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ABSTRACT

Novel methods are needed to prevent or mitigate subsurface fluid leakage, for
example stored carbon dioxide, fuels during unconventional oil and gas resource
development or nuclear waste disposal. Ureolysis-induced calcium carbonate
precipitation (UICP) has been investigated as a method to plug leakage pathways in the
near-wellbore environment and in fractures. The enzyme urease catalyzes the hydrolysis
of urea to react with calcium to form solid calcium carbonate (similar to limestone).
UICP test specimens were prepared in triplicate by filling 2.5 cm (diameter) x 5 cm
(length) and 5 cm x 10 cm cylindrical molds with sand and injecting both microbial and
plant-based enzymes with urea and calcium solutions to promote precipitation. Sources of
urease included jack bean enzyme and S. pasteurii microbe, resulting in both enzyme and
microbe induced calcite precipitation (EICP, MICP) specimens. For comparison, Class H
well- and Type I-Portland specimens were made by mixing cement paste (API 10B) with
sand (ASTM C305). Fine cement specimens were also included in the comparison and
were made both by mixing and also injecting to match the process used to make the
biocement specimens. For the 2.5 cm x 5 cm specimens, the addition of nutrient broth to
the enzyme specimens (ENICP) resulted in increased compression strengths compared
with specimens without nutrient (EICP). The average compression strengths of these
ENICP specimens reached 77% and 66% of the compressive strength of the 28-day well
cement and Type I cement mortars, respectively and were over two times larger than the
28-day strength of the fine cement specimens. For 5 cm x 10 cm specimens, compression
strengths of MICP, ENICP, and EICP specimens reached 42%, 38%, and 16% of the 28day injected fine cement specimens. The average modulus of elasticity of ENICP was
17,316 ± 1,430 MPa with 8.3 ± 1.8% CaCO3 content (g/g sand) and was approximately
30% larger than the average modulus measured for the fine cement specimens. The
results of this study indicate that the UICP produced specimens may have adequate
strength and stiffness for field applications.
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CHAPTER ONE

INTRODUCTION

Construction consumes a large amount of non-renewable resources, which has an
adverse impact on the environment. Portland cement is one of the most commonly used
materials in civil infrastructure, even though its production releases a significant amount
of CO2, accounting for approximately 5 to 7% of greenhouse gas emissions in the world
[1]. Production of cement in 2017 increased to 86.3 million metric tons in the United
States and 4100 million metric tons in the world [2]. Constructing with sustainable
materials must be considered in order to reduce the associated impacts on the
environment.
To reduce environmental impacts, more sustainable approaches are necessary.
Ureolysis induced calcium carbonate precipitation (UICP) is an alternative cementation
method where microbial or plant-based enzymes produce calcium carbonate (CaCO3) to
bond particles together. UICP occurs as a result of a series of chemical reactions which
are driven by the enzymatic catalysis of urea hydrolysis and the formation of calcium
carbonate (Eq. 1).
CO(NH2)2 + 2H2O + Ca2+ → 2NH4+ + CaCO3 (s)

(Eq. 1)

Certain microbes or plant sources produce the enzyme, urease, which catalyzes
the hydrolysis of urea to form carbonate species. In the presence of sufficient activity of
carbonate and calcium, the saturation conditions become favorable for precipitation of

2
calcium carbonate [3, 4]. The product of these reactions is the formation of calcium
carbonate (similar to marble or limestone).
One area of research of ureolysis induced calcite precipitation has been on sealing
well-bore fractures by injecting microbial cells down the well bore and allowing the
microbial induced calcite precipitation (MICP) reaction using S. pasteurii to occur at the
fracture area. Currently, most well-bore fractures are sealed using fine cement (squeeze
cements), but MICP has shown to seal fractures in a similar manner as fine cements [5].
MICP relies on the strength of the bonds produced between the sand particles.
A second source of urease that also precipitates calcium carbonate through
enzyme induced calcite precipitation (EICP) is the urease enzyme in a plant, for example
from the jack bean. This plant source differs from S. pasteurii in that a period of
microbial growth is not required prior to injection into the sand columns. DeJong et al.
[6] stated that EICP can be considered as a bio-inspired technique that employs
biologically generated free urease to promote the precipitation reaction.
Studies conducted for applications where UICP have been used as a substitute to
cement or concrete products, or mixing directly with cement materials [7-9] have showed
an increase in compressive strength within these specimens. This increase raised the
question of how these UICP bonds develop strength, and whether they can be used as an
alternate product to cement-based materials. To investigate their strength and stiffness
characteristics, 2.5 cm diameter x 5 cm length and 5 cm diameter x 10 cm length sand
columns were injected with S. pasteurii (MICP) and jack bean (EICP) solutions.
Compression strengths and moduli of elasticity were measured and compared with Class
H well-, fine-, and Type I-Portland cement specimens, mixed according to both the
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American Petroleum Institute [10] and ASTM Standards [11, 12]. The influence of
nutrient broth, synthetic fibers, and a combination of jack bean and S. pasteurii were also
investigated to identify their effect on material properties.

