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Abstract

Soil stabilization is the art and science of improving the engineering properties of soils.
The properties of problematic soils can be improved by blending appropriate amount
of insitu soil, aggregates and bioenzymes. In the present study, four bacterial strains:
Sporosarcina pasteurii, Bacillus paramycoides, Citrobacter sedlakii, and Enterobacter
bugadensis were used to produce bioenzymes using urea supplemented molasses as a
substrate via submerged fermentation. The crude bioenzyme was mixed with modified
soil blended with 40% black cotton soil, 30% aggregate and 30% river sand; then tested

after curing for 7 days. The test results revealed that except soil samples treated with
bioenzyme of Enterobacter bugadensis, all treated soil samples showed improved plas-
ticity index (18-55%) and liquid limit (5-44%). Soil samples treated with bioenzyme of
Bacillus paramycoides, Citrobacter sedlakii and Sporosarcina pasteurii showed higher CBR
values of 12.9%, 12.27%, and 11.95% respectively. On the other hand, free swell showed
reduction in soil samples treated with bioenzymes of Sporosarcina pasteurii (47.37%),
Bacillus paramycoides (30%), and Citrobacter sedlakii (10.53%). The highest percentage
improvement of linear shrinkage was recorded for soil sample treated with bioenzymes
of Sporosarcina pasteuri (39.65%), followed by Permazyme (10.44%), Citrobacter sedlakii
(8.4%) and Bacillus paramycoides (8.34%). Whereas, the highest percentage improve-
ment in MDD was recorded in permazyme treated soil (11.92%) followed by molasses
(8.29%), Bacillus paramycoides (1.92%), and Enterobacter bugadensis (0.73%). The lowest
optimum moisture content (9.3%) was recorded in soil treated with permazyme.
Triaxial test analysis also showed improvement in both cohesion and angle of friction

in bioenzyme treated soils. From the test results it was concluded that it is possible to
treat expansive black cotton soils using bioenzymes produced from low cost substrates
such as molasses and reduce the cost of construction and environmental carbon
emission.

Keywords: Bioenzyme, Ureolytic bacteria, Soil stabilization, Fermentation, Engineering
properties, Expansive soil

Introduction

Soil stabilization is the alteration of soils to enhance their physical and chemical proper-
ties [1]. It is aimed to enhance load-bearing capacity through strength improvement, to
control dust, and to preserve the natural or constructed strength of a soil and minimize
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the entry of surface water by waterproofing [2]. Mechanically, it enables the soil to resist
shearing, avoid excessive deflections that cause fatigue cracking within the layer or in
overlying layers, and prevent excessive permanent deformation through densification
[3]. Soil stabilization process requires huge machineries with a great deal of earthen
work. Hence, it is a costly and capital intensive investment.

Currently, there is a growing demand to identify new and cost effective materials that
can improve construction techniques and enable expansion of the road network. Espe-
cially, the search for new and cheaper soil stabilizers and techniques that use local con-
struction materials has received increased attention. Bioenzymes are natural, non-toxic,
non-flammable, and non-corrosive liquid enzyme formulations that can be obtained
from fermented sugars. They are known to improve the engineering qualities of soil,
facilitate higher soil compaction densities, and increase stability [4]. Bioenzymes are
hypothesized to catalyze the reactions between the clay and large organic cations and
accelerate the cationic exchange process to reduce the adsorbed layer thickness [5].

Certain soil microorganisms make use of enzymes to stabilize their environment. They
produce specific enzymes that catalyze the reactions between clay particles and organic
cations, producing clods of stable soil around the roots of the vegetation [5]. Such micro-
organisms include ureolytic bacteria. The urease producing bacteria have been poten-
tially studied from various genera including: Citrobacter, Enterobacter, Pseudomonas,
Serratia, and Yersinia [6]; Lactobacillus, Streptococcus, Arthrobacter, Weissella, Enteroc-
cocus, Enterobacter, Provi-dencia rettgeri [7]; Bacillus, Sporosarcina, Sporolactobacil-
lus, Clostridium and Desulfotomaculum [8)]. In addition to producing urease, these
microbes produce plurality of enzyme groupings including hydrolase, amidohydrolase,
oxido reductase, transferase, lyase, aspartase, L. glutaminase, dehydrogenase, acid phos-
phatase, alkaline phosphatase, arylsulfatase, betaglucosidase, amylase, catalase, alkaline
phosphomonoesterase, phosphodiesterase, deaminase, invertase, cellulase, protease,
asparaginase, amidase, chitinase, lipase, carbohydrase, phenoloxidase, peroxidase, lac-
case, lipase, aminopeptidase, and glucoseoxidase.

Even though, conventional soil stabilizers such as cement, fly ash, and lime have been
widely used in soil stabilization [9-11], and experience of using commercial enzyme for-
mulations for soil stabilization in road construction [12] is at its infant stage in several
parts of the world, no research attempt has been done in the production of soil stabiliz-
ing bioenzyme using bacteria and characterization of the enzyme products. Thus, the
present study was aimed at producing soil stabilizing bioenzyme consortia through sub-
merged fermentation of cane molasses using selected ureolytic bacteria.

Bacterial strains used in the study

Three bacterial isolates belonging to the bacterial species, Bacillus paramycoides, Citro-
bacter cedlakii, and Enterobacter bugadensis were respectively isolated from Ethiopian
soil. From which Bacillus paramycoides and Citrobacter cedlakii were isolated from
Ethiopian rift valley area (soil pH="7.56, soil temperature =33 °C, 101.5 km south east
of Addis Ababa, 8°27'N 39°16E, and at an elevation of 1584.28 m above sea level). While,
Enterobacter bugadensis was isolated from Ethiopian highland soil (Soil pH=6.7, soil
temperature =30 °C, 501 km West of Addis Ababa, 9°30'N 35°30’E, and at an elevation
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of 1821 m above sea level). A standard bacterial isolate of known ureolytic activity,
Sporosarcina pasteurii (NCTC-4822) was purchased for comparative analysis.

