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ABSTRACT

The growing concern over climate change has led the drive for the development of
alternative building materials in several industries, including road construction. Bio-based
construction, using Microbial Induced Calcium Carbonate Precipitation (MICCP) has been
investigated in recent years as a potential cost-effective and environmentally friendly
alternative engineering approach. The Council for Scientific and Industrial Research
(CSIR) developed a research program looking at MICCP. Several barriers to using MICCP
in road construction was found, a potential biohazard using exotic bacteria and the current
technique used for treatment. In this paper, in situ cultivation of indigenous urease positive
bacteria was investigated and compared to a CSIR designed biological prototype. The
objective of this paper is to present the results of Unconfined Compressive Strength (UCS)
tests performed on a marginal G5 (COLTO, 1985) material treated with the prototype and
in situ cultivated bacteria.

The work showed that it was possible to cultivate urease positive bacteria present within
the G5 material. It was found that the cementation solution could act as a stimulation and
cementation media when the pH is reduced to give the bacteria time to cultivate and buffer
the pH upward for Calcium Carbonate Precipitation to take place. Lastly, the CSIR
prototype performed better in terms of UCS and treatment technique. The treatment
consists of only one application of the prototype, which is more consistent with current
road construction practice, as compared with the multiple application needed for in situ
cultivation.

Keywords: Microbial Induced Calcium Carbonate Precipitation (MICCP), UCS, alternative
pavement materials, bio-stabilisation.

1. INTRODUCTION

The growing concern over climate change has led the drive for the development of
alternative building materials in several industries, including road construction. The
condition of a countries’ road network is closely related to its economic and social well-
being and several methods of stabilizing road building materials exist, with cement
stabilization using Ordinary Portland Cement (OPC) being one (Smit, et al., 2021). The
production of OPC, however, is both energy consuming and environmentally unfriendly
(Ramdas et al., 2021b). Twelve to fifteen percent of global industrial energy consumption
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and 7-9% of gross anthropogenic CO, release is attributed to the cement industry (Ahmad
et al., 2021). For this reason, bio-based construction, using microbial induced calcium
carbonate precipitation (MICCP) has been investigated in recent years as a potential cost-
effective and environmentally friendly alternative engineering approach (Ramdas et al.,
2021b).

MICCP binds material through the formation of calcium carbonate bridges between soil
grains. Under specific environmental conditions, urease positive bacteria use urea as
enginery source, producing ammonia and carbon dioxides which in turn increase the pH of
the surrounding environment. Bicarbonate becomes carbonate promoting the influx of
calcium ions and proton expulsion. The calcium irons react with the carbonate and
hydroxide ions due to the net pH increase, forming calcium carbonate bonds (Figure 1)
(Dedong et al., 2010; Canakci et al., 2015; Portugal et al., 2020). These calcium carbonate
bonds are present in three crystalline forms in nature — aragonite, valerite and calcite. The
most stable form is calcite, which presents under the trigonal or rhombohedral crystalline
structure (Portugal et al., 2020).
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Figure 1: Process of Calcium Carbonate Precipitation by Urease Positive Bacteria

MICCP is novel, natural, environmentally friendly and durable (De Muynck et al., 2010;
Akyol et al., 2017). This biogenic technology has been used as early as 1996 to decrease
hydraulic conductivity in highly permeable water channels (Ferris et al., 1996) and has
since been used for several engineering applications aimed at improving the engineering
properties of soil. Some of these include:

e Improved unconfined compressive strength (Dove et al., 2011; Stabnikov et al., 2013;
Gomez et al., 2014; Putra et al., 2016; Salifu et al., 2016; Aamir et al., 2018; Jijian et
al., 2019; Osinubi et al., 2019).

¢ Increased shear strength characteristics (Dedong et al., 2006).

e Decreased hydraulic conductivity (Ferris et al., 1996; Yasuhara et al., 2011; Soon et
al., 2013; M Gomez et al., 2014; Carrel et al., 2018).



