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Abstract: Traditional soil stabilization methods are usually associated with high energy consumption,
carbon emissions, and long-term environmental impact. Recent developments have shown the poten-
tial use of bio-based techniques as eco-friendly alternatives for soil stabilization. The present work
studies the effects of the addition of the biopolymers xanthan gum (XG) or carboxymethyl cellulose
(CMC) to a mine residue soil, combined or not with biostimulation and bioaugmentation techniques,
in terms of compressive stress—strain behavior. Unconfined compressive strength (UCS) tests were
performed on previously disturbed samples (two cycles of percolation, extraction and homogeniza-
tion) to evaluate if the biostimulation and bioremediation remain active in a real adverse scenario.
The results allowed for us to conclude that both biopolymers, when applied individually (with a
content of 1%), are effective stabilizers (CMC allows for unconfined compressive strength increases
of up to 109%), showing better results for CMC than Portland cement. The biostimulation of the
autochthonous community of the mine residue soil was revealed to be a non-effective technique, even
when combined with the biopolymers. However, good results were observed when the bioaugmenta-

tion was combined with xanthan gum, with unconfined compressive strength improvements of up to
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updates 27%. The study revealed that these bio-based techniques are promising soil engineering techniques,
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1. Introduction

Received: 31 July 2023 The global population growth has presented significant socio-economic challenges,
Revised: 15 September 2023 particularly in terms of resource consumption and infrastructure development. The expo-
Accepted: 20 September 2023 nential increase in population has led to an excessive need for natural resources, resulting
Published: 21 September 2023 in the large-scale production of mining waste and associated environmental liabilities and

safety risks (e.g., contaminant leaching, acid mine waters, and the collapse of tailing dams).
Additionally, the expansion of societies has required the construction of extensive infras-
tructures, often in areas characterized by soils with poor mechanical properties (low bearing
capacity, high compressibility, or poor drainage characteristics) [1,2]. Both situations pose
This article is an open access article ~ Substantial engineering challenges that may be solved by ground improvement techniques.
distributed under the terms and Ground improvement is a crucial aspect of geotechnical engineering, aimed at im-
conditions of the Creative Commons ~ proving the mechanical properties and durability of soils [3,4]. There is a wide range of
Attribution (CC BY) license (https://  ground improvement techniques for multiple applications. Within ground improvement
creativecommons.org/ licenses /by / techniques, soil stabilization has emerged as one of the most versatile and promising
40/). techniques, being applied all over the world [1,5,6]. Traditional soil stabilization methods
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often rely on chemical binders, which have demonstrated significant advantages but also
pose environmental concerns. These binders, such as cement and lime, have proven ef-
fective in enhancing soil strength, reducing permeability, and mitigating environmental
hazards [7]. However, the use of these binders raises concerns due to their high energy
consumption, carbon emissions, and long-term environmental impact [4,8-10]. To ad-
dress these challenges, researchers have turned their attention to sustainable alternatives
for soil stabilization. Indeed, recent developments in the field have explored the use of
biopolymers and bioremediation techniques as eco-friendly alternatives to soil stabilization.
Biopolymers, derived from natural sources, offer promising advantages in terms of their
sustainability, biodegradability, and low environmental impact. Bio-techniques, such as
biostimulation and bioaugmentation, utilize microbial activity to enhance soil properties
and/or remediate contaminants.

Biopolymers, such as xanthan gum, guar gum, carboxymethyl cellulose, and chitosan,
have gained attention in geotechnical engineering due to their unique properties and
environmental compatibility. These biopolymers, derived from natural sources, exhibit
an ability to improve soil strength, reduce permeability, and control erosion [4,11]. It is
important to note that biopolymers differ in terms of their origins and specific character-
istics [12]. The choice of biopolymer for soil stabilization depends, among others, on the
type of soil and its compatibility with the biopolymer, biopolymer content, curing time,
thermal treatment, and mixing methods [13]. The identification and efficient design of
biopolymers for stabilized soil systems rely on the Armistead et al. [8] methodology: (1) a
rapid membrane-enabled bio-mineral affinity screening approach, (2) supported by mineral
binding characterization and complemented by geotechnical verification. Another aspect
that should also be considered is the price of biopolymers, which can vary depending on
factors such as production scale, purity, and market demand.

Here, some results are highlighted for two of the most widely used biopolymers in soil
stabilization, xanthan gum and carboxymethyl cellulose, due to their potential suitability
to stabilize acid mine residue soils [8].