Motivation for Research and Objectives

UICP materials potentially can be used as an environmentally friendly substitute
for Portland cement. To move into this application, products currently used by the oil and
gas industry to seal well-bore fractures, a comparison must be conducted between these
materials. The overall objective of this investigation was to identify strength and stiffness
characteristics of UICP for use as a substitute for cement products or additives to cement
materials for use in the oil and gas industry specifically and engineering applications in
general. The specific objectives were to: 1) determine the strength and stiffness
characteristics of UICP specimens made from S. pasteurii and jack bean enzyme, 2)
evaluate the influence of nutrient broth, synthetic fibers, and combined microbe and
enzyme specimens on material properties, and 3) identify calcite precipitation formations
through scanning electron microscope and stereoscope analyses.

Organization

A review of the relevant literature is presented in Chapter 2, followed by a
description of the materials and methods used in the experimental program in Chapter 3.
Results of the experimental investigation are presented in Chapter 4, and a summary and
conclusions of the research are presented in Chapter 5.
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CHAPTER TWO

LITERATURE REVIEW

Ureolysis induced calcium carbonate precipitation (UICP) has been investigated
for a number of engineering applications, and a detailed summary of this body of work
can be found in [13, 14]. Example studies pertinent to the current investigation are
described below and include; 1) incorporating microbes into cement-sand mortars to
improve material properties, 2) remediating cracks in concrete, 3) stabilizing soils
through the use of MICP with soil reinforcement, and 4) and sealing well bores in the oil
and gas industry.

Incorporating Microbes into Cement-Sand Mortars

One of the main challenges in biocement applications that mix cement and MICP
is the cell death due to harsh environments, such as high pH, elevated temperatures, and
low porosity that result from cement hydration and curing. Such harsh environments exist
in the well bore environment common to oil and gas cement operations.
Studies by Halder et al. [7] show that S. pasteurii or B. pasteurii increased the
compressive strength by minimizing the porosity through calcite precipitation of cementsand that included phosphate buffer and fly ash mixed per ASTM C109 [11]. After 28
days of curing, the cement-sand-water (CSW) samples reached an average compression
strength of 37.5 MPa, and cement-sand-phosphate (CSP) samples reached 37.4 MPa. The
specimens prepared with fly ash, without bacteria, reduced the compressive strength at all
ages. Mortar specimens prepared with bacteria gained an average of 42.7 MPa
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compressive strength after 28 days of curing. Thus, maximum compressive strength was
obtained from bacteria amended mortar specimens. Halder et al. concluded that this was
due to precipitation of calcite over the surface and plugging pores due to microbial
activity.
Research conducted by Bundur et al. [8] investigated the influence of active S.
pasteurii, when it is incorporated with a nutrient growth medium in cement paste for selfhealing applications in cement-based materials. Three different cement paste mortars
were prepared for the experiment. The first one was mixing distilled water and cement to
prepare neat mortar samples. The second one was mixing Urea Yeast Extract (UYE)
medium and cement to prepare nutrient mortar samples and the third one was mixing
UYE medium with bacterial culture, mixed with cement bacterial mortar. The specimens
were cast in 5 cm x 5 cm cubes. After a 24-hour curing period, the molds were removed
and the specimens were submerged in UYE medium saturated with lime (CaO) solution
until compressive strength testing was conducted at ages of 1, 7, 28, 56 and 90 days.
Nutrient mortar samples displayed the lowest compressive strength than all neat mortar
samples. For the bacterial mortar samples, the rate of strength gain from day 1 to day 7
was greater than the rate of strength gain in the neat mortar and nutrient mortar samples.
However, at later ages the overall rate of strength gain in the bacterial mortar decreased
and was approximately equal to the neat mortar. It was also noted by Bundur et al. [8]
that metabolically active inoculated S. pasteurii cells reduced the porosity and increased
the strength of mortar.
An investigation into calcite precipitation in high pH environments was done by
Jonkers et al. [9], where alkaliphilic spore-forming bacteria were used. Cement
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specimens with and without bacteria were prepared to investigate (a) the bacterial
viability, (b) pore size distribution, and (c) self-healing properties. Type I Portland
cement mixed with water- to-cement ratios of 0.4 and 0.5 were cast in 4 cm x 4 cm x 4
cm molds. The specimens were broken to pieces after 7 and 28 days of curing. The
broken pieces were immersed in tap water at room temperature, after which the level of
mineral formation on the crack surfaces was determined by electron microscopy.
Microscope analysis showed that the larger size class pores (0.1–1 µm) were still present
in specimens incubated for 3 and 7 days and had almost disappeared in the smaller size
class pores (0.01–0.1 µm) after 28 days. While pores of the larger size class present in the
3 and 7 days cured specimens could still accommodate bacterial spores with typical
diameters of 0.8–1 µm, the majority of incorporated spores apparently became crushed in
aged specimens, resulting not only in loss of viability but also in decreased mineralforming capacity. The researchers concluded that a possible solution could be
encapsulation or immobilization of spores in a protective matrix prior to addition to the
concrete mixture.