1.1 Advantages of MICCP

MICCP, compared to other chemical treatments, requires less energy, can be carried out
beneath existing structures, works at ambient temperatures (Osinubi et al., 2020), allows
for the treatment of large areas (Akyol et al, 2017) and is considered to be
environmentally friendly compared to OPC.

Pascal et al. (2009) and Naeimi and Haddad (2018) compared the cost of producing the
materials needed for bio-cementation with the cost of cement production and found it to be
cheaper. MICCP cost can be reduced even more since up to 30% of the production cost is
made up of the chemical substrates, equipment and manpower needed for the sterilization
of the growth medium (Yasodian et al., 2012). Therefore, cultivating the bacteria in
nonsterile conditions may reduce the price of MICCP treatment further. In addition,
Yasodian et al. (2012) reported that unsterilized specimens showed a greater reduction in
plasticity characteristics compared with sterilized specimens, suggesting that the other
microbial species might be taking part in the MICCP process.

1.2 Barriers to the Use of MICCP in Road Construction

The following barriers to the use of MICCP in road construction have been identified:

o Non-homogenous treatment — Microorganisms, cementation reagent and sufficient
nutrients are required for proper MICCP soil treatment (Zhu and Dittrich, 2016).
Cementation reagent and nutrients can be rapidly exhausted due to: (1) nutrients
being depleted over time, (2) not providing enough nutrients initially, (3) the flow rate
of cementation reagent through the soil being too fast for a reaction to take place
(Gomez et al., 2014) or (4) the flow of the reagent is to slow resulting in clogging
(Cheng et al., 2017). This leads to an uneven distribution of nucleation sites and non-
homogenous layers through the treated area.

° Potential biohazard from exotic bacteria introduction — Bacillus spp and Sporosaricina
spp is the most common bacteria used in MICCP and may be exotic to the location
being treated. Bacterium death due to lack of nutrients and physical isolation may
reduce the risk of gene escape. This should be looked at on a case-to-case basis as it
involves several variables such as competition and predation of the microorganisms
already in the soil. Using native bacteria may reduce the cost as the bacteria doesn’t
have to be imported and cultivated in sterile environments, but no analyses about the
risk-evaluation of potential biohazard contamination from the introduction of bacteria
has been developed (Portugal et al., 2020). Burbank et al. (2011) developed a method
of in situ cultivation of indigenous soil urease positive bacteria prior to treatment thus
reducing the price and potential biohazard.

o Lack of testing with road building materials and incompatible treatment techniques —
Most of the testing conducted to date has focused on sand stabilization and only
recently on road base material (Porter et al., 2018). MICCP treatment techniques
have focused on improving or replacing the conventional technique of in situ
grouting. Traditional in situ grouting techniques are expensive, time consuming,
require heavy machinery and is not good for the environment (Cheng, 2012). MICCP
in situ grouting is a good alternative to the traditional method, but is not practical for
use in road construction, due to the cost, use of injection wells, the repeated
application of the cementation reagent and the time it takes which can be anything




between 20 to 27 days. Road construction consists of mechanically mixing cement or
lime into the soil and compacting it. Thus, a one-step process like traditional
construction methods is required if MICCP is to be used in future.

MICCP has shown promise and warrants further investigation for use in road construction.
For this reason, the Council for Scientific and Industrial Research (CSIR) developed a
research program looking at MICCP. The CSIR has a long history of product and process
development using Bacillus spp organisms (Lalloo et al., 2007) and past research serves
as the foundation for this study, which aims to provide sustainable solutions to address the
challenges faced by road construction. In this paper, a novel method of in situ cultivation of
indigenous urease positive bacteria present in road building material was investigated and
the results are compared with a prototype bio-stabilizer developed by Ramdas et al. (2020)
in the Chemicals Cluster of the CSIR. The objective of this the paper is to present the
results of Unconfined Compressive Strength (UCS) tests performed on a G5 (COLTO,
1985) material treated with the prototype and in situ cultivated bacteria. This work forms
part of an alternative pavement materials programme at the CSIR that also investigates
the use of nano-modified emulsions (Akhalwaya et al., 2020; Rust et al., 2020; Smit et al.,
2021).

