rigid confining ring (Figure 7, right), which restricts lateral displacement but permits vertical swelling or compression. The measurements of the time-dependent swelling were conducted on all specimens after soaking at the first loading stage of 4.5 kPa. The results are presented only for untreated soil S1 and its mixtures. The swelling magnitude was comparable for untreated soils S2 and S3 and their mixtures. The water intake and swelling of the mixtures do not happen instantly, as was also observed during the water absorption investigation. Thus, the specimens were left to swell for approx. 2 days.




4.5. Drained Shear Strength


Figure 8 (left) presents the results of direct shear tests for both untreated soil S1 and its mixtures prepared at a comparable initial water content and soaked during consolidation and shearing. Mohr–-Coulomb failure envelopes for all investigated soils and mixtures exhibited a high degree of linearity (R2 ≥ 0.98). Two repetitions of the tests were carried out for soil S1, mixed with SC_R H and SC_ZZC H, as shown in Figure 8 (right). The repeatability of the direct shear test results proved to be very good. The difference between the shear strength within the test range of effective vertical stresses is within 4% for SC_R H and even better for SC_ZZC H.



Table 5 presents the measured values for the cohesion (c′) and the friction angle (φ′) for all untreated soils and their mixtures. Except for the mixtures of soils S2 or S3 with SC_R L, the friction angle of other mixtures is lower than the friction angle of the corresponding untreated soil. On the other hand, the c′ remains in the same range for all mixtures.



It is interesting to note that mixtures with high dosages of the SCs have comparable values of the friction angles and the cohesions, irrespective of the soil type. A two-way ANOVA with a confidence level of α = 0.05 was performed on all the data and is presented in Table 5. It was shown that there is no significant difference between the friction angles of the three soils, while the mixtures with SC_R H and SC_ZZC H exhibit significantly different friction angles. Due to the similar friction angles of the three soils, an additional one-way ANOVA analysis was performed on the data grouped into the following three groups by the SC type, regardless of the soil type: (1) S+SC_R H, (2) S+SC_CG H, and (3) S+SC_ZZC H, where S stands for the data of all the soil types. Within the three groups of soils treated with high dosages of three different SCs, the mixtures of soils with SC_CG H exhibited significantly higher friction angles (α = 0.05). This could be associated with the longest average fiber length of the fillers in SC_CG.



Despite the presence of oxide ash and cellulose fibers in the soil conditioners, the obtained results are comparable to the literature data for soil samples treated with XG and investigated in a wet or saturated state. For instance, in the investigation of low-plasticity clay (CL), treated with 1% XG, a 5% decrease in friction angle was reported [12]. For low-plasticity silt (ML), treated with the same dosage of XG, the decrease was more than 24% [8]. The impact of XG on cohesion depends on the cohesion of the untreated soil. For high-plasticity clay (CH) treated with 1% XG, the cohesion remains unaffected [15], while an approximately 4% increase was observed in the case of low-plasticity clay (CL) [12]. In partially saturated sandy materials treated with 1% XG, the increase in cohesion can be up to 35% [15].




4.6. Saturated Hydraulic Conductivity


In Table 6, the mean values and corresponding standard errors of the measured saturated hydraulic conductivities are given for all the specimens of untreated soils and mixtures. In general, the addition of SCs decreases the saturated hydraulic conductivity of the investigated soils. The magnitude of the decrease in saturated hydraulic conductivity due to the addition of the high dosage of the SCs was observed to be significant (α = 0.05), i.e., by a factor of 100 to 10,000 m/s. Although untreated soils exhibit significantly different saturated hydraulic conductivities, the addition of a high dosage of SCs results in similar saturated hydraulic conductivities in the mixtures, which was confirmed with an ANOVA (α = 0.05). The saturated hydraulic conductivity of mixtures with high dosages of SCs was found to be unaffected by the effective vertical stresses for soil S3. In the case of S1 and S2, the saturated hydraulic conductivities of high dosage mixtures at an effective vertical stress of 25 kPa were significantly (α = 0.05) higher compared to the ones at an effective vertical stress of 50 kPa. In general, the type of the SC was not recognized as an influential parameter.



The results are in agreement with those in the literature [35], where for similar dosages of XG, a similar magnitude of decrease in saturated hydraulic conductivity was reported, from 1.42 × 10−7 m/s for untreated soil to 4.46 × 10−10 m/s for the addition of 1% of XG. It is also established that the decrease is highly dependent on the soil type [14,16,35].