Crude bioenzyme of the strains was used for testing the engineering properties of
the modified soil and the soil samples were prepared in accordance with the method
described in AASHTO T87-86 [13]. The soil samples were mixed with crude bioen-
zymes, considering their optimum moisture content value (16%) (Table 7). Treated sam-
ples were stored in plastic bags, cured for 14 days. At the end of curing period samples
were properly air dried to pulverize soil boulders using rubber covered mallet and quar-
tered to get representative samples.

Cane molasses collection and physicochemical analysis

Black strap cane molasses sample was collected from national alcohol factory (NALF),
Ethiopia and transported to Addis Ababa Science and Technology University; sealed
and stored in a cool and dry place. The collected cane molasses was tested for its phys-
icochemical properties such as color, pH, moisture, crude protein, crude fat, crude ash,
crude fiber, carbohydrate, and total energy, cations and heavy metals as per standard
procedure set by AOAC (2005) [14].

Pretreatment of cane molasses
A commonly used molasses pretreatment technique; clarification followed by acid treat-
ment was conducted as per explained by Kundu et al. and Malika et al. [15, 16].

Determination of optimum molasses fermentable sugar concentration for bacterial growth
The optimum fermentable sugar concentration at which the selected bacterial strains
could grow was determined in triplicates of cultures under aerobic conditions. The test
was conducted in treated molasses diluted at different fermentable sugar concentrations
[5, 10, 15 and 20% (v/v)] supplemented with 5% (w/v), urea (Thermo Fisher Scientific),
filter sterilized using 0.45 pum sterile syringe. One milliliter of overnight grown bacte-
ria culture, (OD =0.5) of each selected isolate was inoculated in a 250 mL conical flask
containing 100 mL of each urea supplemented diluted molasses. The cultures were incu-
bated at 35 °C with shaking at 200 rpm. The cell growth was monitored by measuring
the optical density of the samples at ODy,, using a GENESYS™ 20 spectrophotometer
(Thermo Fisher Scientific). The recording was done at 2 h interval and was conducted
between 0 and 24 h. Un inoculated molasses medium was used as a blank. The growth
curve was constructed as time vs Log OD for each fermentable sugar concentration and
growth rate was calculated. The fermentable sugar concentration with the maximum
growth rate at the log-phase was taken as the best concentration.

Production of crude extracellular enzymes through submerged fermentation

The production of crude extracellular enzymes consortium was performed under sub-
merged fermentation using 1000 mL capacity Erlenmeyer flasks incubated in incubator
shaker adjusted at 35 °C. Inocula was prepared by introducing 1 mL of a stock bacte-
rial culture preserved at — 20 °C into 100 mL Erlenmeyer flask containing 50 mL nutri-
ent broth and incubating it for 24 h at 37 °C. Subsequently, for each isolate 1000 mL
pretreated molasses supplemented with 5% (v/v) of 40% urea (HiMedia, sterile filtered
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0.45 pm; added post-autoclaving) was prepared in triplicate 2000 mL Erlenmeyer flasks.
Following molasses preparation, 1% (v/v) of inoculum of each isolate (OD=0.5) was
introduced from the 24 h old seed culture. The inoculum was adjusted at pH=6.8 and
10% fermentable molasses sugar then incubated for 5 days in shaker incubator (Wise
Cube) at 35 °C with agitation speed of 150 rpm. To determine the fermentation progress,
the brix of the fermentation syrup was tested periodically via refractometer.

Expansive black cotton soil sampling

The expansive soil sample used for this research work was collected from Addis Ababa,
Science and Technology University Akaki kality sub-city, Kilinto area from one test pit
(8.889 'N, 38.380 E). To avoid the influence of fertilizers and plant roots, all of the bulk
soils were collected after the top 1.5 m of the soil was removed from the ground surface
[17]. The soils were classified as highly plastic clay (CH) as per the Unified Soil Classifi-
cation System (USCS) (Table 7).

Analysis of the chemical properties of untreated and treated soil

The chemical properties of the natural and treated soil samples were tested for their
pH (potentiometric method) [18], electrical conductivity (cell potentiometric method),
exchangeable cations, and cations exchange capacity were determined by ammo-
nium acetate method and organic matter content was determined by Walklay Black test
method [19].

Modification of black cotton soil

The native black cotton soil used in this research had high amount of clay (72.0%) con-
tent and it was classified as A-7-5(20) according to AASHTO soil classification. To make
the soil suitable for bioenzyme activity; i.e. with clay proportion of 12-35% [20, 21]
the native soil was subjected to amendment using supplementary materials (aggregate
and sand). To obtain appropriate clay proportion the native soil was blended in three
mix-ratio trials [(30% black cotton soil +35% aggregate +35% sand), (40% black cotton
soil+30% aggregate+30% sand) and (50% black cotton soil+25% sand +25% aggre-
gate)]. This was done by wet sieve analysis and by hydrometer test then classification of
the soil was done based on AASHTO and USCS standards.

Laboratory testing for engineering properties

Engineering properties tests were made according to AASHTO (2010) [13] and ASTM
(2009) [22] laboratory standards. The selected tests were atterberg limits (AASHTO
T-89 and T-90), hydrometer analysis, soil classification (AASHTO M-145), modified
proctor density (AASHTO T-180), standard compaction (AASHTO T-99), soaked Cali-
fornia Bearing Ratio (CBR) (AASHTO T-193), specific gravity (ASTM D-854), free swell
(IS-2720)(IS 1978) [23], linear shrinkage (BS1377)(BS 2003) [24].