Xanthan gum (XG) is an anionic polysaccharide biopolymer produced by the bac-
terium Xanthomonas campestris [9,14]. It is commonly used in various industries, including
geotechnical engineering, where it is applied in contents ranging from 0.5 to 5% of the
soil weight. XG forms a highly viscous gel when hydrated, coating soil particles and
creating bonds between soil particles, namely clay particles, via electrostatic (ionic and
hydrogen) interactions [4,9,12], promoting an increase in the shear strength and stiff-
ness of the bio-stabilized soil [8,9,11,13], increasing the optimum water content and the
plasticity characteristics (mainly the liquid limit) [13,15], reducing permeability [16], and
enhancing erosion resistance [4,17]. The high molecular weight and long-chain structure
of XG contribute to its effectiveness in soil stabilization. Regarding the mine residue
soils, a very limited number of studies have been published on the subject. Studies from
Chen et al. [17] and Bonal et al. [18] indicated that the addition of XG effectively reduced
mine tailings/residue erosion. Nevertheless, it is not clear what effect the addition of XG to
a mine residue soil has in terms of unconfined compressive strength and stiffness.

Carboxymethyl cellulose (CMC) is a biopolymer derived from cellulose, a major
component of plant cell walls, and on wooden barks of trees [3]. CMC is widely used in
various industries [19] due to its high water-retaining capacity, adhesion, ability to change
the viscosity of the system [7], and film-forming properties. In soil stabilization, CMC
acts as a binder and a water-retaining agent, filling the voids between soil particles and
forming a cohesive matrix. These features result in reduced soil permeability and water
infiltration rate [3,7,20], increased optimum water content and decreased maximum dry
unit weight [10], and increased cohesion between particles, and therefore the strength
and stiffness of the bio-stabilized soil [3,19-21], which promotes vegetation growth and
increases soil erosion resistance [20], contributing to the enhancement of soil properties [20].
Regarding the effect of CMC in contaminated soils, a field assessment of CMC-bridged
chlorapatite microparticles was performed by Li and co-authors [22], who demonstrated



Appl. Sci. 2023,13, 10550 30f10

the effectiveness, long-term stability, and mechanism of CMC in reducing the mobility of
lead in contaminated soil, with the best results achieved at a CMC content of 0.5%. The
effect of CMC on mine residue soils has not yet been studied, and its effect in terms of
unconfined compressive strength and stiffness is unknown.

Bioremediation techniques offer another avenue for soil stabilization by harnessing
the power of microbial activity to enhance soil properties and/or degrade contaminants.
Biostimulation involves stimulating the native microbial population in soils by providing
suitable growth conditions, such as nutrients or oxygen. This stimulation enhances micro-
bial activity, leading to the degradation or transformation of contaminants or improvements
in soil properties. Mendonga et al. [16] demonstrated a reduction in soil permeability using
bacteria-produced biopolymers through biostimulation. On the other hand, bioaugmenta-
tion involves the introduction of specific microorganisms or microbial communities into
the soil to remediate contaminants or improve soil properties. These microorganisms can
degrade pollutants or transform them into less harmful substances, or induce the calcium
carbonate precipitation that binds soil particles [4]. Su et al. [23] explored the combined
application of CMC-stabilized nanosized Fe’ and mixed anaerobic microorganisms for
the enhanced stabilization of chromium (VI) in soil. The authors observed that CMC
enhanced the dispersion of nanosized Fe” and at the same time promoted the activity of
microorganismes.

Despite the research to date, there are still gaps in the knowledge regarding the
application of these bio-techniques (biopolymers and bioremediation) to mine residue soils.
In addition, the combined application of these two bio-techniques is a subject that has been
less discussed but can bring technical benefits and therefore deserves to be studied. Thus,
the novelty of the present work is to add to the existing knowledge about the compressive
stress—strain behavior of a mine residue soil stabilized with a combination of two promising
bio-techniques (biopolymers and bioremediation), contributing to a greener and more
sustainable future.

The present work studies the impact of two bio-techniques on the compressive strength
behavior of mine residue soil. The effects of the addition of the biopolymers XG or CMC
to the soil, combined or not with the biostimulation and bicaugmentation techniques,
will be studied in terms of compressive stress—strain behavior. To achieve such goals, the
following experimental testing program was designed: (i) unconfined compressive strength
(UCS) tests performed with the mine residue soil samples stabilized with the biopolymers
applied in a content of 1%; (ii) UCS tests performed with the mine residue soil samples
biostimulated (BS) or bioaugmentated (BA), combined or not with the addition of the
two biopolymers. In both cases, the results are compared with the control (soil without
biopolymer) and the addition of Portland cement (content of 1%).