Remediation of Cracks in Concrete

One proposed method to remediate cracks or fractures in concrete is to fill the
cracks with a solution of urea and calcium with microbes that precipitate calcium
carbonate after being deposited in the cracks. A study by De Muynck et al. [14]
investigated the influence of the surface porosity of the concrete on the efficiency of this
biodeposition treatment. Cubic specimens with different water-to-cement ratios were
used in order to simulate different porous surfaces. For the biodeposition treatment,
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specimens were immersed in a 1 day old culture of B. sphaericus for 24 hours followed
by immersing in solutions of varying composition to determine the effects of the external
calcium source. The mortar cubes treated with bacteria were subjected to accelerated
carbonation, chloride migration and freezing and thawing challenges. The biodeposition
treatment was found to result in an increased resistance of mortar specimens towards
carbonation, chloride penetration and freezing and thawing. This treatment can be
regarded as a coating system.
Another study done by Tittelboom et al. [15] investigated a biological technique
for concrete repair. Ureolytic bacteria, B. sphaericus, were shown to precipitate CaCO3
which can fill the cracks in concrete. However, when the bacteria are used in the
concrete, the growth can be restricted due to the high pH. To protect the bacteria from
this high pH environment, a silica gel was mixed with the bacteria. Low pressure water
permeability tests, ultrasonic measurements and visual examination of the degree of crack
filling were performed to find the influence of the microbially induced CaCO3
precipitation with active or autoclaved bacteria. Rectangular concrete samples cast using
Type I Portland cement were split until cracks between 0.05 mm and 0.87 mm formed.
These cracks were then repaired by injecting the microbes immobilized in silica gel. The
research concluded that some form of enhanced crack repair might be obtained through a
biological treatment in which a B. sphaericus culture is incorporated in a gel matrix and a
calcium source is provided.
Research by Wang et al. [16] used MICP in a self-healing concrete application.
Microcapsules were used to encapsulate bacterial spores to protect them from the high
pH environment in concrete. Self-healing capacity was evaluated by measuring water
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permeability and compression strengths. The addition of the microcapsules affected
compression strengths negatively. The strengths decreased by 15% to 34% with addition
of 1% to 5% microcapsules by weight of cement. However, microcapsules had a positive
effect on decreasing capillary water absorption on the specimens. The specimens with
bacteria had much higher crack healing ratios compared to the ones without bacteria. The
maximum crack width healed in the specimens of the bacteria series was 970 μm which
was four times the crack width that was healed for specimens that did not use the MICP
microcapsules.

Ground Improvement Applications

Biogrouting is an environment-friendly ground improvement technique where the
jack bean or S. pasteurii produce calcium carbonate precipitation which increases the soil
stiffness and strength, and reduces its permeability. In one study, the use of MICP with
composite fiber materials has shown potential for improving soil strengths and stiffness.
A laboratory study was conducted by Li et al. [17] to investigate the effect of randomly
distributed discrete fibers on the mechanical properties of MICP treated soil. The sand
and fibers mixtures (0, 0.1, 0.2, 0.3, and 0.4% fibers by weight of sand) were mixed with
the S. pasteurii solution, and 12 – 3.7 cm x 7.6 cm molds were prepared and submerged
into cementation media in a tank reactor. After 7 days of reaction, specimens were
removed and unconfined compression strength tests were conducted according to ASTM
D2166 [18]. Results of the experiments show that when there was no fiber in the mix, the
maximum unconfined compression strength reached 68 ± 8 kPa, and the strengths were
more than two times higher with the addition of fiber. They found that the addition of
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fiber in the MICP process had the potential to increase the ductility and strength of the
MICP-treated sand.
In a second study by van Paassen et al. [19], a large-scale (100 m3) experiment
was performed with a concrete chamber (8.0 m x 5.6 m x 2.5 m) to test the feasibility of
biogrout as a ground improvement . The chamber was filled with sand and the bacteria
solution was injected through three wells for 16 days and extracted from three wells on
the opposite side of the concrete chamber. After the treatment procedure, loose sand
particles were removed and several cemented blocks were collected and tested to
determine their compressive strength following the British Standard Institution [20].
They found that the strength ranged between 0.7 and 12.4 MPa while the CaCO3 content
varied from 12.6 and 27.3% of final dry weight, and the failure strain varied from 0.17 to
0.63%. Results of this study demonstrated that in a large scale environment, biogroutingground improvement by MICP can be used to significantly improve the stiffness of
granular soils.
Research done by Yasuhara et al. [21] introduced EICP into soil samples for
grouting applications. Sand and the urea were premixed in order to achieve homogenous
samples. CaCl2 – urea solution was injected with a confining pressure of 50 kPa, and
samples were cured for 24 hours within a pressure cell. Six 5 cm x 10 cm cylindrical
specimens were used for unconfined compression strength tests. The average elastic
modulus at 50% of the peak strength was 93.7 ± 35.8 MPa and average unconfined
compressive strengths were 756 ± 427 kPa for the six samples tested.
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Subsurface Oil and Gas Applications

