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Abstract

Blended calcium sulfate (BCS) is a recycled flurogypsum waste material mixed with
lime. Approximately 90,000 metric tons of flurogypsum are generated annually in the
United States, posing a serious disposal problem to the environment. The Louisiana
Department of Transportation and Development (LA DOTD) has been using BCS as an
alternative road base material for almost three decades. Long-term field tests showed that
BCS has a satisfactory performance in dry areas. However, its moisture susceptibility
problem has resulted in the strength degradation of BCS in a wet environment.

In order to eliminate this issue, this study focuses on investigating the feasibility of
utilizing the biologically-mediated soil improvement methods (e.g., microbially induced
carbonate precipitation (MICP) and enzyme induced carbonate precipitation (EICP)) to
stabilize BCS. MICP utilizes natural soil bacteria to hydrolyze urea (nitrogenous waste)
as a nutrient source and produce CaCOj3 cementation. EICP uses a free urease enzyme to
catalyze the hydrolysis of the urea producing CaCOs in the presence of calcium ions. The
mechanical behavior of BCS treated with both methods was investigated by monitoring
the shear wave (S-wave) velocity during the MICP and EICP treatments and measuring
unconfined compressive strength. Microscale imagining, including Scanning Electron
Microscope (SEM) and Energy Dispersive Spectroscopy (EDS), X-Ray Diffraction
(XRD), and Raman analysis were presented to investigate the micro-scale characteristics
of the treated and untreated BCS samples.

The testing results showed that MICP and EICP treatments were not effective for
stabilizing BCS due to the several inhibiting factors related to the chemical properties of
BCS.
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Implementation Statement

MICP and EICP treatments have several potential advantages for BCS stabilization. Since
these two treatment processes do not involve hydration reactions, their processes will not
cause volume expansion in BCS. Furthermore, MICP and EICP utilize natural soil
bacteria and enzyme, urea (nitrogenous waste from the urine of mammals), and Ca**
(BCS can partially provide a source of Ca*") to produce calcite cementation, which will
have the great potential to reduce the material cost for BCS stabilization. If success, this
research will have the potential to offer LA DOTD a natural alternative to stabilize BCS
material for base course construction, advancing the applications of BCS.

Based on the results reported, using MICP and EICP solutions is not an effective method
for stabilizing BCS due to the presence of SO4>~ and low pH of BCS that inhibit CaCO;
precipitation. However, MICP and EICP could be effective for other geotechnical related
applications, including sealing soil cracks on embankment slopes, ground improvement,
and pile post-grouting [1], which is currently under investigation by the research team.
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Introduction

Biologically-mediated soil improvement is an innovative ground improvement method
that could be suitable for many geotechnical engineering problems [2] [3] [4] [5]. The
promising bio-mediated improvement methods include Microbially Induced carbonate
Precipitation (MICP) and Enzyme Induced Carbonate Precipitation (EICP). MICP is a
metabolic process of natural bacteria to hydrolyze urea as a nutrient source and produce
calcium carbonate (CaCO3) precipitation within the soil matrix [6] [7]. The most common
microorganism employed for MICP is Sporosarcina Pasteurii (ATCC 11859), which can
produce urease to hydrolyze urea into ammonium and carbonic acid with increasing
alkalinity. This alkaline environment and the increasing availability of carbonate ion
shifts the equilibrium of CaCOj dissolution/precipitation toward precipitation. EICP uses
free urease enzyme rather than microbial urease (used in ureolytic MICP) to catalyze urea
hydrolysis and induce CaCOs precipitation [8] [9] [10]. The precipitated CaCOs3 coat soil
particles, cement the soil matrix, and fill the soil void space, increasing strength, stiffness,
and dilatancy [11] [12] [13] [14] [15] [10].

Blended calcium sulfate (BCS) is a recycled flurogypsum waste material mixed with
lime. Approximately 90,000 metric tons of flurogypsum are generated annually in the
United States, posing a serious disposal problem to the environment. The Louisiana
Department of Transportation and Development (LA DOTD) has been using BCS in
pavement construction on a trial basis over the last 15 years [16]. While this material has
performed satisfactorily on many projects, its moisture sensitivity has concerned LA
DOTD engineers. This moisture sensitivity often results in construction difficulties in a
wet environment and sometimes failures of pavements due to strength deterioration.
Researchers have been searching for ways to stabilize BCS using Portland cement.
However, ettringite is produced when stabilizing BCS with Portland cement, which is
responsible for detrimental expansion and strength deterioration of BCS. Granulated
ground blast furnace slag (GGBFS) was also used to stabilize BCS, the unconfined
compression strength for GGBFS-stabilized BCS increased significantly. However, the
GGBFS-stabilized BCS did not obtain adequate early strength due to the slow reactivity
of GGBEFS [17]. In order to improve the early strength of the GGBFS-Stabilized BCS,
Tao and Zhang [17] explored some secondary cementation materials into the GGBFS-
stabilized BCS, including lime, cement, and fly ash. Although the results of using
GGBFS and secondary cementation materials were promising, it was not a cost-effective
way to stabilize BCS [17]. The objective of this research is to investigate the feasibility of