2. Materials and Methods
2.1. Materials

The soil selected for this study came from a tungsten mine (Panasqueira mine, Fundao,
Portugal), collected at Basin 1, as described in previous work [24], and stored at 4 °C until
sample preparation. The soil is characterized by a grain size composition of sand, silt
and clay content of 61.6%, 35.7%, and 2.7%, respectively (evaluated by the wet sieving
method [25]), a porosity of 52.4% and a water content of 19% [25]. Table 1 summarizes the
main metals identified in the soil, revealing toxicity. The mine residue soil microbiome
contains different strains of bacteria (heterotrophic and facultative anaerobic); the most
common are Acinetobacter, Bacillus, Pseudomonas, Streptococcus, Cellulomonas and Rothia [24].

Table 1. Main metals identified in the Panasqueira mine soil, Basin 1—results from XRF test (per-
formed at Trace Analysis and Imaging Laboratory, University of Coimbra).

Si (%) Al (%) Fe (%) K (%) Pb (%) As (%) Ti (%) Ca (%) S (%) W (%) Ba (%)
38.7 242 16.4 10.8 43 1.4 1.4 0.9 0.4 0.3 0.3
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The soil was stabilized with one of the following three stabilizers: biopolymer xanthan
gum (Sigma-Aldrich, St. Louis, MO, USA), biopolymer sodium carboxymethyl cellulose
(Sigma-Aldrich), and Portland cement type I 42.5 R (Cimpor, Coimbra, Portugal). Con-
sidering the biopolymer contents usually used in soil stabilization, as presented in the
introduction, all stabilizers were added to the mine residue soil in a content of 1% of the
dry unit weight of the soil.

The biostimulation of the native bacteria from the mine residue soil was performed
with Reasoner’s 2A broth (R2Ab) 10-fold diluted (culture media), which percolated through
the samples in 2 cycles of 7 days each. For the bioaugmentation tests, the strain Diaphorobac-
ter polyhydroxybutyrativorans B2A2W2 [26] was selected, which was grown in R2Ab medium
for 48 h at 25 °C and 140 rpm. After centrifuging and washing steps, a bacterial suspension
with an OD600 of approximately 1 was obtained and stored on ice until its use in the
bioaugmentation tests.

2.2. Testing Program and Sample Preparation

Table 2 summarizes the experimental testing program.

Table 2. Experimental testing program.

Test ID Biopolymer Bio-Technique Number of UCS Tests
control No 2
cement No no 2
CMC Yes 2
XG Yes 2
BS—control No 2
BS—cement No biostimulati 2
BS—CMC Yes 1ostimulation 5
BS—XG Yes 2
BA—control No 2
BA—cement No bioaugmentation 2
BA—CMC Yes & 2
BA—XG Yes 2

CMC = carboxymethy]l cellulose; XG = xanthan gum; BS = biostimulation; BA = bioaugmentation.

The laboratory testing program started with the homogenization of the mine residue
soil. After air-drying the soil, a Proctor test [27] was performed to evaluate the optimum
water content (19.5%) to be added to the soil to achieve the “best” compaction conditions.
The wet mine residue soil sample was introduced in a PVC mold (76 mm height, 37 mm
diameter) in three layers. For each layer, the sample was statically compacted with a steel
bar 20 times; the surface of the first and second layers was scarified before the introduction
of the next layer; the top surface was smoothed with a spatula. The samples were cured for
seven days in a room with temperature (20 £ 2 °C) and humidity (95 & 5%), which served
as the control.

For the samples stabilized with biopolymer (XG or CMC) or Portland cement, the dry
mass of each stabilizer was mixed with the wet mine residue soil and then introduced into
the PVC mold following the previously described procedure.

For the bioaugmentated samples, a bacterial B2A2W2 suspension of approximately
5.0 x 107 cells per gram of the dry mine residue soil was added to the top layer, following
the remaining part of the procedure described above.

For the BS and BA samples, the testing procedure can be summarized in the following
steps: (i) mix all the materials and introduce the samples to the PVC mold, as described
above; (ii) percolate the culture media R2Ab through the samples for 7 days; (iii) extract the
sample from the PVC mold to undergo homogenization, followed by the re-introduction of
the samples to the PVC mold, as described previously, and curing for 7 days; (iv) repeat
steps (ii) and (iii). The extraction and homogenization steps, followed by the re-introduction
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of the sample to the PVC mold, aim to evaluate if the tested bio-based techniques remain
active in a real adverse scenario where the sample has been disturbed.

The percolation system is a constant head permeability test with the modifications
proposed in [28]. The tests were performed under a constant head of 5 kPa.

