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Biopolymers like guar and xanthan gums are considered to be sustainable soil stabilisers that can improve en-
gineering properties of earthen construction materials. Recent studies indicate that water-based soil washing has
achieved partial success in recycling these materials. In this study, f-mannanase was used in the washing process
for recycling. An engineered soil mixture was stabilised using these biopolymers and then recycled in two stages,
initially with water and then with f-mannanase. The impact of recycling was ascertained in terms of particle size
distribution and Atterberg limits. The recycled soil was subsequently used to produce earthen construction

materials, and their mechanical performance was evaluated. Two recycling cycles were conducted to explore the
potential of recycling after repeated cycles of biopolymer amendment. Using f-mannanase proved effective in
recovering more original material than washing with water and notably more effective for guar gum. Mechanical
tests indicated that the recycled material was suitable for earthen construction.

1. Introduction

It is a common acceptance amongst earthen building practitioners
and researchers that soil-based building materials like rammed earth
and compressed earth blocks are sustainable due to their inherent at-
tributes of low embodied energy and carbon emissions, along with a
high potential for recyclability [1-3]. However, the sustainability of
earthen construction materials remains valid as long as they are not
amended by energy-intensive and carbon-emitting conventional chem-
ical stabilisers like cement, which now is a widely used method in
practice to improve the durability of these materials against water
ingress. It is well reported in the literature that the carbon emissions of
cement-stabilised earthen construction materials in practice are com-
parable to that of a fired brick or a low-grade concrete [4-6]. The
addition of the cement adds further complication to the recycling pro-
cess, as the cementitious gels formed during the stabilisation process
hinder the separation of the different soil fractions originally used to
manufacture the earthen construction material. As a result, recycling
cement-stabilised earthen construction material becomes a tedious,
energy-intensive and uneconomical process [2]. Recycling in actual
sense means recovering the original raw components from the manu-
factured material in their initial forms and quantities, enabling their
application for the same purpose again, while reuse implies using the
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material for a similar application, employing little or no processing to
alter its properties or separate the raw materials [1,7]. Given the sig-
nificant challenges associated with the recycling process of the cement
stabilised earthen construction material, many of the past studies
interested in recycling earthen construction material have in actuality
restrained themselves to ‘reuse’ rather than ‘recycling’ of the material
[8-10].

Given the drastic influence of chemical stabilisation on the sustain-
ability attributes of earthen construction materials, there has been a
significant surge in research to explore alternative methods or processes
that can provide comparable stabilisation outcomes as that of cement or
lime. Out of the many potential alternatives, biopolymer stabilisation
seems to be a possible frontrunner in addressing the sustainability issues
raised by conventional chemical stabilisation without hindering any
stabilising performance. Biopolymers, especially in the form of poly-
saccharides, have demonstrated similar stabilising ability to that of
cement, in terms of strength and durability of the stabilised material.
Although the use of polysaccharides for soil improvement is not a new
concept, with ancient Chinese builders incorporating sticky rice starch
in earthen construction [11], the application of industrial biopolymers
to enhance the sustainability of earthen materials is an emerging area of
interest among researchers. Out of various biopolymers available in the
industry, guar gum and xanthan gum have been widely utilised as
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Table 1
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Physical and compaction properties of the unstabilised soil mixture used in this study as per British Standard [32,33].

Soil Clay Silt Sand (%) Gravel
(%) (%) (%)

Liquid Limit Plastic Limit (%) OWC Yd,max
(%) (%) (kN/m®)