stabilizing BCS using MICP and EICP to overcome volume expansion and water
sensitivity problems.
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Literature Review

Blended calcium sulfate (BCS) is a recycled fluorogypsum (FG) blended with 2%—5% of
alkali materials such as lime or circulating fluidized bed combustion (CFBC) ash. Lime
and CFBC are used for adjusting the pH of FG. The recycled fluorogypsum is generated
during the production of hydrofluoric acid from fluorspar. It is discharged in a slurry state
and solidified into a dry state in holding ponds after water evaporation [18].

The Louisiana Department of Transportation and Development (LA DOTD) has been
using BCS as a base course in pavement construction on a trial basis over the last 15
years. LA DOTD engineers found that moisture content and dry unit weight affect the
strength of raw BCS. The properties of BCS passing through sieve No. 4 (opening size of
4.75 mm) were investigated. The specific gravity of BCS is 2.38, which is lighter than
naturally occurring aggregates, such as sand or gravel. BCS has a pH of 6.5, and its
chemical components are listed in Table 1 [17]. Unconfined compression tests were used
to investigate the unconfined compressive strength (UCS) of BCS with different water
contents [17]. Figure 1 shows that the UCS at a moisture content of 2% dropped rapidly
to one-fifth of the unconfined compressive strength of the dry BCS. Figure 1 also
suggests that using BCS as a base material for constructing pavements is inappropriate as
the strength of BCS will decrease significantly under wet conditions [19].

In order to use BCS as a base material for pavements, different cementing agents were
tested to improve the strength deterioration of BCS under wet conditions. Portland
cement is a widely-used cementing agent, while it was not suitable to stabilize BCS
because stabilizing gypsum by Portland cement is accompanied by ettringite production
[20]. The production of the ettringite is often responsible for volume expansion of
stabilized BCS that leads to strength deterioration. Mixing the Portland cement with silica
fume could stabilize gypsum without experiencing any volume expansion [20] [21].
However, it is not a cost-competitive solution due to the relatively high cost of silica
fume. Ground granular blast furnace slag (GGBFS) with a grade 120 was used as an
inexpensive cementing agent to stabilize BCS with 10% by mass. The ratio of UCS for
GGBFS-stabilized BCS between wet and dry states reached 0.83 after 28 days. However,
the BCS stabilized with GGBFS did not achieve an early strength due to the slow
reactivity of GGBFS. Secondary cementation material such as type I Portland cement,
lime, or class C fly ash, was added to GGBFS-stabilized BCS to enhance the early
strength of the mix. The highest UCS after 7 days was BCS-GGBFS-cement with a ratio



0f 91:7.5:1.5 by weight. Class C fly ash was excluded as it caused a higher volume
expansion. The effectiveness of all the above methods (e.g., Portland cement with silica
fume, GGBFS, and GGBFS mixed with another cementing agent) to stabilize the BCS
was also evaluated from the perspective of water resistance, strength, volumetric
expansion. Although some methods were successful (e.g., BCS-GGBFS-cement), a
cheaper and environmentally friendly method is still lacking for stabilizing BCS. This
study uses bio-cementation to stabilize BCS and investigates the effects of bio-
cementation on the mechanical behavior of BCS.

Table 1. Chemical Composition of BCS under Investigation [17]