2. METHODOLOGY

2.1 Soil Samples

It is anticipated that MICCP will ideally be used for subbase/subgrade stabilization, hence
G5 (COLTO, 1985) soil samples obtained from a test site located near Diepsloot were
used in the laboratory evaluation. This specific G5 material was previously used by
Akhalwaya & Rust (2018) and was therefore similarly used for this laboratory evaluation in
order to understand current laboratory results comparatively with previous results on the
G5 material stabilized with nano-modified emulsions. X-Ray Diffraction (XRD) scans of the
G5 materials (COLTO, 1985) was conducted by the CSIR (Akhalwaya & Rust, 2018;
Jordaan et al. 2017) and indicate that the material may be classified as marginal due to the
high contents of problem minerals. This is due to the approximately 17-20% Mica
(Muscovite) and 7-43% clay minerals (Smectite/Kaolinite) present in the soil. Table 1
contains further properties and descriptions of the untreated soil samples. Although some
of these properties exceed the maximum criteria stipulated for a G5 material, the aim of
this laboratory study is to serve as a proof-of-concept for granular material stabilization
and MICCP will be used on G6-G8 materials in the near future.

Table 1: Summary of classification results for K46 G5 untreated material
(Akhalwaya & Rust, 2018)

el L sllan e Tz 2] Atterberg Limits (TMH1, 1986: Methods A28A3)

Properties
Sample Name K46 Diepsloot Liquid Limit % 19.37
Material G5 (COLTO, 1985) Plasticity Limit % 16.11

Classification

Stabilising Agent Untreated Plasticity Index% 3.26

pH Value 8.07 Electrical Conductivity 0.01




Table 1: Cont’d

Sieve Analysis - % of material passing
sieves (TMH1, 1986: Method A1a)
Sieve Size (mm) % passing each sieve
75.0 mm 100.00 MOD AASHTO: Max Dry Density (MDD) (kg/m°) 2096
53.0mm 100.00 Optimum Moisture Content (OMC) (%) 7.4
37.5 mm 100.00 Dry Density achieved (kg/m°) 2099
26.5 mm 97.5 % of Max Dry Density (MDD) 100
19.0 mm 92.2 Moulding Moisture Cont. (%) 7.8
13.2 mm 86.1 % Swell 0.20
9.5 mm 79.2
6.7 mm 71.4
4.75 mm 69.4 100 % Mod AASHTO 102
2.00 mm 494 98 % Mod AASHTO 82
0.850 mm 31.1 95 % Mod AASHTO 65
0.425 mm 20.1 93 % Mod AASHTO 39
0.250 mm 14.0
0.150 mm 9.9
0.075 mm 6.6

2.2 Bacteria Samples and Soil Treatment

2.2.1 Prototype

Bacillus licheniformis from the Netherlands Culture Collection of Bacteria, NCCB 100133
was prepared as described by Ramdas et al. (2020) and developed into a prototype. The
prototype was added as a bio-based stabiliser to the UCS samples at a concentration of
0.025l/kg of soil (Mgangira, 2009) (Table 2).

Table 2: Details of samples

Identifier Description Treatment Curing Time

Prototype G5 material + prototype One application of prototype 3 days

SC G5 material + Stimulation + 10 applications of Stimulation 3 days
Cementation solution

10 applications of Cementation
solution (pH 6)

C G5 material + Cementation 20 application of Cementation 3 days
solution (pH 6)

2.2.2 In Situ Cultivation

Two cultivation methods were used during this study, however all UCS samples were
prepared by replacing the water with the stimulation solution at OMC shown in Table 3.
The samples were kept at ambient temperature for 20 days. Depending on the cultivation
method, each day, one pore volume of a solution was added to the top of the samples and
allowed to filter through by means of gravity.



The first set of samples (SC) were cultivated using an adjusted method suggested by
Gomez et al. (2014) (Table 2). For the first 10 days, one pore volume of stimulation
solution was added followed by cementation solution the next 10 days (Table 3).