Finally, the samples were extracted from the PVC mold and weighted, and UCS
tests were performed to assess the stress—strain compressive behavior. The UCS test was
carried out in a universal testing machine (Wykeham Farrance Tristar 5000 kg) under a
constant axial strain rate of 1%/min, as stated in the standard [29]. The maximum uniaxial
compressive strength (qu max) of the samples is a fundamental design parameter obtained
from the stress—strain curve [30], as well as the strain at failure (¢;) and the undrained
Young’s modulus, defined for 50% of qu max (Eu 50)-

3. Results

Table 3 summarizes the results from the UCS tests that were performed, namely, the
parameters obtained from the stress—strain curves (qu max, €t and E, 50) that allow for a
characterization of the compressive behavior in terms of strength and stiffness. In general,
the variability of the unconfined compressive strength results is less than +15% of the
average value [31], with some discrepancies explained by the experimental nature of the
study. In the following figures, only the stress—strain curve of one of the two UCS tests is
presented for clarity in the discussion of the results.

Table 3. UCS results.

qu max £f Eys0
Test ID (kPa) Average (%) Average (MPa) Average
Control—T1 110.23 106.18 1.235 1.15 11.78 11.58
Control—T2 102.13 1.073 11.38
Cement—T1 165.27 175.48 1.388 1.58 14.10 12.51
Cement—T2 185.68 1.773 10.93
CMC—T1 241.08 221.82 4.074 4.58 6.27 5.24
CMC—T2 202.55 5.087 4.22
XG—T1 190.51 167.76 3.983 4.08 5.01 4.58
XG—T2 145.01 4.186 414
BS_Control—T1 103.48 78.09 4.431 5.22 3.07 2.40
BS_Control—T2 52.70 6.016 1.73
BS_Cement—T1 75.83 85.38 6.911 5.92 1.51 221
BS_Cement—T2 94.94 4.932 2.92
BS_CMC—T1 47.20 47.28 4.581 4.56 1.44 1.49
BS_CMC—T2 47.35 4.530 1.55
BS_XG—T1 118.85 99.99 3.657 3.70 4.57 4.40
BS_XG—T2 81.13 3.742 423
BA_Control—T1 104.70 102.66 5.191 3.66 2.61 4.32
BA_Control—T2 100.61 2.121 6.03
BA_Cement—T1 142.75 142.82 5.249 5.04 3.42 3.94
BA_Cement—T2 142.88 4.839 4.46
BA_CMC—T1 62.75 62.76 4228 3.91 1.96 2.11
BA_CMC—T2 62.78 3.593 2.26
BA_XG—T1 158.66 130.48 4.960 3.93 5.12 441
BA_XG—T2 102.29 2.891 3.71

CMC = carboxymethy]l cellulose; XG = xanthan gum; BS = biostimulation; BA = bioaugmentation.

3.1. Effect of the Stabilizers Applied Individually

From Figure 1 and Table 3, the addition of the applied individually stabilizers is shown
to have a tremendous impact on the stress-strain compressive behavior of the mine residue
soil. The addition of Portland cement (the most common binder used in soil stabilization)
enhanced the maximum unconfined compressive strength significantly, whereas stiffness
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was enhanced only slightly. However, the addition of any of the biopolymers (XG or CMC)
promoted significant changes in the stress—strain behavior, increasing the compressive
strength and the strain at failure. Comparing both biopolymers, the CMC exhibits a better
performance than XG, which may be explained by the higher viscosity induced by the
CMC [14], conferring a higher adhesion/cohesion between particles. Indeed, in the case
of CMC, the strength more than doubled the control value and is above the cement value,
while for the case of XG, the results can be compared with the samples stabilized with
cement, in agreement with the findings of Armistead et al. [8]. These results clearly show
the good performance of both biopolymers, and their ability to be used as stabilizers in
mine residue soils. The stress—strain curves also showed that the samples stabilized with
biopolymers exhibit a more ductile behavior, characterized by a higher strain at failure. This
means that the bio-stabilized material can deform as the compressive strength is mobilized,
avoiding catastrophic failure without previous warning.

250
I Control - T1
I Cement - T1
200 + ——CMC - T1
——XG-T1
o 150 -
[aW
.
S
< 100 -
50 + |
0 - - T
0.0 2.0 4.0 6.0 8.0 10.0 12.0

g, (%0)

Figure 1. UCS results—effect of the stabilizers applied individually (CMC = carboxymethyl cellulose;
XG = xanthan gum).