Compositions Percentage by mass
SiO, 0.5

ALO; 0.1

Fe,0O; 0.2

CaO 29.0

SO4 54.0

CO, 3.0

H,O 5.0-30.0

The FG has also been investigated as a construction material for outdoor and underwater
applications [22]. Compared to the Portland cement, FG has several advantages,
including lower unit weight, lower cost of the production, and the availability of
fluorogypsum in Louisiana [22]. pH-adjusted FG for outdoor and underwater applications
is prepared by circulating fluidized bed combustion (CFBC) ash (an alkali material) for
neutralizing the FG. A sample of pH-adjusted FG using CFBC was analyzed using XRD
to investigate the crystal composition, and it showed (G: CaSO4.2H>0), anhydrite (A:
CaSQ0a), fluorite (F: CaF), and quartz (Q: SiOy). pH-adjusted FG for outdoor and
underwater applications was investigated by considering different proportions of dry
components of pH-adjusted fluorogypsum (FG), fly ash (FA), and Portland cement (PC).
The compressive strength decreased considerably with increasing content of pH-adjusted
FG when the PC content is equal to 2% and 6%. However, its decrease is less pronounced
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for PC content equal to 10% by weight. The maximum compressive strength, for a
different amount of PC, was achieved at pH-adjusted FG content of 60%, but the
minimum compressive strength was attained at pH-adjusted FG content of 90%. Bigdeli
concluded that a mixture of 62% pH-adjusted FG, 35% fly ash (FA), and 3% Portland
cement (PC) by weight, was successfully achieved for stabilizing FG and eliminating the
volume expansion for outdoor and underwater applications.

Figure 1. Relationship between UCSs and moisture contents of BCS [17]
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MICP is a microbially regulated process of CaCOs precipitation that can be induced by
microbial-catalyzed hydrolysis of urea (ureolysis) [6] MICP uses natural bacteria
(Sporosarcina Pasteurii) to hydrolyze urea by their urease enzyme into ammonium and
carbonic acid, which increases the alkalinity (pH=~9) of the surrounding environment.
This alkaline environment and the increasing availability of carbonate ion shifts the
equilibrium of CaCOs dissolution/precipitation towards precipitation [6] [2] [3]. The
resulted reaction is shown below:

CO (NH), + 2H,0 + CaCl, = CaCOs | + 2NH4Cl

The precipitated CaCOj3; cements the sand matrix and fills the soil pore space, increasing
its strength and stiffness and decreasing the hydraulic conductivity [7] [11] [23] [13] [14].
Research on MICP has explored potential applications including ground improvement for
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liquefaction mitigation, coastal and desert sand stabilization, seepage and erosion control,
coal ash stabilization, and scour mitigation [5] [24] [25] [26] [27] [28] [29] [30] [31] [32]
[33].

EICP uses a free urease enzyme rather than microbial urease (used in ureolytic MICP) to
catalyze urea hydrolysis and induce CaCOs3 precipitation [8] [9] [10]. As such, EICP does
not require nutrients for bacterial cultivation, oxygen to sustain aerobic ureolytic bacteria,
or consideration of the competing effect of other microorganisms [34] [9]. A typical
application of EICP requires fewer chemicals compared to MICP. Specifically, neither
ammonium chloride (NH4Cl) nor nutrient broth is needed with EICP. The small size of
urease (~12 nm) allows EICP to penetrate silt-sized soil, while the larger size of bacterial
cells (~1 um) prevents MICP media from entering these fine-grained soils.

The small size of the urease enzyme in EICP will result in a more uniform distribution of
CaCOs than that of MICP. Although the uniformity of CaCOs can be achieved by the
EICP treatment, the treatment using MICP can precipitate an additional amount of CaCO3
for the same sample under the same conditions of treatment. Furthermore, MICP-treated
samples showed higher strength than EICP treated samples [35]. This is probably because
enzymes cannot attach to soil particles and do not act as nucleation sites in the CaCO3
precipitation process, which resulted in different precipitation patterns and crystal shapes
of CaCOs3 between MICP and EICP treatments [35].



Objective

The goal of this project is to explore the use of bio-mediated soil improvement methods
(MICP and EICP) to stabilize BCS for application in base course construction. MICP and
EICP hydrolyze urea (the nitrogenous waste in the urine of mammals) as a nutrient
source and produce CaCOj3; cementation within the soil matrix. MICP and EICP treatment
processes have been shown to improve the behavior of the soil matrix by increasing its
strength and stiffness. These treatment processes can be used to stabilize BCS, which will
reduce the volume expansion of BCS, stiffen BCS quickly to achieve higher early
strength, reduce its moisture susceptibility, and ultimately improve the long-term
performance of stabilized BCS.



Scope

In order to develop suitable MICP and EICP treatment methods and investigate the
effectiveness of using MICP and EICP for BCS stabilization, the following tasks are
proposed.

e Monitor the S-wave velocities during MICP and EICP treatments to investigate
the increase of stiffness of BCS specimens.

¢ Investigate the consolidation behavior of MICP-treated BCS specimens to assess
how much the specimens can deform.

e Perform unconfined compression tests for MICP-and EICP-treated specimens to
measure the unconfined compressive strength (UCS).

e Measure the CaCOs3 content of each specimen to assess the performance of MICP
and EICP treatments.

e Perform microscale analysis using Scanning Electron Microscope (SEM), Energy
Dispersive Spectroscopy (EDS), X-Ray Diffraction (XRD), and Raman spectrum
to investigate the morphology and characteristics of BCS samples.