Grain size analysis

The grain-size analysis of both treated and untreated soil samples was carried out to
determine the percentage of different grain sizes contained within soil. Primarily, wet
sieve analysis was performed to determine the distribution of the coarser, larger-sized



Mekonnen et al. International Journal of Geo-Engineering (2022) 13:10 Page 5 of 22

particles (>75 pm retained on the No. 200 sieve). Sedimentation process using hydrom-
eter analysis method was carried out to determine the distribution of the finer parti-
cle size smaller than 75 um (usually silt and clay). The test was conducted according to
ASTM D422 (Standard Test Method for Particle size analysis of soils) [22].

Determination of california bearing ratio (CBR)
The 96 h soaked CBR value of bioenzyme treated and untreated soil samples were tested
after 14 days of curing, as per standard test procedure set by AASHTO T-193 [13].

Moisture density relation (modified compaction/proctor) test
Modified proctor density was analyzed as per standard procedure AASHTO T-180 [13].

Test for atterberg limits

The water contents at which soil passes through one of these states to the next (liquid,
plastic, semi-solid, and solid) have been arbitrarily designated as ‘consistency limits'—
Liquid limit, Plastic limit and plasticity index. These are called ‘Atterberg limits’ in honor
of the originator of the concept [24]. The liquid limit values were determined in accord-
ance with AASHTO T89-10. Similarly, the plastic limit and plasticity index of the soil
samples are determined in accordance with AASHTO T90-10 [13].

Test for linear shrinkage

Linear shrinkage test was conducted to measure how a sample will reduce in length
upon complete drying as compared to percentage of the original length. The test was
conducted according to standard procedure ASTM D-854 [22].

Free swell index test

Free swell of a soil is defined as the ratio of the difference in volume of the sample to the
original volume [24]. The test helps to know the expansiveness of a soil by measuring the
volume of soil sample that is soaked and settled down in water for 24 h [25]. The test was
conducted in accordance with IS: 2720 (Part 40) [23].

Results and discussion

Proximate analysis of raw cane molasses

The proximate analyses of raw undiluted black strap molasses are shown in Tablel. The
analysis showed that it contained 79.1% brix, 51.22% fermentable sugar, 18.76% mois-
ture, 2.41% crude protein, 1.06% crude fat, 15.18% crude ash <1.00% crude fiber, 62.59%
carbohydrates and 369.54% energy.

Minerals and heavy metals content analysis of raw cane molasses

The composition analysis of minerals and heavy metals is shown in Table 2. Molasses
had a very high concentration (mg/kg) of potassium (12,653.73), and moderate to high
concentrations of calcium (3839.12), magnesium (477.52), and sodium (130.13). The
least available metal was zinc with value of 1.9 mg/kg. Heavy metal composition showed
<0.1 mg/kg values for Pb, Cd, As and Hg and <0.2 mg/kg for Cobalt and Chromium.
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Table 1 Proximate analysis results of raw cane molasses

Property Values %
(9/100 g)
Brix 79.1
Total sugar 62.59
Useable sugar 51.22
Moisture 18.76
Crude protein 241
Crude fat 1.06
Crude ash 15.18
Crude fiber <1.00
Energy 369.54

Determination of optimum fermentable sugar concentration for bacterial growth

The optimum and range of fermentable sugar concentration was tested in molasses sup-
plemented with 5% (V/V) of 40% urea and 5 g/L of NaCl at 35 °C. For optimal molasses
concentration, different concentrations of fermentable sugar were applied (viz., 5, 10, 15
and 20%) to production media. The molasses media was autoclaved and supplemented
with filter sterilized urea. The cell growth was monitored by measuring the optical den-
sity of the samples at ODy, using a spectrophotometer (GENESYS" 20, Thermo Fisher
Scientific). The recording was done at 2 h interval and was conducted between 0 and
24 h (Fig. 1).

After 24 h of incubation, all the three strains were able to grow within molasses fer-
mentable sugar concentrations of 5—15%. The optimum growth; defined as > 75% of the
highest growth rate achieved [26] was recorded at sugar concentrations of 10%. There-
fore, 10% fermentable sugar dilution was taken as a dilution factor for bacterial growth
and production of bioenzyme through submerged fermentation.

Proximate analysis of molasses and bioenzymes
The proximate analysis of the substrate (molasses) and bioenzymes was analyzed and
presented in the following table.

The proximate analysis showed that the pH of bioenzymes was slightly acidic
(pH=5.6-7.25). The protein concentration in molasses was lower than the bioenzymes,
the highest being recorded for Sporosarcina pasteurii (1.22 g/100 g) and the least was
recorded for Enterobacter bugadensis (0.84 g/100 g). The carbohydrate and energy con-
tent of molasses was higher than the contents in the bioenzymes (Table 3), indicating
that much of the carbohydrate was consumed during fermentation.

Exchangeable bases and heavy metals concentration of molasses and bioenzymes

The mineral contents were determined by Flame Atomic Absorption Spectrometry and
Graphite Flame Atomic Absorption Spectrometry according to the methods of AOAC
(2005) [14].

Concentrations of exchangeable cations and heavy metals in bioenzymes are pro-
vided in Table 4. The bioenzymes have very high concentration of potassium (K), and
moderately concentrated calcium (Ca) magnesium (Mg) and sodium (Na) (Table 4).
The concentrations of toxic heavy metals in bioenzymes were found to be extremely
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Fig.1 Optimum molasses fermentable sugar concentration for the growth of a. Bacillus paramycoides b.
Citrobacter sedlakii c. Enterobacteer bugadensis

Table 3 Proximate analysis of diluted molasses substrate and bioenzymes

Parameter Molasses S. pasteurii E.bugadensis B. paramycoides C. sedlakii
pH 7.25 58 56 5.02 571
Moisture% (g/100 g) 85.66 81.86 87.54 81.57 81.54
Crude protein% (g/100 g) 047 1.22 0.84 0.94 1.09
Crude fat% (g/100 g) 0.21 0.19 0.18 0.23 1.46
Crude ash% (g/100 g) 296 3.55 5.64 6.00 338
Crude fiber% (g/100 g) <1.00 <1.00 <1.00 <1.00 <1.00
Carbohydrate% (g/100 g) 84.15 13.18 58 11.26 12.11
Energy (Kcal/100 g) 364.06 59.31 28.18 50.87 65.94

low and were below the WHO/FAO (2001) permissible limit of 50.00 mg/kg, 3 mg/
kg, 20.00 mg/kg, 2.00, 0.05 mg/kg for lead, cadmium, arsenic, mercury and chromium
respectively [27, 28].