The stimulation solution is used to cultivate urease positive bacteria already present in the
soil samples. The cementation solution allows calcium carbonate precipitation to take
place. The role of the bacteria during calcium carbonate precipitation is to increase the pH,
as discussed in the introduction. At a pH of 8, the cementation solution will result in
immediate precipitation, resulting in clogging and non-homogeneous treatment. To prevent
this Gomez et al. (2014) used a transition solution applied on day 11 consisting of Tris
Base (0.01 mol/L). Cheng et al. (2019), however, showed that decreasing the pH of the
cementation solution gave the bacteria more time to increase the pH thus allowing the
cementation solution to penetrate the sample before calcium carbonate precipitation could
take place, resulting in a homogeneous treatment. For this reason, the pH of the
cementation solution was reduced to 6 with HCL solution.

The second set of samples (C) received one pore volume of cementation solution every
day for 20 days, and no stimulation solution after UCS samples were prepared (Table 2).
Again, at a pH of 8, the addition of cementation solution will result in immediate
precipitation of calcium carbonate. Since the stimulation solution and cementation solution
differ only with the addition of calcium chloride, as shown in Table 3, the cementation
solution can act as both cultivation and cementation medium if immediate precipitation can
be prevented. Thus, by lowering the pH of the cementation solution, the bacteria have time
to cultivate in addition to increasing the pH for calcium carbonate precipitation to take
place. The pH of the cementation solution was reduced to a pH of 6 with HCL solution.
This method was based on the one-phase low pH injection method suggested by Chen et
al. (2019).

Table 3: Summary of Treatment Solution Constituents

Constituent Stimulation Solution Cementation Solution
Urea (mol/L) 0.5 0.5
Ammonium Chloride (mol/L) 0.0125 0.0125
Sodium Acetate (mol/L) 0.17 0.17

Yeast Extract (g/L) 0.1 0.1

Calcium Chloride (mol/L) - 0.25

Initial Solution pH 7.6 8.0

After all the test samples were prepared, they were cured for 24 hours in an oven at 30°C
before being subjected to a rapid curing process in an oven for 48 hours at 40°C - 45°C
(temperatures in the oven did not exceed 50°C). The pH of the effluent was also monitored
during the 20-day treatment phase to determine the ureolytic activity.

2.3 Strength Testing

Three UCS test samples of each treatment technique were prepared and tested. UCS
(dry) tests were conducted after curing in accordance with the SANS 3001-GR53 and
samples were mixed and compacted accordance to SANS 3001-GR50. The OMC was 6%
and compaction effort was 5 layers 55 blows (SANS 3001-GR50).

Cement treated samples were also prepared to compare the results to a more traditional
stabilizing agent. The samples were stabilized using 0.7% cement and cured as described
above to keep the variables the same.



The test results were also compared with results obtained from a study by Porter et al.
(2018) that looked at road base material treated with MICCP. It should be noted that the
UCS samples used by Porter et al. (2018) was smaller than standard UCS samples to
prevent non-homogeneous treatment due to immediate calcite precipitation resulting in
clogging. This was not a problem in this study due to the decrease in pH, allowing the
cementation solution to penetrate the sample before Calcium Carbonate Precipitation
could take place.

3. EXPERIMENTAL RESULTS AND ANALYSIS

3.1 _Unconfined Compressive Strength (UCS)

The UCS results for the samples are shown in Figure 2. The CSIR prototype treated
samples performed better than the in situ cultivated bacteria samples. The CSIR prototype
performance differs due to its multicomponent mode of action (consisting of metabolites,
enzymes, and/or polymeric substances) (Ramdas et al. 2021a) compared with samples
where in situ bacteria was cultivated. The UCS of the in situ cultivated samples may also
be lower due to the saturation levels affecting the compaction of the samples. The amount
of moisture applied to the samples is much higher than the OMC.