Phillips et al. [5] stated that using MICP over cement-based sealants can be
advantageous since MICP solutions have lower viscosity and might be pumped into small
aperture fractures in a wellbore. In their study, MICP was promoted in a fractured
sandstone 340.8 meter below ground surface. They observed a decrease in the flow rate
after 24 urea/calcium solution and 6 microbial suspension injections. In addition, they
observed that the fracture had an increased resistance to re-fracturing after MICP
treatment.
Another paper by Phillips et al. (manuscript in preparation) investigated an
alternative sealing technology using MICP as a treatment to seal a leakage pathway in the
near wellbore environment. One of the common methods of sealing wells is the use of
cement, particularly fine cement [22], such as SqueezeCRETE® (product of
Schlumberger). However, success rate of fixing leaks with this product is less than 50%
due to the difficulties in accessing into the smaller fractures at proper locations [13].
MICP is an alternative method to plug small fractures and it was investigated in the field.
After 25 urea/calcium solution and 10 microbial suspension injections at a depth interval
of 310.0 – 310.57 meter, the injectivity was reduced and a noticeable increase in the
percentage of solids was observed in the cement bond log. Data collected in the field is
limited to pressure and flow measurements which can be used with observations from
subsurface logging tools to estimate the wellbore integrity after treatment. However, it is
difficult to assess material properties of the seals formed down-hole.
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Summary

The motivation for this investigation was to expand on the existing data related to
the compression strength and stiffness of MICP and EICP sand columns. Modulus of
elasticity measurements were conducted to add to the growing database of UICP
specimen data to provide additional insight into the material properties of UICP material
combinations. A comparison with fine- and well-cement mortars typically used in
subsurface oil and gas well-cementing operations was made to evaluate the prospect of
using UICP as a substitute to cement materials.
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CHAPTER THREE

EXPERIMENTAL PROGRAM

The materials and experimental procedures used to prepare and test five different
UICP specimens and comparable cement specimens are described below. Comparison
was done using the compressive strengths and moduli of elasticity of sand column
specimens prepared in triplicate. The strength and stiffness values were measured to
provide insight into the calcium carbonate bonds that form from bio-cements. By
comparing those measured values with wellbore, fine, and regular portland cement, the
field applicability of the microbial and enzyme induced bio-cements could be assessed.

Materials

Sand Columns
The sand used for the 2.5 cm (diameter) x 5 cm (length) and 5 cm x 10 cm
cylindrical specimens was 2095 Granusil silica sand with effective filtration size of 1
mm. This course particle size was chosen for easy injection of water-cement mortars,
with enough surface area for adequate attachment zones for microbe and enzyme. The
columns were made from PVC material and fitted with screens, caps, and fittings for the
solution injections.

Microbe and Enzyme Suspensions
MICP promoting cultures were grown by aliquoting 1000 μL of Sporosarcina
pasteurii (ATCC 11859) from a thawed frozen stock to 100 mL of autoclaved brain heart
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infusion broth (BHI, Becton Dickinson) amended with 2% urea (20 g/L urea, Fisher
Scientific). The cultures were incubated overnight at 30°C on a 150 rpm shaker. After
incubation, 100 mL of this culture were added to 300 mL of growth promoting media.
EICP promoting solutions were prepared by adding 5 g/L of jack bean meal
(JBM) (Sigma Aldrich, St. Louis, MO) to distilled water prior to mixing overnight on a
magnetic stir plate at room temperature.

Biocement Promoting Solutions
After injection of the microbial or JBM suspensions into the sand columns,
different fluids were used to provide the substrates necessary for microbial growth,
ureolysis, and subsequent calcium carbonate precipitation. These water basedbiocementation fluids included 20 g/L urea (Fisher Scientific), 49 g/L CaCl2-2H2O
(Fisher Scientific), 10 g/L NH4Cl (Sigma Aldrich), and 3 g/L nutrient broth (Beckton
Dickinson). The urea-Ca2+ molar ratio was set to 1:1 at 0.333M. The growth solution
described in Ebigbo et al. [23] was used to resuscitate or re-grow S. pasteurii and
promote increased ureolytic activity, whereas the calcium containing solution was used to
promote ureolysis induced calcium carbonate precipitation. The growth promoting
solutions did not contain calcium.
Nutrient broth was provided to the MICP specimens to provide a carbon source
for the microbes. In the initial 2.5 cm x 5 cm specimens, nutrient broth was added to the
solution that was used to promote EICP even though not necessary. When scaled up to 5
cm x 10 cm specimens, nutrient broth was either added or left out of the ECIP promoting
solutions to evaluate the impact of organics on the material properties.
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Cement
Class H well cement and fine cement samples were procured from collaborators at
Schlumberger. The Class H cement was proprietary blended well cement with 6 %
bentonite and additives. Fine cement (SqueezeCRETE), and Type I Portland cement were
used to prepare mortar specimens to compare with the UICP specimens. A 0.63 water-tocement ratio was used for the fine cement and 0.38 water-to-cement ratio was used for
well cement specimens.

Fibers
FORTA Super-Sweep Fine fiber was used for the ENFICP specimens. It is a
homopolymer polypropylene fiber. The length of the fibers used in this study was 3.175
mm. The results from Li et al. [17] showed that the optimum fiber content in the MICPtreated sand was 0.2–0.3% and a 0.2% fiber content was selected.

UICP Specimens

For the present study, five types of UICP specimens were produced using the
plant-based enzyme (jack bean meal) and/or the microbial enzyme (Sporosarcina
pasteurii). The following specimens were prepared:
•

EICP: Enzyme induced calcite precipitation produced without a nutrient broth.

•

ENICP: Enzyme with nutrient broth induced calcite precipitation.