2-7-1 16 04 70 10

30.2 15.6 9.8 19.62

potential stabilisers for manufacturing earthen construction material.
Guar gum is derived from the seed of a bean plant, Cyamopsis tetrago-
noloba which belongs to the Leguminosae family. Chemically guar gum
is a neutral polysaccharide and comprises of monosaccharides namely
mannose and galactose [12,13]. On the other hand, xanthan gum is a
Xanthomonas campestris bacteria-derived anionic polysaccharide which
consists of glucose, mannose and glucuronic acid monosaccharide units
[14,15]. Both biopolymers are hydrocolloids, which are polysaccharides
that disperse or dissolve in water and increase the viscosity of the
mixture. They both contain a large number of hydroxyl (OH) groups
which attract water molecules due to the polar nature of oxygen, present
in both the hydroxyl groups and the water molecules [16]. Xanthan and
guar gums are therefore hydrophilic and their strong affinity to water
means they form a viscous dispersion in the medium in which they are
placed; they become a coagulant and create a thickening effect [12,14].
These biopolymers form ‘hydrogels’ when combined with water, a
property that enables them to stabilise various materials. Due to this
versatility, they are widely available and used across multiple industries,
including food, pharmaceuticals, cosmetics, textiles, and oil well drilling
[12,15]. When mixed in soil along with water, the hydrogels formed by
the biopolymer interlink different soil particles leading to soil agglom-
erations [17,18]. Hydrogels formed by guar and xanthan gums have
versatility in stabilising different soil types and the ability to remain
stable against a wide range of pH and temperature variations [12,15].
Several researchers have also reported that the soil stabilised with these
biopolymers exhibit comparable mechanical performance to that of
cement-stabilised soils in terms of their compressive and tensile
strengths [17,19-22]. In relation to earthen construction materials,
Muguda et al. [18] noted that the addition of biopolymer of about
1.5-2.0 % to dry soil mass achieved comparable or greater compressive
strength than that of the material amended with cement at 10 % by soil
mass. Further, the performance of guar and xanthan stabilised earthen
construction material was satisfactory against standard durability tests
against water ingress [23]. Notably, the tensile strength of both guar and
xanthan gum stabilised material generally increases the tensile strength
of the soil, while the strength gain achieved through xanthan gum is
higher than that of cement-stabilised soil [18,20]. Considering, that the
tensile strength is one of the key indicators of durability of the earthen
construction material, improvement in the tensile strength of earthen
construction material is an important outcome of the biopolymer sta-
bilisation. The above list of positive attributes of both guar and xanthan
gums highlights their potential to be sustainable soil stabilisers espe-
cially aimed at manufacturing earthen construction materials.

Apart from imparting required stabilisation, the nature of the stabi-
lisation from guar and xanthan gums potentially provides an opportu-
nity to fully recycle the stabilised earthen construction material.
Muguda et al. [24] performed a preliminary study to understand the
impact of soil washing on recycling guar and xanthan-stabilised earthen
construction material. Though this was a preliminary study, it revealed
that the hydrogels formed by biopolymers could be broken with a lesser
energy-intensive process and potentially retrieve the original soil com-
ponents used for the preparing the earthen construction material. Bruno
et al. [25] performed an interesting study in the re-use of the guar gum
stabilised earthen bricks. The study showed that the earthen brick sta-
bilised with 4 % guar gum retained its ability to regain desirable
compressive strength after being crushed and remanufactured as a brick
even after three cycles of recycling. This study highlights the regener-
ative ability of guar gum to re-interact with soil particles after under-
going the process of re-manufacturing. Very recently, Soldo and Miletic
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Fig. 1. Particle size distribution curve for the unamended soil mixture used in
this study.
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Fig. 2. Plasticity properties of the unamended soil mixture used in this study.

[26] noted the regenerative ability of xanthan-stabilised soil i.e. the
ability to re-interact with soil particles even after undergoing wetting
and drying cycles and imparting strength and mending cracks formed on
drying. The few above studies highlight the preliminary understanding
of the recycling and regenerative abilities of both guar and xanthan
gums which becomes the motivation for this study. Given the limitations
of cement in recycling and the promising potential of biopolymers to be
both recyclable and regenerative, this study focuses on recycling
biopolymer-stabilised earthen construction materials using a
bio-additive. The recycling process is evaluated by comparing the par-
ticle size distribution and soil plasticity of the recycled material with the
original soil mixture. Additionally, considering the aimed application of
the soil used is for manufacturing earthen construction materials, the
mechanical performance, specifically unconfined compressive and ten-
sile strengths, is assessed for samples prepared with the recycled
material.