5. Conclusions


Research confirmed that the addition of XG-based soil conditioners (SCs) affects the index properties, water absorption capacity, compressibility, drained shear strength, and hydraulic conductivity of the soil. The main function of the developed SCs is to increase soil water retention for plant growth. Therefore, the compressibility, drained shear strength, and hydraulic conductivity were determined on the saturated specimens of the untreated soils and mixtures. Despite the presence of oxide ash and cellulose fibers in the soil conditioners, the strength and stiffness of the saturated treated soils are generally lower than those of the saturated untreated soils. This suggests that in wet environments, the water sensitivity of the XG dominates over the effect of the fillers.



For the investigated untreated soils from various locations in Europe and the mixtures of the soils and the SCs, the following conclusions can be drawn:




	
The addition of the SCs increased the liquid limit only for soils S2 and S3 with relatively low initial liquid limits, while for soil S1 with the highest initial liquid limit, the values remained approximately unchanged.



	
The increase in water absorption capacity due to the SCs was notable for all types of soils. The type of SC does not have a considerable impact on water absorption, but the dosage of the SCs and the soil type do.



	
The addition of the SCs leads to the swelling of the mixtures under low effective vertical stress, inherently affecting their compressibility. The analysis of the results highlights the importance of the dosage of the SCs, while the type of SC was not recognized as influential. This suggests that the compressibility of the mixtures is more influenced by the XG than by the fillers in the soil conditioners (SCs).



	
The presence of XG in SCs reduces the drained shear strength of treated soils in comparison with untreated soils. The reduction in the friction angle was observed to be dependent on the dosage of the soil conditioner (SC). Regardless of the soil type, its treatment with a high dosage of SC_R and SC_ZZC resulted in similar drained shear strengths, while mixtures of soil and a high dosage of SC_CG exhibited slightly higher friction angles. This difference can be attributed to the composition of the filler in the SC_CG. Unlike the fillers in SC_R and SC_ZZC, which have an average fiber length of 200–400 μm, the filler in SC_CG contains fibers with an average length of 1400 μm.



	
In general, the addition of soil conditioners (SCs) decreases the saturated hydraulic conductivity of the investigated soils, regardless of the soil type. Although untreated soils exhibit significantly different saturated hydraulic conductivities, the addition of a high dosage of SCs to all tested soils leads to similar saturated hydraulic conductivities. This is attributed to pore clogging caused by the swelling of the SCs. Since the type of SCs was not identified as an influential parameter, it can be concluded that the fillers in the used SCs have no significant effect on the saturated hydraulic conductivity of treated soils.



	
The saturated hydraulic conductivity of mixtures is higher at     σ   v   ′   = 25 kPa than at     σ   v   ′   = 50 kPa, except for soil S3 with a high dosage of SCs. This aligns with the hydraulic behavior of untreated soils.








The newly developed XG-based SCs exhibited favorable effects on soils in terms of water absorption and water retention capacity. Their presence could prove beneficial for retaining water and directly mitigating the consequences of extreme climatic events, such as droughts, floods, etc. However, the findings indicate that in saturated mixtures, the XG’s behavior dominates, while the variation in the filler types within the SCs has only a minor effect on the strength, stiffness, or hydraulic conductivity of the treated soils.



While SCs can be highly beneficial in a controlled environment (with regulated water inflow and/or controlled water content), special consideration should be taken when applying SCs in a natural environment. In natural environments, treated soils undergo a cyclic process of rainfall infiltration, evaporation, freezing, and thawing. Consequently, it is essential to systematically investigate the cyclic behavior of treated soils at various water contents and assess their durability in the future.



The impact of SCs on the strength and stiffness of the soil layer could be negligible in the case of their use locally in planting holes for trees in small amounts (<1.7% per dry soil mass). In the case of applications on large areas with different thicknesses and inclinations of the treated soil layer, further attempts should be made to overcome or at least mitigate the negative impact of the SCs on the strength and stiffness of soils treated with SCs. Despite the fact that a positive impact of the filler’s fiber length was indicated only by the drained shear strength, it is believed that fillers with longer fibers can be a promising component of the SCs. This could counteract the negative effects of XG on soil strength, stiffness, and compressibility. By following this approach, it would be possible to develop a sustainable SC that not only positively influences soil water retention ability but also enhances the geotechnical properties of forest soil susceptible to erosion and slope instabilities.