•

ENFICP: Enzyme with nutrient broth and fibers induced calcite precipitation

•

MEICP: Microbially and enzyme induced calcite precipitation

•

MICP: Microbially induced calcite precipitation
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The plant-based enzyme source was from jack bean meal (JBM) without nutrient
broth and will be referred to as EICP (enzyme induced calcite precipitation), JBM with
nutrient broth will be referred as ENICP (enzyme with nutrient broth induced calcite
precipitation), JBM with nutrient broth and fibers will be referred as ENFICP (enzyme
with nutrient broth and fibers induced calcite precipitation), the mixture of JBM and
Sporosarcina pasteurii will be referred to as MEICP (microbially and enzyme induced
calcite precipitation). The microbial enzyme source was Sporosarcina pasteurii and will
be referred to as MICP (microbially induced calcite precipitation) hereafter.
A total of 107 specimens were made to determine the strength and stiffness
characteristics of the cement and biocement. Early tests were performed on 2.5 cm x 5
cm specimens because of the smaller volumes of solutions and more efficient injection
process. These specimens were used to perform a preliminary characterization of the
biocement. To meet specimen size requirements for compression strength and elastic
modulus tests according to ASTM C39 [12] and ASTM C469 [24], 5 cm x 10 cm
cylinders were later used to continue the strength and stiffness characterization. The
number of cement and biocement (UICP) specimens and the tests performed are shown in
Table 1. Fine cement specimens were made both by mixing according to API 10B [25]
and ASTM C305 [26] and also injected to match the process used to make the biocement
specimens. These procedures are described in the following methods section.
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Table 1. Number of specimens and tests performed on cylindrical specimens
Source of Cementation Dimensions and number of specimens
2.5 cm x 5 cm
5 cm x 10 cm
EICP
2
MICP
3
6
ENICP
3
3
ENFICP
3
MEICP
3
Type I
9
9
Fine Cement (mixed)
9
9
Fine Cement (injected)
12
Type I (mixed)
9
9
Well Cement (mixed)
9
9
Total
42
65

Methods

Flow-through Reactor Systems for Biocement and Fine Cement Specimens
Flow-through reactors were constructed using both 2.5 cm x 5 cm and 5 cm x 10
cm PVC pipe to produce cylindrical biocemented sand specimens, which can be seen in
Figure 1 and Figure 2. These reactors were filled with the sand and water-based
biocementation solutions were injected using syringe pumps (KD Scientific) set to 6
ml/min. For 5 cm x 10 cm specimens, inoculation of the MICP specimens was conducted
by injecting 120 ml of S. pasteurii culture. The inoculum was allowed an overnight
attachment period to enable microbial attachment to the sand. A total of 120 ml of JBM
suspension (5g/L) was also injected into 5 cm x 10 cm cylindrical specimens to promote
EICP, ENICP and ENFICP. For MEICP specimens, 5 g/L JBM suspension was mixed
with the overnight S. pasteurii culture and injected and also allowed to incubate overnight
without flow. The injection strategy was modified three days into the MEICP experiment
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when S. pasteurii was injected at night and allowed to attach prior to injecting the JBM
suspension in the morning. The total process of four to six injections were made and
between twenty four to twenty six samples were taken each day for the colorimetric Jung
assay to determine the urea concentration in samples of the fluids extracted after each
batch period. This assay tests for the amount of urea hydrolyzed by the enzyme/microbe
to be observed due to comprised to known standards; which should correlate to the
amount of CaCO3 precipitation within the sand formed cylinders. The experiments were
conducted over a period of 7 to 13 days. The number of days varied because the
experiments were terminated when the overall mass of urea hydrolyzed was
approximately the same for each of the specimen types.

Figure 1. 2.5 cm diameter x 5 cm long specimen flow-through reactor system for MICP &
EICP. Cylindrical flow-through reactors with (1) waste/outlet and sampling port (2)
sampling collection tubes (3) specimens (4) syringe pump and 60 ml syringes.
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Figure 2. Specimen flow-through reactor system for 5 cm x 10 cm MICP, EICP, ENICP,
ENFICP and MEICP specimens.

For fine cement specimens, the same procedure was followed using 5 cm x 10 cm
cylindrical specimens (Figure 3) where fine cement mortar with water-to-cement ratio of
0.63 was injected with syringes.

Figure 3. 5 cm x 10 cm fine cement injection system
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Injections and Fluid Sampling
The experiments used pulsed injection strategies where fluids were injected to
either promote precipitation or microbial growth, followed by reactive batch periods
when the flow was stopped [27]. Daily, between three and five injections of the calcium
precipitation promoting solution (CMM+ solution) were performed for the MICP, EICP,
ENICP, ENFICP and MEICP specimens. Each pulse permitted a no-flow period of one to
two hours between injections. During the flowing period, a sample of the effluent was
collected from each specimen. The samples were analyzed for urea concentration via a
modified colorimetric Jung assay [28, 29]. Prior to storage of the samples and to stop the
ureolytic activity, the MICP fluid samples were filtered through a 0.2 μm filter (Fisher
Scientific); the MEICP, EICP, ENICP, and ENFICP fluid samples were mixed into the
acidified reagent used in the colorimetric Jung assay. The samples were stored at 4°C
until the Jung assay was performed.
For MICP specimens, resuscitation or re-inoculation of microbes was conducted
by injecting a growth promoting solution. JBM suspensions were also injected once per
day prior to more calcium injections for both 2.5 cm x 5 cm and 5 cm x 10 cm biocement
specimens. These re-injections were performed to promote increased ureolytic activity of
the microbe and enzyme specimens after calcium precipitation, which has been observed
to decrease activity after multiple calcium pulses over time [30]. These injection
strategies and sampling methods were repeated daily until the total amount of urea
hydrolyzed was approximately the same between the biocement specimens. It was
observed that the EICP specimens more efficiently hydrolyzed the urea; therefore more