— 18 —



Methodology

1. Equipment

Two types of cells (stainless steel and acrylic) with different dimensions were used to

prepare the specimens. Stainless steel cell was used for monitoring the shear wave (S-

wave) velocity of the BCS specimen during MICP and EICP treatments. The acrylic

cell was used for preparing the BCS specimens for unconfined compression tests. The

S-wave velocity was also monitored in the acrylic cell.

a.

Stainless Steel Cell

Figure 2 shows the setup of the stainless-steel cell with an inner diameter of 2.5
inches and a height of 2.19 inches. The cell was positioned in a consolidation test
load frame to measure the S-wave velocity and the settlement of the specimen
under loading and unloading conditions. Two S-wave sensors (bender elements)
were installed in the top and bottom plates of the cell for measuring the S-wave
velocity during the MICP and EICP treatments. Bender elements were fabricated
in-house using Piezo element (4 x 8 mm parallel type-PSI-SH4E T226-H4-303Y
from Piezo Systems). A data acquisition system was connected to the bender
elements, as shown in Figure 3. The data acquisition system consists of a function
generator, filter, amplifier, and digital oscilloscope. A 2 V square wave with 100
Hz was used for signal input. The received signal was filtered through a filter-
amplifier (low-pass filter at f =30 kHz and high-pass filter at f =100 Hz) to reduce
noncoherent noise [36]. The travel time of the S-wave was shown on a digital
oscilloscope. The shear wave velocity (Vs) was determined by dividing the tip to
tip distance (L) by the travel time (t) using the first arrival point of the wave [36].

Acrylic Cell

A fabricated acrylic cell with a diameter of 2.83 inches and a height of 8 inches
was used for preparing the samples for the unconfined compression test. Two
bender elements were installed in the top and bottom plates of the cell for
measuring S-wave velocity during the treatment. The cell was positioned under a
fabricated load frame as shown in Figure 4. After MICP and EICP treatments,



unconfined compression tests were performed using a Geo-Jack unconfined
compression system as shown in Figure 5.

Rapid Carbonate Analyzer for CaCO3 Content Measurement
A rapid carbonate analyzer (shown in Figure 6) was used for CaCO3 content

measurement. Measurement procedure followed the ASTM standard (ASTM
D4373-14) [37].

Figure 2. Setup of the stainless-steel cell for consolidation tests.
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Figure 3. Data acquisition system of S-wave velocity measurements.
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Figure 5. Unconfined compression test device.




2. Materials

a.

Bacteria Preparation and MICP Solutions

The gram-positive bacteria, Sporosarcina pasteurii (ATCC 11859), was used in
MICP treatment. The bacterial cultures were grown in a growth media solution
shown in Table 2 for 24 hours, then harvested and stored in 15% glycerol at —86°C
to maintain a uniform bacterial stock for future use. The stock culture of
Sporosarcina pasteurii was used to grow in the growth media again in an incubator
shaker at 170 rpm, 30°C for approximately 24 hours until ODs0o=0.8~1.2 (ODsoo:
optical density of a sample measured at a wavelength of 600 nm). Then, the bacteria
were harvested and centrifuged twice at 4000 g for 30 minutes to target bacteria
density 1 x 10 8 cells/ml, the bacteria were stored in 4°C refrigerator until further
use. Table 2 also presents the chemical components of the urea medium and
cementation medium that were used in MICP treatment for BCS samples [23].

b. EICP Solutions

C.

The enzyme induced carbonate precipitation (EICP) treatment solutions were
prepared by dissolving calcium chloride dehydrate (CaCl>.2H>0), urea, urease
enzyme, and non-fat milk. Table 3 shows three different solutions used in EICP
treatment [38].

Blended Calcium Sulfate

BCS was prepared by passing through sieve No. 4. The specific gravity of BCS
passing No. 4 sieve was determined to be 2.38. Figure 7 shows the particle size
distribution of BCS with a uniformity coefficient C,=150 and a coefficient of
curvature Cc=24 [17]. The compaction curves of BCS under standard and modified
compaction energies are shown in Figure 8, which indicates the maximum dry unit
weight is 15.78 kN/m? (100.5 pcf) with the optimum water content of 12% for the
standard Proctor procedure [17].



Table 2. Summary of MICP solutions.