S. Muguda and M. Wyndham
2. Materials and methodology
2.1. Materials

For this experimental programme, an engineered soil mixture
denoted as Soil 2-7-1 consisting of 20 % kaolin, 70 % sand and 10 %
gravel by mass was used. This soil mixture conforms with the recom-
mendations given for earthen construction materials as suggested in the
earlier publications [27-31]. This engineered soil mixture has also been
extensively used in previous studies for characterising
biopolymer-stabilised earthen construction material for their mechani-
cal, hygroscopic and durability properties [18,23]. The physical prop-
erties and the compaction characteristics of the unamended soil mixture
determined as per British standards [32,33] are presented in Table 1.
The particle size distribution (PSD) and plasticity properties of the un-
amended soil mixture along with the recommended MOPT [28] and
AFNOR [31]guidelines are presented in Figs. 1 and 2 respectively. The
biopolymers (guar and xanthan gums) used in the study were procured
from M/s Merck Life Science, United Kingdom. To keep the stabilisation
process consistent with the previous research conducted [18,23,34], the
biopolymer content in this study was maintained at 2.0 % of the dry soil
mass.

In this study, a bio-additive namely p-mannanase was considered for
recycling biopolymer-stabilised earthen construction material. f-man-
nanase can break down mannose monosaccharides, which are typically
found in guar and xanthan gums, into smaller carbohydrate molecules
that be easily washed away with water [35]. f-mannanase is a biologi-
cally processed enzyme using Bacillus bacteria species, and fungi from
the genus Aspergillus [36]. Further, f-mannanase is reported to be stable
over a wide range of pH (5.5-9.5) and temperatures (10 0c-70°C)[37,
38]. Considering these promising properties of p-mannanase, it was
considered a suitable soil washing agent for recycling
biopolymer-stabilised earthen materials in this study. The recycling
agent, f-mannanase, in solution form of Mannanase 50K was procured
from M/S Enzyme Supplies Limited, United Kingdom. A quick assess-
ment was undertaken to understand the interaction of f-mannanase with
the chosen soil mixture by conducting plasticity tests for unamended soil
mixture washed with only p-mannanase and results are presented in
Fig. 2. The plasticity properties remain similar to that of the original
unamended soil mixture indicating relatively less or no interaction of
f-mannanase solution with the soil particles.

2.2. Methodology

In this study, two cycles of recycling were undertaken for
biopolymer-stabilised earthen construction materials and the recycling
capabilities of f-mannanase were understood by comparing the changes
in the particle size distribution and plasticity properties of the un-
amended soil mixture with the recycled material. Further, the impact of
recycling on re-manufactured biopolymer stabilised earthen construc-
tion material between recycling cycles was evaluated by analysing the
mechanical performance in terms of compressive and tensile strengths.

2.2.1. Sample preparation and testing

The initial step in this study involved preparing samples for uncon-
fined compressive (UC) and tensile testing. For unconfined compression
testing, cylindrical specimens (38 mm diameter x 76 mm height) were
prepared, while ‘bowtie’ specimens as specified by Stirling et al. [39]
were prepared to determine tensile strength. For the sample preparation,
initially, all ingredients (the engineered soil mixture and the chosen
biopolymer) were dry mixed thoroughly. The biopolymer content in this
study was maintained at 2.0 % of the dry soil mass to maintain consis-
tency with the previous studies conducted by the authors. Following the
dry mixing, water equivalent to the optimum water content of the un-
amended soil mixture and an additional 2 % water for guar gum samples
and 1% water for xanthan gum samples was added to the dry
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Fig. 3. Schematic diagram of the recycling procedure undertaken.