20
calcium pulses were required in the MICP samples to reach an equivalent mass of urea
hydrolyzed.
After the injections were terminated, the reactors were drained and the PVC
molds were cut longitudinally to remove the cemented sand specimens. The biocement
specimens were placed in an 80°C oven for 24 hours to deactivate any remaining active
enzyme or microbe prior to compression strength testing. The influence of drying on the
compression strength was not investigated. The compressive strength testing was
performed as described in the strength testing section. After strength testing, digestion of
the calcium carbonate from the biocement specimens was performed to determine mass
of calcium carbonate achieved per mass of sand. Samples were crushed, mixed and then
divided into triplicate 15 ml centrifuge tubes. Trace-metal-grade nitric acid (10%, Fisher
Scientific) was added to dissolve the calcium carbonate. After 24 hours the liquid was
removed, and the sand was placed in a 60°C oven to dry. The difference between the
dried mass of sand before and after digestion and ICP-MS were used to estimate the total
amount of CaCO3 per mass of sand. A portion of the biocement samples were collected
for microscopy. Image analysis was performed on the Leica M205FA stereoscope located
at the Center for Biofilm Engineering Microscopy User Facility and the Zeiss Field
Emission (FEM) scanning electron microscope in the Image and Chemical Analysis
Laboratory at Montana State University. The specimens were coated with iridium prior to
FEM scanning.
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Cement Mortars
For comparison with the cylindrical biocement specimens, 2.5 cm x 5 cm and 5
cm x 10 cm cylinder specimens were made from the three cements using a water-tocement ratio of 0.63 for the fine cement specimens [31] and 0.38 for the well cement
specimens [31]. Sand quantities were calculated based on the recommended mortar
proportions given in ASTM C109 [11] for 5 cm x 5 cm x 5 cm cube specimens, which
were re-calculated for the 2.5 cm x 5 cm and 5 cm x 10 cm well- and Type I- cylinder
specimens tested in this study. API Specification 10B [10] was used for mixing the water
and well cements, followed by ASTM C305 [26] for combining the slurry with the sand
to create the mortar. ASTM C305 was also used to prepare the Type I cement mortar.
After molding, the test specimens were placed in a moist room with relative humidity of
not less than 95% with a temperature range of 23.0 ± 2.0 °C. The cement specimens were
stored in the curing room until tested.

Strength Testing
Compression testing was performed on the biocement and cement specimens with
a 1000 kN MTS Static-Hydraulic Universal Test Frame using a load rate of 0.21 MPa/s
(30 psi/s) in accordance with ASTM C39 [12]. Prior to testing, the ends of the 2.5 cm x 5
cm specimens were sanded, to create flat bearing surfaces. The 5 cm x 10 cm biocement
specimens were also sanded and a grinding machine was used for the cement specimens
to obtain a flat bearing surface. For the cement specimens, 7-, 14-, and 28-day
compression strengths were measured. Because the biocement specimens were
deactivated in the oven, an evaluation of strength vs. age was not made. Steel caps with
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neoprene pads were placed on top and bottom of the specimens for applying the load in
accordance to ASTM C39 [12].

Modulus of Elasticity
The modulus of elasticity was measured by installing strain gages on the test
specimens according to Micro-Measurements Application Note TT-611 [32] and then
testing them tested per ASTM C469 [24]. The prepared specimens are shown in Figure 4.
Details of the strain gage application can be found in Appendix A. Loads were applied
with the same MTS Static-Hydraulic Universal Test Frame used for compression testing
at a load rate of 1 mm/min.

Figure 4. Installed strain gages on 5 cm x 10 cm biocement specimens
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Statistical Analysis
One-way ANOVA tests were used to perform a statistical analysis for measured
CaCO3 content, strength and modulus of elasticity. Biocement specimens were compared
to each other for the CaCO3 content, and cement and biocement specimens were
compared to each other for the strength and modulus of elasticity. If the Shapiro-Wilks
test [33] for normality passed, t-tests were used for pairwise comparisons. If the
normality test failed, Dunn’s method [34] on ranks was substituted. It is noted that the
small sample sizes (2, 3 or 4 replicates per treatment) and the inherent variability of some
of the tests (modulus of elasticity, for example) result in situations where visual
differences observed in box plots between means (or medians) are not corroborated by
ANOVA analyses.
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CHAPTER FOUR

RESULTS AND DISCUSSION

Results of the experimental program including the overall urea hydrolyzed,
compression strength, stiffness, and calcium carbonate concentration for the specimens
and experiments described in Chapter 3 are presented below. A complete list of all
specimens and test results is given in Appendix B.