Solution Constituents

7.6 g Tris hydrochloric acid

Tris buffer 54.7 g Tris base in 500 mL distilled water

10 g Yeast extract
5 g Ammonium sulfate in 500 mL
of 0.13 M Tris buffer (pH 9.0)
Sterilized by filter

Growth medium

20 g/L Urea
2.12 g/ NaHCOs
20 g/LNH4CL
3 g/L Bacto nutrient broth
Adjust the pH of the medium to 6.0
with 5 M HCL sterile filtration

Urea medium

) . Urea medium constituent
Cementation medium

0.3 M CaCl,
Table 3. Summary of EICP solutions.
EICP Solution #1 EICP Solution #2 EICP Solution #3
0.67 M CaCl, 0.67 M CaCl, 0.67 M CaCl,
1 M Urea 1 M Urea 1 M Urea

3 g/L enzyme 3 g/L enzyme

4 g/L non-fat milk powder
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3. Experimental Procedure
a. MICP Treatment
L. Sample preparation

Specimens in stainless-steel cell were 2.5 inches in diameter and 1 inch in height.
Specimens were prepared by mixing BCS with MICP solutions to target an average
density of 96.1 pcf. 124.3 g (0.27 1b) of BCS was mixed with 30 mL of one of four
MICP solutions as shown in Table 4. The mixtures were poured into the cell in three
equal layers. Every layer was compacted to make sure that the air was squeezed out
from the specimen. After placing the mixtures, the top cap was then placed on the
sample. The load frame was installed on the top cap to apply a 10 kPa load. The
specimens were cured for two days to precipitate CaCOs. After two days, the
loading and unloading schemes were applied to the specimens to investigate the
consolidation behavior of MICP-treated BCS. S-wave velocities of the specimens
were also monitored during the MICP treatment and loading and unloading.

Specimens in the acrylic cell were 2.8 inches in diameter and 6 inches in height. To
target dry density 96.1 pcf, 957.7 g (2.1 Ib) of BCS was mixed with 230 ml of one
of the MICP solutions shown in Table 4. The specimens were prepared with the
same procedure as the specimens for stainless-steel cell.

I1. Loading and unloading

After two days of MICP treatment, loading stress was increased to 50, 100, 200,
300, 400, 500, 600, 700, 800, 900, 1000, 1100, and 1200 kPa and then decreased
using the same values. Each loading and unloading period lasted for 15 min as
recommended by [39]. S-wave velocity and displacement were measured using
bender elements and dial gauge by the end of every loading or unloading stage.

I11. S-wave Velocity
Bender elements installed in the cell were connected to the data acquisition system

after sample preparation. The time difference readings were recorded every 15
minutes during MICP and EICP treatments. After the first three hours of treatment,



the time difference was recorded every 12 hours. The S-wave velocity was
measured according to the equation shown below.

Vs=L/t
Where Vs is the shear wave velocity, L is the distance from the tip to tip of bender
elements, and t is the time difference.

During loading and unloading stages, S-wave velocity was measured by the end of
every loading or unloading stage.

V. Unconfined compression test

After preparing the mixture of BCS and MICP solutions in the acrylic cell,
specimens were cured for seven days under MICP treatment. After curing,
specimens were extruded from the cell and dried in air for one day. Some specimens
were dried in air for three days and then were transferred to the oven to dry for four
additional days. The unconfined compression tests were carried out at a constant
rate of 1 %/ min. a Geo-Jack unconfined compression system was used to apply the
load as shown in Figure 5.

Table 4. Solutions used for MICP treatment.

MICP Solution #1

MICP Solution #2

MICP Solution #3

MICP Solution #4

Deionized water

Urea medium

Urea medium

Urea medium

Cementation medium

Cementation medium

Cementation medium

Low concentration
bacteria
(1 x 10 ® cells/mL)

High concentration
bacteria
(2 x 10 ® cells/mL)

b. EICP Treatment

I. Sample preparation

Specimens prepared in the acrylic cell was used for EICP treatment. The
preparation procedure of specimens was the same as that for MICP treatment. 957.7




g (2.1 1b) of BCS was mixed with 230 ml of one of the EICP solutions shown in
Table 3 to achieve a targeted dry density of 96.1 pcf.

I1. S-wave monitoring

Bender elements in the cell were connected to the data acquisition system after
sample preparation. The readings of time difference on the oscilloscope were
recorded every 15 minutes in the beginning. After the first three hours of treatment,
the time difference was recorded every 12 hours until the end of the treatment
period (3 days). The time difference readings were then used for calculating the S-
wave velocities.