ingredients [18]. This additional water was necessary to hydrate the
biopolymer, and the different quantities are due to the varying chemical
and hydrophilic properties of guar and xanthan gums [40]. The wet
mixture was then thoroughly mixed until a homogeneous wet mix was
obtained. After this mixing, the required bulk mixture was placed into
respective sample moulds and statically compressed in three layers to
achieve the maximum dry density of the unamended soil mix (i.e. 19.62
kN/m®). The compacted test specimen was then extruded from the
sample mould and left to air-dry on a laboratory bench at a temperature
of 21 °C and a relative humidity of 50 % to gain strength. UC and tensile
testing were conducted on two different curing periods i.e., 7 and 28
days. For each curing period, three identical samples were prepared for
testing. On the day of testing, UC and tensile test specimens were tested
as per the procedures outlined in BS 1377-7 [41] and Stirling et al. [39]
respectively. Same procedures were followed for preparing samples and
undertaking mechanical tests after each cycle of recycling.
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Fig. 4. Particle size distribution curves of the unamended and recycled soil samples: (a) guar gum cycle 1, (b) guar gum cycle 2, (¢) xanthan gum cycle 1, (d) xanthan

gum Cycle 2.

2.2.2. Recycling procedure

Fig. 3 presents a flowchart which outlines the recycling stages and
testing protocols undertaken in this study. To initiate the experimental
programme, biopolymer stabilised earthen samples were prepared to
evaluate their unconfined compressive and tensile strengths cured for 7
and 28 days. After the set curing time, the samples were tested for their
mechanical strengths and the crushed test specimens were used for
recycling. To understand the differences between conventional soil
washing with water and washing with p-mannanase, each recycling
cycle was split up into two stages of washing, first with water and later
with p-mannanase. In the first stage, the crushed test specimens obtained
from mechanical testing were broken down gently using a rubber
hammer until all the material passed through the 6.3 mm sieve. To
commence Stage 1 of the recycling process, the crushed material was left
to soak in distilled water for at least 24 h. A major portion of the soaked
material was then manually washed with water through a 63 ym sieve
until the water ran clear, to separate the fine fraction from the coarse
material. The suspension of fine material in water collected from the
washing was oven-dried at 100 + 5 °C until all the water had evaporated
off, and sedimentation analysis using the pipette method in accordance
with BS1377-2 [32] was performed on this material. The coarser frac-
tion retained on the 63 um sieve was also dried at 100 + 5 °C for
24 hours, and then dry sieve analysis was undertaken in accordance
with BS1377-2 [32]. The results of the dry sieve and sedimentation
analyses were combined to obtain the particle size distribution of the
water-washed material.

In Stage 2 of the recycling cycle, a bulk solution of the chosen bio-
additive f-mannanase was prepared in advance to ensure it remained
consistent throughout the study. By the recommended dosages for

washing purposes from the supplier, the solution prepared for this study
was 1 % w/w in distilled water [42]. To commence Stage 2 of the
recycling process, the material from Stage 1 was mixed thoroughly with
f-mannanase solution and allowed to soak for at least 24 h. Soaking of
the material was undertaken to provide sufficient time for the additive to
interact with hydrogels formed by the individual biopolymer. The ratio
of the p-mannanase solution to soil material used was 1:1.5. After 24 h,
the soaked material in the form of slurry was then washed through the
63 um sieve, and the fractions of fine and coarser material were
collected and completely dried in an oven at 100 + 5 °C. Dry sieve and
sedimentation analyses were performed for coarse and finer fractions
respectively as per BS1377-2 [32] to obtain the particle size distribution
for the Stage 2 material. A portion of the soaked material after 24 h, was
also used to determine the Atterberg limits of the material. These two
stages of washing the material using water and then with p-mannanase
would constitute one full cycle of recycling. All the washed soil material
obtained from particle size distribution tests was gathered again to
prepare samples for mechanical testing and the next cycle of recycling.
In this study, two full cycles of recycling were undertaken for compar-
ison of properties after multiple recycling efforts.