The higher concentrations of exchangeable cations in the bioenzymes may affect
the stabilization process and can aggravate the expansion behavior of the problematic
soils. It is true that the type of cations available in the soil can influence the nature
of the clay soil. For example sodium (Na%t) and potassium (K*) are monovalent ions,
and their presence usually results in the greatest expansion potential. The expansive
nature of soil having an abundance of multivalent cations is much less than that of a

soil having only monovalent cations [29]. Sodium (Na*) causes the most of swelling

Page 8 of 22



Mekonnen et al. International Journal of Geo-Engineering (2022) 13:10 Page 9 of 22

Table 4 Exchangeable cations and heavy metals concentrations (mg/kg) of molasses and

bioenzyems

Molasses  Sporosarcina Enterobacterbugadensis Bacillus Citrobacter sedlakii

(substrate) pasteurii paramycoides
Calcium 748.63 1589.36 1262.28 1247.23 1490.48
Magnesium 93.12 209.09 18143 181.26 21268
Sodium 2538 2175.90 1791.04 1838.8 2441.84
Potassium 246748 6793.39 4965.06 5009.9 719345
Iron 16.03 30.78 286 29.21 31.34
Copper 0.28 0.72 045 0.5 0.74
Manganese 4.09 5.74 6.4 6.73 6.59
Zinc 0.37 0.61 0.36 0.35 0.68
Lead <0.10 <0.10 <0.10 <0.10 <0.10
Cadmium <0.05 <0.05 <0.05 <0.05 <0.05
Arsenic <0.10 <0.10 <0.10 <0.10 <0.10
Cobalt <020 <020 <020 <020 <020
Chromium <0.20 <0.20 <0.20 <0.20 <0.20
Mercury <0.20 <0.20 <0.20 <0.20 <0.20

Table 5 Soil modification blending trials

Mix ratio % Hydrometer values
(BCS:sand:aggregate)
Clay (%) Silt (%) Sand (%)
Trial -1 30:35:35 19.91 10.87 69.22
Trial-2 40:30:30 24.99 2733 47.68
Trial-3 50:25:25 41.44 15.64 42.94

BCS black cotton soil

in Illite and montmorillonite minerals [30]. Velasquez [31] reported that commercial
bioenzyme stabilizer he studied had potassium (7800 mg/kg), and calcium (719 mg/
kg), magnesium (337 mg/kg), and sodium (169 mg/kg) which are less than the results
of this study. This could be due to the type of substrate (molasses) used for the fer-
mentation or other production procedures. He also reported protein concentration in
the undiluted product A was 9230 mg/L; which is comparable with the results of the
present study (840-1220 mg/L) of crude protein.

Soil geotechnical property testing
Modification of the native soil
In the process of hardening and rendering soil to be a water resistant, measuring and
ensuring the clay content of the soil at a minimum of 12—-30% is a crucial procedure [20,
21, 29] In consequence, to bring the clay content within this range, the native soil was
subjected to amendment using supplementary materials (aggregate and sand). After the
soil blends were prepared, grain size distribution analysis was done and the results are
presented below (Table 5).

As it is shown in the table above, trial 1 and 2 yielded clay proportion in the recom-
mended range of 12—-30%. Thus, for the purpose of this study 40:30:30 mix ratio was
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selected as it is economical in requiring only 30% sand 30% aggregates and yielded
24.99% clay proportion which is best supported by the literature. Literatures showed
that enzymatic emulsions could be applied on a wide variety of soils on condition of a
minimum clay content presence. Rauch et al. [20] reported that liquid stabilizer prod-
ucts for treating road base materials work best in soils containing cohesive fines (finer
than the No. 200 mesh size) between 18 and 30% and at a moisture content of 2—3%
below optimum. According to Stan and Ciobanu [21], the minimum clay content has to
be in common conditions of at least 10%, and best results were usually obtained in soils
having clay content between 12 and 24% and even between 25 and 30% in some prod-
ucts, presenting plasticity indexes between 8 and 35%. Quackenboss et al. [65] claimed
that in a process for hardening a roadbed with enzyme emulsions, the clay content of
the road bed soil should be a minimum of 12%. Therefore, amending the native soil is an
important procedure to bring the clay content within this range.

Chemical properties of the natural and treated soils

The chemical properties of treated and untreated soil samples were analyzed at Ethio-
pian Construction Design and Supervision works corporation, soil fertility testing labo-
ratory. The analysis showed that the natural soil had pH of 7.82, electrical conductivity
of 0.28 mS/cm, moisture content of 16.33%, cation exchange capacity of 93.57 meq/100 g
and 5.21% of organic matter. The amount of exchangeable bases yielded 16.33, 1.54, 0.81,
66.07, and 15.82 meq/100 g of sodium, potassium, calcium, and magnesium, respectively
(Table. 6).