II1. Unconfined compression test

After EICP treatment, specimens were extruded from the cell and dried in an oven
for four days. Unconfined compression tests were performed for the specimens by
following the same procedures for MICP treated specimens.

¢. SEM and EDS Imaging

After unconfined compression tests of MICP-and EICP-treated specimens, some
samples were collected from the fractured specimens and saved for Scanning
Electron Microscope (SEM) and Electron Differential Spectrum (EDS) analysis.
SEM images of samples were produced first to analyze the microscopic
morphology of the samples. EDS was then used to scan the elements inside
samples. The differences of SEM images and EDS analysis between the treated and
the untreated samples were analyzed.

d. X-Ray Diffraction and Raman Spectroscopy

The X-Ray Diffraction (XRD) patterns were obtained using the Panalytical
Empyrean X-Ray diffractometer (Cu Ko, A=0. 154056 nm, 45 kV, 40 mA). The
scattered radiation was detected in the angular range 5-60° (20) with a scan rate of
4°.min-1. The Raman spectra were recorded at an excitation wavelength of 532 nm.
The spectra were scanned for 20 seconds in the range of 100-1400 cm™! using
Renishaw Invia Reflex Raman Microscope.



.

CaCOs3 Content

A carbonate analyzer chamber was used for the determination of CaCOs3 content as
shown in Figure 6. A calibration line was first measured between CaCO3 mass (g)
and CO; pressure (kPa) before testing the specimens according to the ASTM
specification (ASTM D4373-14). Samples were collected (20 to 50 g in mass) after
each unconfined compression test. Each sample was weighed and placed into the
carbonate analyzer chamber with a bucket filled with 8% HCI. The chamber was
shaken to let HCl mix with the sample. Generated CO; pressure was recorded by
the pressure gauge on top of the chamber. CaCOs content of the samples was
calculated using measured CO, pressure based on the calibration line.



Discussion of Results

1. MICP-Treated BCS
a. Stainless Steel Cell Test

Figure 9 shows the variation of S-wave velocity versus time for MICP-treated BCS
(BCS + Solution 3) and untreated BCS (BCS + Solution 2), as shown in Table 4.
The S-wave velocity for MICP-treated BCS is 200 m/s lower than that of the
untreated BCS. The S-wave velocities during loading and unloading stages are
shown in Figure 10. The S-wave velocity did not show a substantial change during
the loading and unloading stages for BCS-treated and untreated specimens. Figure
11 shows the settlement of the specimens during loading and unloading. The BCS-
treated sample experienced a higher settlement than untreated specimens. The
results of the S-wave velocities (Figure 9) and settlement (Figure 11) were contrary
to what was expected,

Variations of the S-wave velocities of specimens treated by four MICP solutions
(Table 4) are shown in Figure 12. S-wave velocities of MICP-treated BCS
specimens were higher than the untreated specimen at the beginning of the MICP
treatment. However, after 4 hours of the MICP treatment, untreated BCS samples
had 150 m/s higher S-wave velocity than the MICP-treated BCS samples after 5
days. This is probably because MICP treatment may inhibit the lime hydration
inside BCS. At the same time, CaCO3 precipitation during MICP treatment was not
adequate to improve the mechanical properties of BCS.



Figure 9. S-wave velocity versus time between untreated BCS and MICP-treated BCS.
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Figure 10. S-wave velocity of MICP-treated and untreated BCS during loading and unloading.
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Figure 11. Settlement of MICP-treated and untreated BCS specimens.
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b. Unconfined Compression Test

S-wave signals measured in the acrylic cell specimens were not analyzed due to the
cross-talk of the signals [36]. Unconfined compression test results of BCS with
different solutions (Table 4) are shown in Figure 13. UCS of BCS mixed with
deionized water has the highest compression strength and the BCS mixed with the
bacteria has the lowest strength. The presence of SO4 in BCS may work as a
mineral growth inhibitor for CaCOs3 [40], which reduced the UCS of MICP-treated
specimens.

c. CaCOs Content Measurement Chamber

Table 5 shows the average CaCOs3 content of untreated and MICP-treated BCS
samples. CaCOs content was calculated by dividing the mass of CaCO3 (measured
by the CaCOj3; chamber test) by the mass of untreated BCS. The BCS samples
treated with MICP had an average of 0.5 % CaCOj content.

d. SEM and EDS Imaging

The microscopic morphology of specimens is shown in Figure 14. Figure 14a
shows BCS mixed with deionized water (i.e., Solution 1 in Table 4). Figure 14b
shows BCS mixed with urea solution (i.e., Solution 2 in Table 4). Based on Figures
14a and b, there was not any CaCOs precipitation inside the samples. Figures 14c
and d show BCS treated with MICP (i.e., Solution 3 and 4 in Table 4), which
showed CaCOs precipitation on the surface of the particle, while, not at any particle
contacts. Table 6 shows the results of EDS analysis, confirming the existence of

CaCOs precipitation.