3. Results and discussion
3.1. Particle size distribution

Fig. 4 presents the particle size distribution curves of the unamended
soil mixture along with the recycled soil mixture for the two cycles of

recycling for both gaur and xanthan gum stabilised samples. Within the
figure, ‘C’ and ‘S’ refer to the recycling cycle and stage, e.g. C152 — Cycle
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1, Stage 2. Referring to guar gum stabilised samples in Fig. 4a, after the
first stage of recycling, the amount of the clay particles accounts for
about 5 %, whilst in the unamended soil mixture clay accounts for about
16 %. At the same time, the coarse fraction retained on the 63pm sieve
after recycling increased to 87 % from the original 78 %. This reduction
of fine fraction (clay and silt-sized particles) and increased coarse frac-
tion after the first stage of recycling indicates the inability of water
washing to effectively separate the soil agglomerations formed by the
guar gum. After the second stage of washing with p-mannanase, more
agglomerations seem to have been broken down leading to the recovery
of the finer fraction of the soil mixture. This can be observed in Fig. 4a in
which the C1S2 curve is closer to the Soil 2-7-1 curve compared to C1S1.
Though slightly more material was able to be recovered using f-man-
nanase, there was about 5% to 7% 5-7 % of particles not recovered
within the clay to silt-sized range, indicating the resistance of soil ag-
glomerations formed by guar gum even after washing using p-man-
nanase. Fig. 4b shows the particle size distribution curves for Cycle 2 for
guar gum-amended samples. It is interesting to note that, both stages of
washing resulted in obtaining material with effectively similar particle
distribution. Further, it is very similar to particle size distribution from
Stage 2 of Cycle 1 (C1S2). This similarity in particle size distribution
between recycling cycles indicates that the samples prepared after the
first recycling cycle with added guar gum essentially could not establish
a strong soil matrix, and hence, water alone was sufficient for easy
recycling. This hypothesis goes well in conjunction with the mechanical
testing results discussed in the following sections, where the compres-
sive strength for guar gum stabilised samples was reduced with recycling
cycles. Alternatively, the good recovery of soil material at Stage 1 may
have occurred because some portions of additive was able to remain in
the material from the C1S2 wash, which was then activated by the water
during the C2S1 wash and able to aid the breakdown of biopolymer.
After two cycles of the recycling, the resulting particle size distribution
curve is different from the original soil gradation. At first glance, it
might seem the original soil components may not have been recovered
during recycling process. However, coarser portions of the soil mixture
would have undergone physical changes during sample crushing and
preparation processes. The coarser particles likely altered in size and
shape due to compaction pressure during sample preparation. Addi-
tionally, this change could also result from crushing or shearing during
mechanical testing, as well as the movement of material between con-
tainers and sieves in the multi-stage washing process. Although the
original soil PSD was not obtained exactly, the soil constituents were
almost fully recovered and therefore it would be possible for the earthen
materials to be used again. Furthermore, the recycled materials remain
mostly within the MOPT [28] and AFNOR [31] gradation guidelines for
earthen construction materials as seen in Figs. 4a and 4b.

The xanthan gum stabilised samples exhibited a different response to
the recycling process in comparison to that of guar gum stabilised
samples. Fig. 4c shows the PSD curves from Cycle 1 of xanthan gum
recycling washes. After the first stage of the first cycle of recycling, the
curve plots below the particle size of the unamended soil mixture (Soil 2-
7-1) at 6.3 mm, meaning that there was material with particle sizes of
greater than 6.3 mm in the xanthan gum stabilised sample. This in-
dicates that larger and more stable soil agglomerations would be formed
due to xanthan gum. As an anionic polysaccharide, xanthan gum would
essentially form stronger ionic bonds with the fine fraction of soil
mixture, especially with clay particles. These stronger bonds essentially
make the soil agglomerations resilient to immediate disintegration
against water washing or immersion [23,43]. After the second stage of
washing with p-mannanase, the upper portion of the particle size dis-
tribution (for coarser soil fractions) is in between the unamended soil
mixture and the Stage 1 curve. This indicates that the mannanase so-
lution at the concentration used for recycling has been effective to an
extent in recovering soil particles for xanthan gum stabilised soils that
could not recovered through water washing alone. Considering that the
soil agglomerations formed by xanthan gum are through a complex
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Fig. 5. Plasticity properties of unamended, amended and recycled soil mixtures
used in this study.

network of adhesion, hydrogen and ionic bonds, the recovery made by
B-mannanase shows a promising potential for recycling.