The natural soil was slightly alkaline (pH="7.82) and the addition bioenzymes reduced
the pH of the treated soils (pH=6.7-7.2) though permazyme treatment brought no
pH change. In bioenzymes treated soil samples, both electrical conductivity (EC) and
cation exchange capacity (CEC) showed an increase of 7-982% and 2—61% respectively.
Exchangeable bases and organic matter content also showed increase in bioenzyme
treated soils. Permazyme treated soils showed a very minor change in their chemi-
cal properties as compared to the natural soil. Organic matter content also showed an
increase (35-193%) in bioenzyme treated soils.

Cation exchange capacity is the most important physico-chemical characteristic of
expansive black soils [32]. This property is linked to their chemical activity and common

Table 6 Chemical properties of treated and untreated soil samples

Treatment pH-H,0 EC Moisture  Na'(Meq Kt (Meq Ca’*'(Meq Mg*"(Meq CEC Organic
(mS/  Content% /100g) /100g) /100g) /1009) (Meq Matter%
cm) /1009)

Natural soil ~ 7.82 0.28 16.33 1.54 0.81 66.07 15.82 93.57 521

Permazyme 7.7 03 171 1 0.9 752 155 94.2 0.8

Molasses 7.2 1.6 124 23 20 80.01 114 96.02 1.06

S. pasteurii 7.03 2.36 13.88 4.65 4.64 65.59 164 99.03 7.06

B. paramy- 6.84 2.81 13.31 5.02 479 64.81 213 145.85 15.24

coides

C. sedlakii 6.85 2.19 13.62 761 6.29 63.63 27.27 158.08 15.28

E.bugaden-  6.73 3.03 135 597 439 7446 14.98 151.0 15.26

SIS

EC electrical conductivity, CEC cation exchange capacity
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cation substitutions. Cations are attracted and adsorbed onto a charged clay surface
or absorbed into of the inter-clay particles via cation exchange activity [33]. The com-
mon range of cation exchange capacity of black cotton soil is 70-130 (maximum 145)
meq/100 g [34], which is in agreement with the present study (93.57 meq/100 g). On the
other hand, black cotton soils have a high surface area of 600-800 m?/g [35]; which is
also associated with a high negative surface charge that attracts water and leads to sub-
stantial swelling when exposed to water. Owing to the high surface area, the native black
cotton soils are prone to have a higher swell potential.

In the present study, the CEC was increased in bioenzyme treated soils, possibly be due
to the effects of higher exchangeable cation concentrations in the bioenzymes (Table 6).
In general, higher CEC values of soils are correlated with a high swelling potential of
a soil and indicates a higher surface activity [36]. Thus, soil samples treated with this
bioenzymes are expected to exhibit higher expansion than the native soil. Akbulut and
Arasan [62] reported a decrease in CEC of soils treated with fly ash. Organic matter con-
tent is also the other factor responsible for expansive properties of soils [32]. In the pre-
sent study, the higher increase of organic matter content in the bioenzyme treated soils
may produced sufficient organic matter that can blanket the clay surface during the sta-
bilization process [5]. Literatures showed that the binding of organic matter to clay min-
eral particles directly affects the properties of minerals such as cation exchange capacity
[64] and their wettability [37]. Nevertheless, it should be noted that additive stabilization
(lime and cement) of soils is not particularly effective when more than 2% of organic
matter is present in the material being stabilized [30].

Geotechnical properties of the untreated natural and modified soil samples

A series of geotechnical tests were performed on the control soils (natural and modi-
fied) to characterize and comprehend the behavior of the soil before treatment. The
test results of engineering properties of the natural and modified soils are presented in
Table 7.

The natural soil was grayish black in color, 62% of the content had passed through No.
200 sieve; exhibited 96.85%, 49.04%, 47.81%, 22.75%, 125%, 25.71% and 1.62% of a liquid
limit, plastic limit, plasticity index, OMC, free swell, linear shrinkage, and CBR respec-
tively (Table 7). The Blended (modified) soil had cohesive fines of 25.16% pass at #200
sieve and showed an improved engineering properties. Dakshanamurthy and Raman
[38] classified soils into low, medium, high, and very high degrees of potential expansive-
ness based on their plasticity index and liquid limit. Thus the native soil under study was
classified as soil with very high swelling potential. In addition, clay layers having a high
swelling potential, PI> 20, can exhibit considerable change in volume when subjected to
a change in moisture content [63]. The soil was classified as A-7-5 and CH (high plas-
tic clay soil) according to AASHTO and USCS, respectively. Soils under this class are
generally classified as a material of poor engineering property to be used as a sub-grade
material. Swelling characteristics analysis of the soil also showed that soil was highly
expansive clay with a free swell of about 115%, maximum dry density of 1.383 g/cm® and
CBR of 1.65%.

The high values of liquid limit (LL), plastic limit (PI), and plasticity index (PI) indi-
cate the high water intake and water holding capacity of the native soil [39]. These
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characteristics are governed by the presence of monovalent exchangeable cations such
as Na' and the large specific surface areas of the clay particles [40]. The CBR of the natu-
ral soil (1.65%) was below 2% and according to ERA pavement design manual this kind
of soil is categorized as S2 subgrade class which cannot support structures constructed
on it unless special treatment is being made [41]. As a consequence, this kind of soils
are considered as problematic and may result in serious damages to any structure con-
structed over them without appropriate treatment. They can cause extensive damage to
any structure by reason of excessive vertical, horizontal, or differential movement.

The modified soil also had higher free swell value (95%), liquid limit (65.1%) and plas-
ticity index (31.17%) which makes it a soil of higher swelling potential and weak soil that
needs further treatment to be used as subgrade material.

Geotechnical properties of bioenzyme treated modified soil

Four locally produced crude bioenzymes and a commercial enzyme formulation, perma-
zyme treated soil samples were tested to evaluate the improvement in the engineering
properties. The soil samples were prepared at the respective target optimum moisture
content (OMC) and uniformly mixed with bioenzymes then were allowed to cure for
14 days.