Figure 13. Unconfined compressive strength of BCS treated by different solutions.
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Table 5. CaCOs contents of BCS specimens treated by different MICP solutions.

Specimen Weight of dry specimen (g) | Weight of CaCOs (g) CaCOs (%)
BCS + solution #1 43.29 0.064 0.147
BCS + solution #2 29.04 0.028 0.097
BCS + solution #3 54.22 0.275 0.51
BCS + solution #4 52.5 0.275 0.527
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Figure 14. SEM images of untreated and MICP-treated BCS specimens.
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Table 6. Element composition (%) of MICP-treated and untreated BCS specimens.

Specimen C (0) F Al Si S Ca Fe Cl N

BCS +solution1 | 1.2 30 1.73 1 0.83 | 26.03 | 39.86 | 0.23 -- -

BCS +solution2 | (0.23 | 33.25| 1.33 -- 1.28 | 25.05 | 3793|023 | 0.8 -

BCS +solution 3 | (.64 | 30.36 1.7 032 | 1.46 | 23.18 | 4046 | 1.3 | 0.64 | 0.64

BCS +solutiond | (0.5 | 2682 | 322 | 0.14 | 1.22 | 2328 [ 40.72 | 04 | 1.24 | 0.84

e. X-Ray Diffraction (XRD) and Raman Spectroscopy

Figures 15a and b show the XRD results of BCS and CaCO3 minerals, respectively
[22] [41]. Both figures were used as references to find the dominant crystals in
untreated and MICP-treated BCS specimens. Figure 15¢ shows the XRD of the
untreated BCS sample. The majority of the crystals in the specimen are shown,
including gypsum, anhydrate, and quartz. Figure 15d shows the XRD of the MICP-
treated BCS sample. The crystals in the specimen include gypsum, anhydrate, and
calcite (CaCO3).

Figure 16 shows the results of Raman spectroscopy. Figure 16a includes the
standard Raman spectra for calcium sulfate hemihydrate and calcium sulfate
dehydrate. Figure 16b shows the Raman spectrum of untreated BCS, which agrees
with Raman spectra of calcium sulfate hemihydrate and calcium sulfate dehydrate
in Figures 16a [42]. Figures 16¢ and d are Raman spectra of MICP-treated BCS
samples treated by either low or high concentration of bacteria, which did not show
agreement with Raman results of untreated BCS sample (Figure 16b) and thus
demonstrated the existence of CaCOs.




Figure 15. XRD spectra of untreated and MICP-treated samples.
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(d) XRD of MICP-treated BCS (BCS+solution#4) (G: gypsum, C: calcite).
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Figure 16. Raman spectra of BCS Samples.
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2. BCS-Treated by EICP

a. S-Wave Velocity

S-wave velocities of BCS specimens treated by different EICP solutions (Table 3)
were measured after three days of curing time. Table 7 shows the S-wave velocities
of three specimens. As shown in Table 7, there was no significant improvement of
S-wave velocities of EICP-treated specimens (specimen No. 1 and 2) as compared
to the untreated specimen (specimen No. 3). Furthermore, there was no significant
difference between BCS treated with a mixture of enzyme and non-fat milk powder
(specimen No. 1) and a mixture of enzyme only (specimen No. 2).
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Table 7. S-wave velocity of BCS treated by different EICP solutions

Specimen Ingredients S-wave velocities after 3 days of
curing (m/s)

1 BCS+EICP solution#1 532
2 BCS+EICP solution#2 511
3 BCS+EICP solution#3 487

b. Unconfined Compression Test

After EICP treatment, specimens were extracted from the acrylic cell. However,
when extracting the specimens, specimens No. 1 and 2 were fractured immediately
as shown in Figure 17. The observed fracture could be attributed to the wet
condition inside the sample, which decreased their strength (i.e., water
susceptibility). Therefore, unconfined compression tests were not performed.

Figure 17. EICP-treated BCS samples after extraction from the cell.

(a) Specimen No. 1: BCS+EICP solution#1
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(b) Specimen No. 2: BCS+EICP solution#2

c. CaCOs Content

Table 8 shows the CaCOs3 content of three BCS specimens treated and untreated
with EICP. Specimen No. 1 had the highest CaCO; content due to the stabilizing
function of non-fat milk for the enzyme. Specimen No. 2 had a lower CaCO3
content due to the absence of non-fat milk powder. Specimen No. 3 is a BCS
specimen without mixing enzyme, which did not have an EICP reaction and has
negligible CaCOs content.