In view of possible future scale-up, it is necessary to consider the economic feasibility of these products. In particular, the price of Xanthan gum makes the largest contribution to the cost assessment. Additionally, the XG used in this work has food-grade quality with very high purity, which is not necessary for soil treatment applications; thus, the price of this biopolymer is expected to be significantly lower if widely applied in these sectors and purchased at an industrial scale, also considering the fact that in recent years its price decreased from 250 to 28 $/kg. Considering the production method proposed in this work and performed at a laboratory scale, it is possible to estimate a cost of around 20–25 €/kg. This cost is comparable to the cost of commercial products present on the market, thus allowing the possibility of developing scalable technology.
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Figure 1. Investigated soils after removing older and partially decomposed organic particles. 
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Figure 2. The soil conditioners in a dry state (left half of the picture) and a saturated state (right half of the picture). 
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Figure 3. Particle size distribution for the soils S1, S2, and S3. 
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Figure 4. Liquid limit of untreated soils and mixtures with low (L) and high (H) dosages of SC_R (* represents the identification number of the untreated soil). 
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Figure 5. Average water absorption of specimens from untreated soils and mixtures after 24 h (* represents the identification number of the untreated soil). 
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Figure 6. Compressibility curves for untreated soils and mixtures (* represents the identification number of the untreated soil). 
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Figure 7. Swelling process (σv′ = 4.5 kPa) of untreated soil S1 and its mixtures (left) and specimen S1+SC_ZZC H after investigation (right). 
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Figure 8. Results of direct shear tests for the untreated soil S1 and its mixtures (left) and repeatability tests for two types of SCs mixed with soil S1 (right). 
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Table 1. Characteristics of fillers in soil conditioners employed in this study [1].
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	SC Label
	Filler Type
	Cellulose Content (%)
	Oxide Ash Content (%)
	Average Fiber Length (μm)
	Aspect Ratio





	SC_R
	Arbocel R
	>99
	0.5
	200–300
	9.9



	SC_CG
	Cellugrün
	80
	15
	1400
	31.1



	SC_ZZC
	Arbocell ZZC 500
	80
	15
	400
	8.8










 





Table 2. Investigated mixtures.
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Soil

	
Soil Conditioner

	
Dosage

	
Mixture Label






	
S*

	
SC_R

	
low, L, 0.4%

	
S*+SC_R L




	
SC_R

	
high, H, 1.7%

	
S*+SC_R H




	
SC_CG

	
high, H, 1.7%

	
S*+SC_CG H




	
SC_ZZC

	
high, H, 1.7%

	
S*+SC_ZZC H








S*—represents the identification number of the soil (S1, S2, S3).













 





Table 3. List of laboratory investigations, associated standards, methods, and devices used for investigations, and investigation plan for the untreated soils and the mixtures.
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	Parameter
	Standard
	Device/Method Description
	Untreated

Soil
	Soil

Mixtures





	Gravimetric water content, w0
	EN ISO 17892-1 [27]
	Dried at 45 °C
	✔
	✔



	Particle density, ρS
	EN ISO 17892-3 [28]
	Pycnometer
	✔
	✕



	Particle size distribution
	EN ISO 17892-4 [29]
	Wet and dry sieving, hydrometer
	✔
	✕



	Water absorption, wA,24h
	DIN 18132 [30]
	Enslin–Neff/1 g specimen
	✔
	✔



	Compressibility—oedometer
	EN ISO 17892-5 [31]
	70/20 mm fixed ring cell oedometer
	✔
	✔



	Shear strength—direct shear test
	EN ISO 17892-10 [32]
	60/60/20 mm shear box
	✔
	✔



	Hydraulic conductivity, k10°C
	EN ISO 17892-11 [33]
	Falling head, oedometer cell
	✔
	✔



	Plastic limit, wP
	EN ISO 17892-12 [34]
	
	✔
	✕



	Liquid limit, wL
	EN ISO 17892-12 [34]
	
	✔
	✔










 





Table 4. Index properties of soils used in the research.
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	Soil

Identificator
	Sampling Location
	Natural Water Content

w0 (%)
	Liquid Limit

wL (%)
	Plastic Limit

wP (%)
	Particle Density

ρS (g/cm3)





	S1
	Ljubelj
	43
	67
	41
	2.52



	S2
	Catalonia
	10
	31
	15
	2.59



	S3
	Heldburg
	18
	26
	13
	2.56










 





Table 5. Measured values of cohesion and friction angle for untreated soils and mixtures (* represents the identification number of the untreated soil).
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Specimen

	
S1 1

	
S2

	
S3




	
c′ (kPa)

	
φ′ (°)

	
c′ (kPa)

	
φ′ (°)

	
c′ (kPa)

	
φ′ (°)






	
S*

	
4.4

	
33.5

	
1.4

	
30.0

	
12.0

	
28.0




	
S*+SC_R L

	
11.0

	
27.0

	
0.4

	
31.0

	
0

	
32.5




	
S*+SC_R H

	
4.0/7.7

	
26.0/25.0

	
2.6

	
25.5

	
0

	
25.5




	
S*+SC_CG H

	
1.6

	
26.5

	
1.7

	
27.5

	
0

	
27.0




	
S*+SC_ZZC H

	
4.7/5.9

	
24.0/24.0