Urea Hydrolysis

Due to the differences of ureolytic activity between the biocement specimens, the
number of pulses distributed to each cylinder was based on the urea hydrolysis
determined by the Jung Assay. This means for certain specimens additional pulses were
required to equalize the total urea hydrolyzed within biocement specimens.
The total concentration of urea hydrolyzed and treatment days during each
calcium pulse between the MICP, EICP, ENICP, ENFICP, and MEICP specimens are
shown in Table 2. The first attempt at making MICP (1st try) specimens resulted in higher
total urea hydrolyzing due to the extra injections. This is why a second set of MICP
specimens (2nd try) were developed and tested. During the second injection process, the
system became clogged and specimens were terminated before the total mass of urea
hydrolyzed was the same.
On average, it was measured that the ENICP specimens converted 11.7 ±1.4 g/L
per pulse and the MICP specimens converted 9.0 ± 1.0 g/L of urea per calcium pulse for
2.5 cm x 5 cm specimens. EICP, MICP-1 (1st try), MICP-2 (2nd try), MEICP, ENICP and
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ENFICP specimens converted 12.7 ± 3.4 g/L, 9.9 ± 3.6 g/L 9.5 ± 2.5 g/L, 2.9 ± 4.5 g/L,
9.8 ± 4.8 and 9.6 ± 4.9 g/L per pulse, respectively for 5 cm x 10 cm specimens.

Table 2. Urea hydrolyzed during calcium pulses cylindrical testing.
Total Urea
# of
# of days for
Reactor
Biocement
Hydrolyzed Calcium
treatment
(g/L)
Pulses
ENICP
340 ± 1.5
29
11
2.5 cm x 5 cm
MICP
361 ± 1.1
40
16
EICP
340 ± 3.4
27
7
st
MICP-1(1 try)
367 ± 3.6
40
9
nd
5 cm x 10 cm MICP-2 (2 try)
332 ± 2.5
35
7
MEICP
84* ± 4.5
29
7
ENICP
341 ± 4.8
35
7
ENIFICP
337 ± 4.9
35
7
* The urea hydrolysis results for the MEICP specimens do not seem to reflect the calcium
precipitation actually achieved or the result that the strength of the MEICP specimen was
equivalent to the MICP specimens. One possibility was there could be interferences in the
Jung assay with the combination of JBM and microbes that was not observed with the
urease enzymes sources on their own.

It was decided to increase the number of calcium pulses in the microbial
specimens until the overall concentration of urea converted was approximately equal to
the enzyme specimens as described in section injection and fluid sampling section
(approximately 340 g/L).

Compression Strengths

Compression strengths of Type I, well cement and fine cement cylindrical
specimens were measured at 7-, 14- and 28-day according to ASTM Standard C39 [12].
Peak stresses were calculated by dividing the peak measured load by the cross-sectional
area of the specimen to obtain the compressive strength (Eq. 2).
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𝜎𝜎 = P/A

(Eq. 2)

Where: 𝜎𝜎 = compressive strength in MPa or [psi], P = total maximum load N or

[kip] and, A= area of loaded surface mm2 or [in2].

2.5 cm x 5 cm specimens
Compression strengths of the cement samples at 7, 14, and 28 days are shown in
Table 3 and Figure 5. The ENICP specimens that received 29 calcium pulses over the
course of 11 days exhibited 77% and 66% of the compressive strengths of the 28-day
well-cement and Type I cement. The strength of the 28-day fine cement specimens
reached 58% of the ENICP specimens. MICP specimens that received 40 calcium pulses
over the course of 16 days were 32%, 28% and 72% of the 28-day strengths of the wellcement, Type I cement and fine cement mortars, respectively. Strengths at 28-days were
lower than 14-day strengths for cement specimens. The decreased 28-day compression
strengths compared with those measured after 14 days was not expected for the cement
specimens. These reduced strengths could be the result of increased variability for the
smaller specimen size and/or the unavailability of ASTM loading caps and neoprene pads
for 2.5 cm x 5 cm cylindrical specimens.
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Table 3. Compression strengths of three types of 2.5 cm x 5 cm cement and two types of
2.5 cm x 5 cm biocement
Average Compression Strength (MPa)
Cement

Day 7

Day 14

Day 28

Well Cement
Type I

11.0 ± 1.1
21.4 ± 5.0

26.0 ± 2.7
26.8 ± 2.7

21.1 ± 4.1
24.0 ± 5.8

Fine Cement

12.2 ± 2.6

19.6 ± 2.5

9.5 ± 3.1

MICP

6.8 ± 2.3

ENICP

16.3 ± 2.4

Figure 5. Average compression strength vs. age (days) of three types of cement. The
ENICP and MICP specimens strengths shown were tested after the termination of injection
after 11 and 16 days, respectively.
Representative fracture patterns of the 2.5 cm x 5 cm cement and biocement
specimens can be seen in Figure 6. The three cement specimens failed with columnar
vertical cracking through both ends, which is characteristic of a tensile splitting failure
caused by the Poisson effect. The failure of the ENICP specimen was similar and
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included a single columnar vertical crack down the center with some bond separation
between the calcium carbonate and sand particles. The MICP specimen did not develop
compressive stresses large enough to cause splitting failure; the bonded sand particles
crumbled as the force was applied.