Table 8. Average CaCOs contents of three untreated and EICP-treated BCS specimens

Specimen weight of dry specimen CaCOs content CaCOs
® ® (%)

1 40.62 0.548 1.37

2 29.78 0.169 0.604

3 22.56 0.028 0.136

— 42 —




d. SEM and EDS Imaging

Fractured samples were used for SEM imaging and shown in Figure 18. BCS
sample treated by the enzyme and non-fat milk (Figure 18a) apparently showed
more CaCOs3 precipitation on the particle surfaces that that in the BCS sample
treated only by the enzyme. Table 9 shows the results of EDS analysis, confirming
specimen No. 1 had the highest CaCOs3 content.

Figure 18. SEM images of EICP-treated BCS.

(a) BCS+EICP solution#1 (b) BCS+EICP solution#2

Table 9. The element composition (%) of untreated and EICP-treated BCS

Specimen C (0] F Al Si S Ca Fe Cl
1 1.075 2475 | 2.45 | 0.025 | 0325 | 20.55 | 48.325 0.7 0.3
2 0.35 36.4 | 3.675 -- 0.675 | 22.625 | 35.05 02 | 0.875
3 0.225 33.25 | 1.325 -- 1.275 | 25.05 | 37.925 | 0.225 | 0.8
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Conclusions

This research investigated the feasibility of stabilizing BCS using MICP and EICP
treatments. The mechanical behavior of BCS after applying both treatments was
investigated by measuring the S-wave velocities and performing unconfined compression
tests. CaCO3 content was measured. Microscale imaging and element analysis from SEM,
EDS, XRD, and Raman analysis were presented to investigate the morphologies of
particles and the presence of CaCOs3. Based on the data presented in this report, the
following conclusions were drawn:

e Bender elements were used for monitoring MICP and EICP treatments. S-wave
velocities of MICP-and EICP-treated BCS specimens were lower than untreated
BCS specimens. This is probably because MICP and EICP treatments may inhibit
the lime hydration inside BCS. At the same time, CaCOj precipitation during
MICP and EICP treatments was not adequate to significantly improve the
mechanical properties of BCS.

e (CaCOs content measurements showed 0.52% of CaCOs content in the MICP-
treated BCS specimens, 1.37% of CaCOs content in EICP-treated BCS specimens
with enzyme and non-fat milk, and 0.6% of CaCOj content in EICP-treated BCS
specimens with enzyme only. Although the presence of CaCOj in the treated BCS
specimens was confirmed, it might not be enough and effective to cement the
BCS particles together.

e SEM imaging and EDS analysis showed CaCOs3 precipitation inside the MICP-
and EICP-treated samples. However, no cemented bond was observed between
BCS particles, which may result in lower strength of MICP-and EICP-treated
BCS specimens.

e Results of XRD and Raman spectroscopy of untreated BCS showed the standard
spectrum of CaSOs. 2H>0 (gypsum). XRD and Raman spectra confirmed the
existence of CaCOjs inside the MICP-and EICP-treated specimens.

e UCS of MICP-and EICP-treated specimens were lower than the UCS of untreated
specimens. This is probably due to two reasons: (1) the presence of SO4(54% by
weight) in BCS worked as a mineral growth inhibitor for CaCO; [40].
Dobberschiitz (2018) [40] showed that the dominant mechanism for CaCO3
inhibition was SO4*~ ion adsorption, which blocks the growth sites and prevents
attachment of CaCOs3 ion pairs; and (2) low pH of BCS may also inhibit CaCOs
precipitation [15].
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Recommendations

Based on the reported results, using MICP and EICP solutions is not an effective method
for stabilizing BCS due to the presence of SO4>~ and low pH of BCS that inhibit CaCO;
precipitation. However, MICP and EICP could be effective for other geotechnical related
applications, including sealing soil cracks on embankment slopes, ground improvement,
and pile post-grouting [1], which is currently under investigation by the research team.
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Acronyms, Abbreviations, and Symbols

Term Description

A Spectrum wavelength
CaCl, Calcium Chloride
CaCOs Calcium Carbonate
CO(NH) Urea

g. gram(s)

H2O Water

Hz hertz

L. Liter(s)

M Molarity concentration
m. meter(s)

N. Newton(s)

NH4Cl Ammonium Chloride
Pa. Pascal

S. Second(s)

U Enzyme catalytic activity
A% Volt(s)
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