The samples that only received cementation solution (C) had a higher UCS compared with
the SC samples (Figure 2). Researchers have found that strength gain was proportional to
the amount of cementation treatments received, an increase in the number of treatments
result in an increase in calcite deposition (Burbank et al., 2013; Cheng et al., 2017; Gomez
et al., 2018). Since the cementation solution acts as both cultivation and cementation
medium, the C samples in effect received a higher number of treatments.
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Figure 2: UCS results for MICCP treated samples and 0.7% cement treated.
R and RM data obtained from Porter et al. (2018)

The samples that only received cementation solution (C) had a UCS comparable to that of
the samples treated with cement (Figure 2). Indicating that MICCP may be viable
alternative to cement stabilization. More tests and a full life cycle cost analysis is however
needed.



Figure 3 shows the grading distribution of the Porter et al. (2018) road base material (R)
and the G5 used during this study. The Porter et al. (2018) paper did not report any other
aggregate tests conducted on the untreated road base material. Thus, based on the
grading alone the road base material could possibly be classified between a G5 and G10
(COLTO, 1985).
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Figure 3: Grading analysis of the G5 and Porter et al. (2018) untreated material

UCS results for untreated road base samples (R) and MICCP treated samples (RM)
performed by Porter et al. (2018) are also shown in Figure 2. MICCP road base samples
were treated with a mixture of urea positive bacteria before compaction, after which 20
cementation solution treatments were added. The CSIR prototype samples had a higher
UCS compared with the RM and the C samples had a slightly lower strength.

3.2 Effluent pH

Ureolytic activity was determined by measuring the effluent pH. The pH gives an indication
whether the bacteria completed ureolysis, thus preparing the samples for calcite
precipitation. A pH of 9 or above has been found to indicated active urea hydrolysis
(Gomez et al., 2014). After 2 days of cementation solution (pH6) application the C sample
effluent pH was 9 and remained constant for the remainder of the treatment process. The
SC samples also had a pH of 9 after one day of treatment which remained constant for the
stimulation phase. At day 11 (start of the cementation phase) the pH dropped to 8,
increase to 9 by day 12 and remained constant for the remainder of the cementation
phase.

CSIR prototype samples had no effluent as the treatment consists of one application at or
close to OMC.

3.3 Other Observations

After about the second treatment, the C samples showed white residue at the bottom of
the collection containers and along the side of the samples that is assumed to be calcite
deposits (Figure 4). The SC samples only showed this residue after 12 days when the
stimulation solution was switched to the cementation solution.



There was a strong smell (assumed to be ammonia) present after one day of treatment,
indicating that the bacteria completed ureolysis.

(a) (b)
Figure 4: In situ cultivated C UCS samples (a) after two applications of cementation
solution (b) after 20 days and curing

4. CONCLUSIONS AND RECOMMENDATIONS

Based on the results and discussions, the following conclusions and recommendations are
made regarding the MICCP treated samples:

o It was possible to cultivate urease positive bacteria present within the G5 material
that is a marginal material. This opens the possibility of using this technology to
upgrade marginal material already present on the construction site, resulting in a
possible cost saving as good quality material is not hauled over long distances.

o The cementation solution can act as a stimulation and cementation media when the
pH is reduced to give the bacteria time to cultivate and buffer the pH upward for
Calcium Carbonate Precipitation to take place.

o The CSIR prototype performed better in terms of UCS and treatment technique. The
treatment consists of only one application of the prototype, which is more consistent
with current road construction, as compared with the multiple application needed for
in situ cultivation.

o During in situ cultivation the saturation and UCS of the samples are affected. An in
situ cultivation technique that allows the reduction of moisture to OMC level would be
beneficial.

o The samples that only received cementation solution (C) had a UCS comparable to
that of the samples stabilized with 0.7% cement. And the CSIR prototype performed
better. Indicating that MICCP may be viable alternative to cement stabilization. More
tests and a full life cycle cost analysis is however needed.

o MICCP treatment on its own may not be sufficient, but supplementing cement
stabilization, reducing the overall requirement for cement, may be a better phased
approach to MICCP introduction into construction. Thus, more investigations into this
combination are needed.
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