Testing for the atterberg limits of treated and untreated soil samples

Atterberg limits test is mainly adapted for the determination of plastic limit, liquid limit,
and plasticity index of soil samples [42]. It is used to define plasticity characteristics of
clays and also plays an important role in soil identification and classification [43]. The
test provided some additional information on the soils’ affinity for water, and it was
observed that PI and LL values can indirectly reflect the soil’s swell potential before and
after treatment.

As it is shown in the figure, all bioenzyme treated soil samples showed a decrease in
both plasticity index and liquid limit. The highest decrease of plasticity index (14.25%)
and liquid limit (35.58%) was recorded in soil treated with bioenzymes of Sporosar-
cina pasteurii with percentage reduction of plasticity index by 55.05%, liquid limit by
44.97% and plasticity limit by 35.43% as compared with the untreated modified soil
Improved atterberg results were also recorded for Permazyme with percentage reduc-
tion of (P1=0.79%, LL=15.04% and PL=28.55%), Bacillus paramycoides (P1=16.56%,
LL=8.06% and PL=0%), Citrobacter sedlakii (P1=18.61% and LL=5.83%) and in
molasses treated soil sample (LL=9.12% and PL=24.69%). Generally, as compared to
commercial bioenzyme stabilizer (permazyme), locally produced bioenzymes showed
improved atterberg limits (Fig. 2).

The aim of bioenzyme treatment was to reduce the values of LL and PI, so that the
soil meets the recommended values for sub-grade material; LL. <60% and PI <30 [44].
When the value for the PI and LL is higher there is a great tendency of soil to shrink
upon drying and swell upon wetting [36]. The test results showed that, the atterberg
limits of bioenzyme treated soil samples were substantially improved as compared to
the modified untreated soil. Except soil samples treated with bioenzyme of Enterobacter
bugadensis, the liquid limits of the treated soil samples were improved from 5 to 55%
and the plasticity index showed improvement of 0.7-18%.
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Fig. 2 Atterberg limits of natural, modified, molasses and bioenzyme treated soil samples

The decrease in PI and LL values are generally associated with a reduction in the
potential for swelling and water absorption [17]. This implies that amount of water at
which the treated soil samples need to behave like a liquid and plastic was decreased
as they were treated. The reduction in the plasticity of the soil may be attributed to
the reduction in the thickness of the adsorbed water that envelops each of the clay
particles of the soil sample due the stabilization effect of the bioenzymes. For the
untreated soil, the negatively charged surface of the clay particles attract the posi-
tively charged hydrogen ions of soil water, thereby causing a thin-filmed envelop of
the clay particles by the water (adsorbed water) [45].

The application of the bio-enzyme could also reduced the electric charge of the
hydrogen ions in the adsorbed water molecules, thereby making their bond with the
clay particles to be either lost or weakened [31]. This, therefore, reduced the thickness
of the film of adsorbed water that enveloped the clay particles. A reduction in the
thickness of this film of adsorbed water is known to lead to a reduction in the plastic-
ity of soils [46]. Consequently, the soil became more workable as it was mixed with
bio-enzymes.

The results of the present study showed better atterberg values than a report by
Admassu [47] who reported (LL =86.4%, PL =36.04% and P1=50%) for black-cotton
soil treated with permazyme. In addition, the percentage improvement of the plastic-
ity index values of obtained with bioenzyme of Sporosarcina pasteurii (P1=55.05%),
Bacillus paramycoides (P1=16.56%), and Citrobacter sedlakii (P1=18.61%) was
shown to be better than a reported result by Ganapathy et al.(2017) [45] who reported
reduction of the plasticity index of the untreated clayey sand soil by 11.2%, by the
application of 400 mL/m? of unexplained commercial bioenzyme soil stabilizer. Ravi
Shankar et al. [48] in their study of bio-enzyme stabilized lateritic soil as a high-
way material reported that TerraZyme was found to be ineffective in improving
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consistency limits. Mgangira [49] also reported that, treatment of the black and red-
dish brown soil samples with Permazyme-11 x and EarthZyme, lead only to a slight
decrease in plasticity index (from 37 to 35%). Eujine et al. [50] reported that clay
treated with TerraZyme showed an increase in liquid limit by 28% in the first 2 weeks
and later decreased and little effect was observed on the plasticity limit of the treated
soil.

California bearing ratio (CBR)

The California Bearing Ratio (CBR) test is used to evaluate the potential strength of sub-
grade materials used for in road pavements [13]. It is one of the major factors used in
pavement design to determine how thick the pavement should be and to rate the suit-
ability of sub-grade soils to carry the overall pavement load [51]. For the purpose of
this study, soaked CBR tests were conducted on the natural soil sample as well as bio-
enzymes treated soil samples with four locally produced bioenzymes and a commer-
cial bioenzymes stabilizer (Permazyme) in accordance to AASHTO T193 [13]. Soaking
of CBR specimen prior to penetration test was used to simulate the field condition of
the worst condition because of high rain fall and complete saturation of the entire soil
mass in the study area. The Soaked CBR of treated soil samples was tested after 7 days
of curing. As it is shown in the figure below, the natural soil had very low CBR value
of 1.65% and the modified soil yielded CBR of 8.5%. Molasses treated modified soil
showed CBR value of 10.64% and except soil sample treated with bioenzyme of Entero-
bacter bugadensis (CBR=6.08%), all bioenzyme treated and cured modified soil samples
showed improved CBR values. Accordingly, samples treated with bioenzyme of Bacillus
paramycoides, Citrobacter sedlakii and Sporosarcina pasteurii showed higher CBR val-
ues of 12.9%, 12.27%, and 11.95% respectively. As compared to untreated modified soil,
the CBR was improved by 51.76% (Bacillus paramycoides), 44.35% (Citrobacter sedlakii),
40.59% (Sporosarcina pasteurii), and 36.47% (Permazyme) (Fig. 3).