The particle size distribution for the second cycle of recycling for the
xanthan gum-stabilised soil is presented in Fig. 4d. Even in the second
cycle, the observed trends of recycling were similar to that of the first
cycle of recycling for both stages. In the second cycle of recycling,
B-mannanase washing recovered coarser fractions of the soil mixture
indicating its effectiveness in recovering coarser sand and gravel
component of the soil mixture. However, there is still less material re-
covery for finer fractions of the soil mixture (i.e. silt and fine sand
particles) due the stronger chemical bonds established by xanthan gum.
The material falls almost completely below the limits of the MOPT [28]
and AFNOR [31] guidelines which would mean additional finer frac-
tions would need to be added for it to be used again for manufacturing
earthen construction materials.

3.2. Plasticity properties

The plasticity properties of biopolymer-stabilised soil samples before
and after the second stage of recycling for both cycles are plotted on a
plasticity chart in Fig. 5. It can be observed from Fig. 5, that the addition
of guar gum significantly influences the plasticity properties of the soil
mixture. The hydrogels formed by guar gum within the soil exhibit
greater water absorption due to the high hydrophilic propensity of the
numerous hydroxyl groups present in guar gum [40,44]. The influence
of the high hydrophilic propensity of guar gum is more prominent at the
liquid limit of the soil as more amount water would be needed to
neutralise hydrogen bonds and achieve the liquid limit state [44]. The
increased liquid limit value pushes the plasticity range of guar gum
amended soil mixture comparable to that of high-plasticity clays (CH).
After the completion of the first cycle of recycling (GG C1S2), the
plasticity values of the recycled soil mixture fall back to values similar to
those of the unamended soil mixture. This fallback of the plasticity
values to the original values highlights the effectiveness of p-mannanase
in neutralising and/or removing guar gum strains formed within the soil
and aiding the recycling process. It is very interesting to note that before
the second cycle of recycling, the liquid limit value of the guar gum
amended soil was very similar to that of the unamended soil mix. Even
after adding guar gum, the amended soil does not exhibit higher plas-
ticity values as observed before the first cycle of recycling. This inability
to achieve higher plasticity values for the guar gum stabilised sample
may be attributed to two reasons. Firstly, f-mannanase would have
essentially neutralised the hydrogels formed around clay particles,
rather than completely removing them, causing hindrance in interaction
between the added guar gum and the clay particles within in the recy-
cled soil mixture. Secondly, some remnants of f-mannanase may have
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Fig. 6. Stress-strain behaviour in UC tests (for each condition only one test from the three replicates is shown): (a) guar gum, 7 days (b) guar gum, 28 days (c)

xanthan gum, 7 days (d) xanthan gum, 28 days.

prevailed from the first cycle of recycling, which would additionally
hinder the process of inducing plasticity to the soil. This hypothesis
seems to be a reasonable justification, considering the plasticity values
fall back even farther after the second cycle of recycling (GG C2S2).
Though the plasticity values of the recycled soil mixtures have reduced
after two rounds of recycling, they remain well within the recommended
values of plasticity as per MOPT [28] and AFNOR [31] indicating their
ability to be used again for preparation of earthen construction material
for future uses.

In the case of xanthan gum, the addition of the biopolymer increases
both the liquid and plastic limits, similar to the behaviour noticed with
guar gum. However, the influence of xanthan gum is more pronounced
on the plastic limit of the soil than the liquid limit. Xanthan gum has
comparatively lesser water absorption capabilities than guar gum due to