3.2. Effect of the Biostimulation and Bioaugmentation Techniques

Figures 2 and 3 and Table 3 summarize the results from the UCS tests performed with
the mine residue soil samples that were biostimulated (BS, Figure 2a) or bioaugmentated
(BA, Figure 2b), whether or not they were combined with the addition of the two biopoly-
mers (XG or CMC). In both cases, the results are compared with the control (soil without
biopolymer but BS or BA) and with the addition of Portland cement combined with BS and
BA. Figure 2 also includes the results of the UCS tests of the individually applied stabilizers
to assist in the interpretation and discussion of the results. Figure 3 illustrates the variation
between the unconfined compressive strength (qu max) and undrained Young’s modulus
defined for 50% of qu max (Ey 50) for all the tested samples, representing the average values,
the variability regarding the average value and the increase or decrease in the respective
control value.
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Figure 2. UCS results—effect of two different bio-techniques: (a) biostimulation (BS); (b) bioaugmen-
tation (BA). (CMC = carboxymethyl cellulose; XG = xanthan gum).

In general, it may be concluded that the biostimulation of the native bacteria produces
worse results than the bioaugmentation technique. Indeed, independently of the combi-
nation of biostimulation and any of the studied stabilizers, the results are always below
the control test (Control), revealing that biostimulation after two percolation cycles is not
effective. Moreover, no substantial difference was observed between the biostimulated
samples, even when combined with any of the stabilizers, which supports the conclusion
that this technique is not effective for this particular mine residue soil.

However, in the case of the bioaugmentation technique, the stress-strain compressive
behavior is characterized by a higher strain at failure, inducing a more ductile behavior,
and by an unconfined compressive strength that is higher than the control values (control
and BA-control) for the stabilizers XG (BA-XG) and Portland cement (BA-cement). The
poor performance of the biopolymer CMC (BA-CMC) may be due to the combination
of percolation cycles and the extraction and homogenization steps, where some of the
bonds promoted by the CMC seemed to be washed and/or destroyed, suggesting that
CMC shows a poor mechanical behavior over time. Another possible explanation is the
degradation of the biopolymer CMC by the bacteria, which needs to be confirmed. The
best unconfined compressive strength result obtained with the biopolymer XG (BA-XG)
is supported by the studies of Soldo and Mileti¢ [9], Bozyigit et al. [11] and Ni et al. [13].
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Moreover, Bozyigit et al. [11] observed that the addition of XG to soil promoted a significant
increase in the unconfined compressive strength over time (up to three years), i.e., the XG
exhibits a very good performance and stability over time. Thus, it may be concluded that
despite the disturbance associated with the percolation, extraction and homogenization
steps, the biopolymer XG continues to be active, and is able to stabilize the mine residue soil.
Comparing the samples containing Portland cement, it may be seen that the percolation,
extraction and homogenization steps induced the destruction of a great majority of the
cementitious bonds responsible for the enhancement of the mechanical properties of the
cement-stabilized soil. This justifies the lower unconfined compressive strength of the
BA-cement sample compared to the cement sample. However, it is known that the Port-
land cement develops cementitious bonds (due to hydrated reactions) over long periods,
during months or even years [32], justifying the increase in the unconfined compressive
strength of the sample BA-cement when compared to the control sample (BA-control).
Thus, it may be concluded that Portland cement remains active in the presence of the
bioaugmentation technique.

Figure 3. UCS results—the impact of the bio-techniques in terms of: (a) qumax; (b) Eyso.
(CMC = carboxymethyl cellulose; XG = xanthan gum; BS = biostimulation; BA = bioaugmentation).
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4. Conclusions

Based on the UCS tests performed on previously disturbed samples (two cycles of
percolation, extraction and homogenization) of mine residue soil stabilized with Portland
cement, or with the biopolymers XG and CMC, applied individually or combined with the
biostimulation and bioaugmentation techniques, allowed for the following conclusions:

e  Bothbiopolymers (XG and CMC), when applied individually, are effective stabilizers of
the mine residue soil, showing better CMC results in terms of unconfined compressive
strength than Portland cement when applied with the same content (1% of the dry
unit weight of the soil);

e  The biostimulation of the autochthonous community of the mine residue soil was
revealed to be a non-effective technique, even when combined with the biopolymers
or with the Portland cement;

e  The bioaugmentation of the mine residue soil with the bacterial strain Diaphorobacter
polyhydroxybutyrativorans B2A2W2, when combined with the biopolymer xanthan gum
(XG), exhibited a good performance in terms of stress—strain compressive behavior,
even after the samples were disturbed. Improvements in the unconfined compressive
strength of up to 27% were observed compared to the respective control test.

Through further research and application, these bio-techniques have the potential to
revolutionize soil engineering practices, offering environmentally friendly alternatives for
sustainable soil stabilization, and contributing to a greener and more sustainable future.
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