According to ERA (2002) [10], based on their CBR values sub-grade materials are cat-
egorized as very poor (CBR=0-3%), poor to fair (CBR=3-7%), fair (CBR=7-20%),
good (CBR=20-50%) and excellent (CBR> 50%) to be used as a sub-grade material.
As it is shown in Fig. 4, except soil treated with bioenzyme of Enterobacter bugadensis
(CBR=6.08%), all bioenzyme treated soils showed CBR values > 7.00%; which greater

1G-IIII l

Citrobacter
sedlakii

Naturalsod — ModifiedSoil Molasses Permazyme  Sporosarcing Bacillus
Treated pasteurii paramycoides b

)

® Soaked CBR
® %improvement

Fig. 3 CBR values of bioenzyme treated, 14 days cured and untreated soil samples
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than the minimum required subgrade strength for minor gravel roads (ERA 2011) [44].
The CBR values of this study were better than the reported values of black cotton-aggre-
gate mix treated with commercial bioenzyme stabilizer permazyme (CBR <7.00) by
Admassu [47] and Gayatri and Shyla [52], who reported CBR improvement for black cot-
ton soil from 1.49% to 9.67% treated with TerraZyme. Eujine et al. [53] reported soaked
CBR <7% for enzyme treated and 4 weeks cured kaolinitic natural soil. The differences
in the reported results could be due to differences in the soil type and mixture, type of
bioenzyme used, experimental setup and others.

Several researchers tried to explain the possible mechanism of improvement in
enzyme treated soils. According to Scholen [5] enzymes might induced the aggregation
of clay particles forming an interconnected network of clay, sand and aggregates through
organic cation bridging and hydrogen bonds. Enzyme proteins could also be adsorbed to
the clay particles modifying the electrochemical properties of clay particle [54]. Pfeiffer
[55] explained that enzymes may predominantly attach with the clay substrate, alter the
clay molecule, and later reattach itself from the modified clay by returning to its original
form after the reaction is concluded.

Free swell index

Expansive soils, especially black cotton soils tend swell-up when the moisture content
in the soil mass increases [56]. The free swell test is one of the most frequently used
simple tests to estimate the swelling Potential of expansive clays. Free swell test is
considered as a measurement of volume change in clay upon saturation. The test was
conducted following standard procedure IS: 2720 (Part 40) [23]. The analysis included
untreated natural and mixed, bioenzymes treated, and permazyme treated and 7 days
cured soil samples. As it is shown in Fig. 5, the untreated natural and modified soil sam-
ples had free swell of 125% and 95%. As compared to the untreated modified soil, free
swell was reduced in soil samples treated with bioenzymes of Sporosarcina pasteurii
(47.37%), Bacillus paramycoides (30%), and Citrobacter sedlakii (10.53%). On the other
hand, molasses treated soil showed the highest swell index (192%); which is even higher
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Fig. 5 Compaction characteristics of treated and 7 days cured soil samples

than the natural soil (125%). The commercial bioezyme stabilizer (Permazyme) couldn’t
improve the free swell index and increased it with 42.11% (Fig. 4).

Free swell test is used to study the expansiveness of a soil by measuring the volume of
24 h soaked and settled soil samples. The test was conducted following standard pro-
cedure IS: 2720 (Part 40) [23]. Based on their free swell (FS) properties, the degree of
expansiveness of soils can be classified as: low (FS <20%), moderate (FS=20-35%), high
(FS=35-50%) and very high (FS > 50) [32]. From the results of the present study all bio-
enzyme treated soil samples showed free-swell potential of FS>50 and can be catego-
rized as soils with high degree of expansiveness. But, as compared to the modified soil
bioenzyme of Sporosarcina pasteurii, Bacillus paramycoides, and Citrobacter sedlakii
decreased the free swell 47.37%, 30% and 10.53% respectively. This improvement could
be due to attributed to the effects of the bioenzymes, in reducing the surface area of clay
minerals which leads to decreasing the quantity of absorbed water by the clay mineral
surfaces [5]. Literatures also showed that, free swell of soils is determined by the type
and concentration of cations and it was proved that soil swelling potential increases as
pore salt concentration, and exchangeable cation valence increase [32]. The lower per-
centage improvement in free swell properties of the treated soils could be related to the
higher concentration of exchangeable metallic cations in the bioenzymes.

The effects of bioenzymes on linear shrinkage

Linear shrinkage is a measure of how a soil sample will reduce in length upon complete
drying expressed as a percentage of the original length [32]. In the present study lin-
ear shrinkage test was carried out to determine the characteristics of black cotton soil
treated with four locally produced bioenzymes and permazyme then cured for 7 days.
The test was conducted in accordance with BS1377 Part-2 [24]. The natural soil and
modified soils had linear shrinkage values of 25.71% and 17.15%. After treatment lin-
ear shrinkage values showed reduction in soils treated with bioenzyme of Sporosarcina
pasteuri (10.35%), Permazyme (15.36%), Citrobacter sedlakii (15.71%) and Bacillus par-
amycoides (15.72%) with percentage improvement of 39.65%, 10.44%, 8.4%, and 8.34%
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Table 8 Linear shrinkage limit values of natural, modified, molasses and bioenzyme treated
modified black cotton soil

Treatment Linear shrinkage (%) % Improvement
Natural soil 25.71 -

Modified soil 17.15 -

Molasses treated 17.86 4.14
Permazyme 15.36 — 1044
Sporosarcina pasteuri 1035 —39.65

Bacillus paramycoides 15.72 —834
Enterobacter bugadensis 17.85 4.08
Citrobacter sedlakii 15.71 — 840

respectively. Molasses and bioenzyme of Enterobacter bugadensis treated soil samples
couldn’t improve the linear shrinkage of modified soil (Table 8).