its intrinsic chemical characteristics [40]. Further, these characteristics
along with the helix structure of the xanthan gum lead to the formation
of more stable soil agglomerations, that are bonded with stronger ionic
bonds along with hydrogen bonds . The comparatively lesser water
absorption capacity and more stable soil agglomerations of the xanthan
gum amended soil lead to the observed plasticity values, which after the
first cycle of recycling (XG C1S2) seem to have reduced only slightly.
This slight reduction in Atterberg limits for recycled xanthan gum
samples is primarily due to the removal of hydroxyl groups from xan-
than gum hydrogels by p-mannanase. After the first cycle of recycling,
the plasticity values fall just outside the recommended plasticity values
as per MOPT [28] and AFNOR [31] indicating that the recycled soil
mixture is tentatively usable for manufacturing earthen construction
materials. Before the second stage of recycling, the plasticity values of
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Fig. 7. Plot of the UCS of samples at the end of each recycling cycle for each
biopolymer stabilisation, with the two curing conditions of 7 days and 28 days.

the re-amended soil mixture are observed to be reduced. This reduction
in the plasticity values is primarily due to the formation of more stable
soil agglomerations, meaning less water would be needed to achieve
both liquid and plastic limit states. On recycling with f-mannanase (XG
C2S2), the large number of weaker hydrogen bonds formed by hydroxyl
groups are easily removed and the recycled soil mixture with a greater
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number of stable soil agglomerations needs comparatively less water to
achieve the observed plasticity behaviour. It is interesting to note that,
after the second cycle of recycling the plasticity values are well within
the recommended value highlighting their ability to be used again.

3.3. Mechanical strength results

The biopolymer-stabilised earthen construction material was tested
for its compressive and tensile strength properties before recycling and
after each complete cycle of recycling. Figs. 6 and 7 present the stress-
strain behaviour under compression and peak UC compression respec-
tively for both guar gum and xanthan gum after each cycle of recycling
for the two different curing periods. Fig. 8 presents typical failure pat-
terns of UC compression samples observed before and after each cycle of
recycling for both guar and xanthan gum stabilised earthen construction
materials. Figs. 9 and 10 present peak tensile strengths and typical
failure patterns for tensile specimens for both guar gum and xanthan
gum after each cycle of recycling.

The guar gum samples cured for 7 and 28 days have high initial peak
stresses and strength due to the strong hydrogel bonds formed between
the biopolymer and the soil particles. However, after each cycle of
recycling there is a noticeable decrease in the strength. This reduction in
strength for guar gum samples after recycling is more pronounced dur-
ing the 7-day curing period than the 28-day. As seen previously,

Fig. 8. Typical UC failure patterns observed for all samples: guar gum samples, (a) pre-recycling, (b) after Cycle 1 (C1S1), (c) after Cycle 2 (C2S2), for xanthan gum

samples (d) pre-recycling, (e) after Cycle 1 (C1S1), and (f) after Cycle 2 (C2S2).
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28 days.

recycling guar gum samples with f-mannanase has been efficient in
terms of reviving the original particle size distribution, however, the
neutralised guar gum strains and residual p-mannanase after each cycle
of recycling hinder the biopolymer hydrogel-clay interactions resulting
in reduced plasticity. The neutralised guar gum strains and/or residual
f-mannanase may set on the surfaces of the soil agglomerations formed
during the initial stabilisation process and may act as a barrier to the
freshly added guar gum. Further, these residual layers from each cycle of
recycling and the newly formed hydrogels might essentially lead to
smoother particle-to-particle interaction thus reducing particle friction,
which is a key component of compressive strength in the soil. At the
early stages of curing (7 days), the hydrogels formed by guar gum are
essentially in a thick gelatinous state which eventually dry out to a
thinner crystalline state after 28 days [45]. These morphological
changes of the biopolymer hydrogel have a significant influence on the
mechanical behaviour of the guar gum amended soil [18] leading from
semi-ductile to semi-brittle failure between 7-day and 28-day curing
period (Figs. 6a and 6b). The reduced peak stresses with each cycle of
recycling are primarily due to the reduced particle friction which does
not contribute to the overall strength, and thus resulting in the reduction
of the peak compressive strength for guar gum samples (Fig. 7). Inter-
estingly, the tensile strength of guar gum samples tends to increase with
each cycle of recycling (Fig. 9). With lesser hydrogel-to-soil interactions

L
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after each cycle of recycling, the hydrogels formed within the recycled
samples tend to consolidate and wrap around soil agglomerations, and
tend to achieve higher tensile stress under the applied load.

Unlike guar gum samples, xanthan gum samples exhibited a different
mechanical behaviour revealing a more ductile behaviour after each
cycle of recycling at both curing periods (Figs. 6¢ & 6d). Further, the
peak unconfined compressive strengths observed were in the proximity
of ~ 2500 kPa. As discussed previously, the intrinsic chemical charac-
teristics of xanthan gum being an anionic polysaccharide have a
different primary mechanism in controlling the strength. Xanthan gum
would essentially form more stable soil agglomerations which are fairly
resilient against disintegration on washing with f-mannanase. Only
weaker soil agglomerations formed by hydroxyl groups of the
biopolymer would be separated on being washed with f-mannanase. On
the re-addition of the xanthan gum before the second cycle of recycling,
the hydrogels would form around the previously formed soil agglom-
erations but effectively have much less interactions with clay particles
than in the initial soil mix. However, unlike guar gum, hydrogels formed
by xanthan gum after each cycle of recycling seem to coherently bond
with soil agglomerations and any residual xanthan gum strains high-
lighting the regenerative capabilities of xanthan gum [26]. Concerning
the tensile strength, with each cycle of recycling, the tensile strength of
the xanthan gum samples has increased (Fig. 9). Like guar gum, the
increase in tensile strength after each cycle of recycling is attributed to
how hydrogels tend to consolidate and wrap around soil agglomerations
. The regenerative capabilities of xanthan gum should be observed in
conjunction with both compressive and tensile strengths achieved after
each cycle of recycling. The consistent compressive strength and
increasing tensile strength suggest the resilience of soil agglomerations
formed against washing [26]. However, the use of f-mannanase would
essentially eliminate excess hydrophilic hydroxyl groups from xanthan
gum samples, enabling the recycled soil mixture to be used again for
manufacturing earthen construction material.

4. Conclusions

The findings from this novel study highlight the regenerative soil
stabilising capabilities of guar and xanthan gum, the effectiveness of
using f-mannanase to recycle biopolymer stabilised earthen construc-
tion materials, and the capability of using the recycled soil mix to
manufacture earthen construction material again. As a recycling agent,

Fig. 10. Typical tensile failure patterns observed for all samples: guar gum samples, (a) pre-recycling, (b) after cycle 1 (C1S1), (c) after cycle 2 (C2S2), for xanthan
gum samples (d) pre-recycling, (e) after cycle 1 (C1S1), and (f) after cycle 2 (C2S2).
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f-mannanase showed its effectiveness in thoroughly removing guar gum
strains from stabilised earthen material and thus retrieving most of the
original soil mixture in terms of its particle size distribution and soil
plasticity. Repeated washing cycles with p-mannanase appear to
neutralise the remaining guar gum residues, resulting in reduced
compressive strengths. However, tensile strengths remain unaffected,
indicating the limited regenerative capabilities of guar gum. In the case
of xanthan gum, the intrinsic chemical properties of the biopolymer
allowed the soil mixture to form more stable agglomerations that
resisted recycling. However, f-mannanase still managed to break down
weaker soil agglomerations, enabling the recovery of smaller soil frac-
tions. Xanthan gum’s regenerative capabilities allowed it to effectively
re-establish bonds with the newly added biopolymer, even after recy-
cling within the soil mixture, leading to improved mechanical perfor-
mance of the material. The findings from this study opens two exciting
research avenues, first, to explore bio-additives like f-mannanase for
recycling biopolymer-stabilised earthen materials and second, to
investigate the regenerative capabilities of guar and xanthan gums
specifically in the context of soil stabilisation. Recycling of biopolymer-
stabilised earthen construction materials would enable the completion
of the life cycle of the material, a crucial step for classifying earthen
construction materials as sustainable, while the regenerative capabil-
ities of biopolymers would enable multiple uses of the recycled earthen
construction material.
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