The linear shrinkage values obtained in some of bioenzyme treated soils in this study
are better than a report by Admassu [47] who reported linear shrinkage value of 17.5%
in black cotton soil treated with permazyme and less effective than a result reported by
Taye [57] who reported 3.6—10% shrinkage value for back cotton soil treated with a mix-

ture of molasses and cement.

Compaction characteristics of bioenzyme treated soils

Compaction is the process by which the soil particles are artificially rearranged and
packed together into a state of closer contact by mechanical means in order to decrease
its porosity and thereby increase its dry density [58]. Modified Proctor test protocol
was employed to determine the relationship between maximum dry density and opti-
mum moisture content of soil samples during compaction following standard proce-
dure AASHTO T-180 [13]. The test was intended to determine the optimum moisture
content at which the maximum dry density of a soil sample be achieved for a particular
compaction effort. The natural soil showed maximum dry density of 1.3 g/cm?® and opti-
mum moisture content of 29.8%. This is the indication that the natural soil have heavy
clay and can hold high amount of moisture which makes it weak and unstable [59]. Dur-
ing road construction, the dry density and moisture content of such soil should be modi-
fied from its original state by compaction.

As it is shown in the figure above (Fig. 5), permazyme treated soil exhibited the highest
maximum dry density (2.16%) with the lowest optimum moisture content (9.3%). Fol-
lowed by molasses (MDD =2.09%). The maximum dry density values showed insignifi-
cant improvement in bioenzyme treated modified soil samples. The optimum moisture
content also showed an increase except bioenzyme of B. paramycoides (14.05%). The
same case was reported by Yilmaz et al. [66] where the maximum dry density of enzyme
treated soils remains the same after four weeks of curing. Rauch et al. [20] and Admassu
[47] also reported insignificant change of MDD in enzyme treated soils.

Unconsolidated-undrained triaxial compression testing
Unconsolidated-undrained triaxial compression test was conducted for the deter-
mination of undrained shear strength and stress—strain relationships of a cylindrical
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specimen of disturbed, remolded and bioenzyme treated soil samples. Sub grade
materials are often characterized using unconfined compression tests, but testing in a
triaxial cell yields a more reliable measure of strength [20]. The tests were performed
on blended black cotton soil samples treated with different bioenzymes. Laboratory
testing was done following standard test method for unconsolidated-undrained tri-
axial compression test on cohesive soils ASTM D2850 [22]. Untreated (natural and
modified), molasses, and five bioenzyme treated soil samples were tested and the
treated samples were allowed to cure for 7 days then, cohesion and angle of shear
resistance values were determined (Table 9).

The natural soil had the highest cohesion (205 kN/m?) and the lowest angle of inter-
nal friction (2 °). The modified untreated soil showed 24.57 degrees of angle of inter-
nal friction and cohesion of 51.42 kN/m?>. As compared to the untreated modified soil,
angle of internal friction increased in soil samples treated with bioenzyme of Bacil-
lus paramycoides (7.69%), and Citrobacter sedlakii (6.06%), while it decreased in soil
samples treated with molasses (37.61%), permazyme (52.14%), S. pasteuri (15.55%)
and E. bugadensis (12.7%). Cohesion showed an increase in all treated soils and the
highest cohesion (107.47 kN/m?) was recorded in molasses treated soil while the low-
est cohesion (46.5 kN/m?) was recorded with soil treated with Bacillus paramycoides.
As compared to permazyme, both angle of internal friction and cohesion showed bet-
ter improvement in locally produced bioenzymes (Table 9).

Measure of angle of internal friction and cohesion are vital parameters which con-
trol the shear strength of soil. Das and Maharana [60] reported angle of internal fric-
tion from 7 to 10 °and cohesion of 29—-42 kN/m? in TerraZyme treated expansive soil
which is lower than the results of the present study. The results of the present study
were lower than a report by Fraser et al. [61] who reported angle of internal friction
of 37.02 degrees of angle of internal friction and 122 kPa of cohesion for permazyme
treated native brown clay soil blended with 50% aggregates. The difference in the
results could be due to the difference in the soil samples used, the percentage of the
blended aggregates and sand, the laboratory setup and the difference in the type of
bioenzymes used for treatment.

Table 9 Unconsolidated-undrained triaxial compression test results

Treatment Angle of % Improvement Cohesion (kN/m?3) % Improvement
internal friction
(@)
Natural soil 2 205
Modified soil 2457 5142
Molasses 1533 — 3761 107.47 109.00
Permazyme 11.76 —52.14 60.72 18.09
Sporosarcina pasteurii 20.75 — 1555 61.25 19.12
Bacillus paramycoides 2646 7.69 46.5 — 957
Enterobacter bugadensis 2145 —12.70 73.21 4238

Citrobacter sedlakii 26.06 6.06 64.88 26.18
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Conclusion

It is possible to produce soil stabilizing bioenzymes using ureolytic bacteria under
submerged fermentation. It was also concluded that bioenzyme treatment of expan-
sive soils can improve the subgrade quality for use as road pavement layer material
but such it was observed that the improvements were not sufficient to make the soil
suitably used as sub-base or base course materials. Bioenzyme treated soils fulfilled
the minimum requirement as subgrade for low volume roads. Therefore it is possi-
ble to use them for light rural gravel roads, pedestrian walkways and bicycle tracks.
Therefore, it was recommend that exploring the potentials of other microbes will be
helpful to exploit the gift of nature, conducting field trial tests at different climatic
conditions and different soil types is mandatory to establish specification manual to
enable large scale production and usage, fermentations trials should be conducted
using alternative cheap substrates, and trials tests should be done with a combination
of a bioenzyme and portland cement which may produce higher percentage improve-
ment in their plasticity, strength and permeability characteristics.
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