a

b

c

d

e

Figure 6. Fracture patterns for 2.5 cm x 5 cm specimens. (a) ENICP, (b) MICP, (c) fine,
(d) well and (d) Type I cement

The biocement produced from the MICP had weak spots near the inlet of the
flow-through reactor system which became failure planes when the specimens were
removed from the molds. This observation contrasted previous experiments in the
laboratory (data not shown since compression strength testing was not performed on
those specimens) in which microbe specimens were more strongly bonded and enzyme
specimens crumbled during the removal from the PVC molds and further handling.
One reason for the enzyme specimens exhibiting greater compressive strength
than the microbe specimens could be the addition of the nutrient broth (Beckton
Dickinson) into the media that was used for both microbe and enzyme samples. In the
previous work, the nutrient broth was not added to the enzyme promoting solutions. A
hypothesis is that the proteins, carbohydrates, and other organics present in the biofilm in
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MICP might alter the material properties of the bio-cement. A similar hypothesis might
be made with the presence of the proteins, carbohydrates and organics present in the
nutrient broth. The 5 cm x 10 cm specimens experiment was performed to explore the
role of additives to the bio-cements in altering material properties.

5 cm x 10 cm specimens
Comparison of well cement, Type I cement and fine cement (mixed according to
ASTM) strengths at 7, 14, and 28 days are shown in Table 4 and Figure 7. Fine cement
strength at 28 day exhibited 51% and 47% of the 28 day well cement and Type I cement
specimens.

Table 4. Comparison of well cement, Type I cement and fine cement
Average Compression Strength (MPa)
Day 7
Day 14
Day 28
Cement
Well Cement
13.48 ± 0.8 22.03± 5.2 36.2 ± 1.0
Type I
26.02 ± 3.5 30.17 ± 5.3 39.3 ± 0.8
Fine Cement (ASTM)
10.8 ± 0.2
16.76 ± 0.5 18.34 ± 0.3

MICP-1, MEICP, MICP-2, ENICP, ENFICP and EICP specimens reached 77%,
46%, 42%, 38%, 19% and 16% of fine cement (injected) specimens. The ENFICP
specimens had smaller compression strengths than specimens without fibers which is
unlike results of similar study by Li et al. [17]. Unlike the 2.5 x 5 cm specimens, the
average compression strength of ENICP cylinders was not larger than MICP.

30
45
Well

Compression Strength (MPa)

40

Type 1

Fine (ASTM)

35
30
25
20
15
10
5
0
5

10

15

20

25

30

Curing time (days)

Figure 7. Average compression strength vs. age (days)

Compression strengths of fine cement (injected) and biocement specimens are
shown in Table 5 and Figure 8. Only fine cement (injected) was compared with
biocement specimens because Type I and well cement are commonly used as materials to
construct wells but not sealing leakage pathways which was the objective of the
development of the biocementing materials.

Table 5. Compression strengths of fine cement (injected) specimens at 28 day and
biocement specimens
Average Compression Strength
Cement
Fine Cement
16.64 ± 2.85
MICP-1
12.73 ± 1.59
MEICP
7.64 ± 2.22
MICP-2
6.98 ± 3.97
ENICP
6.36 ± 3.00
ENFICP
3.17 ± 0.56
EICP
2.73 ± 0.78
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Compression Strength (MPa)

16
14

Fine Cement

12

MICP (1st try)

10

MEICP
MICP (2nd try)

8

ENICP

6

ENFICP

4

EICP

2
0

Injected Fine Cement and Biocement Specimens

Figure 8. Average compression strength of fine cement (injected) and biocement
specimens.

When the medians or means are ranked, there is a notable progression in strength
by treatment condition that appears substantial for cement and biocement strengths.
However, when subjected to statistical tests, certain samples did not perform significantly
different than others. Figure 9 shows which treatments were not significantly different
than others (α = 0.05). Any group of treatments having the same letter above the box plot
were not significantly different. Groups of treatments not sharing the same letter were
significantly different. For example, MICP-1 specimens are not significantly different
than fine cement specimens. However, enzyme induced specimens are significantly
different than fine cement and MICP specimens.
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Figure 9: Statistical analysis for biocement and cement specimens

Representative fracture patterns for 5 cm x 10 cm cement and biocement
specimens are shown in Figure 10 and Figure 11. Fine cement specimens (both ASTM
and injected) had diagonal fractures with no cracking through the ends. The cracks
occurred in the middle of well cement specimens, while Type I specimens had a wellformed cone shape. Two of the three EICP specimens were damaged at the top during the
mold removal process. The EICP specimens crumbled during the strength testing; they
did not display a well-defined fracture pattern. ENFICP and ENICP specimens were not
as crumbly as EICP specimens from the outside. However, during testing, they showed
similar crumbling behavior as EICP specimens. MICP-1 specimens had side fractures at
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the top or bottom. MICP-2 and MEICP specimens showed similar fracture behaviors as
MICP-1 specimens.

Figure 10. Fracture patterns for 5 cm x 10 cm specimens. From left to right: Type I
cement, well cement and fine cement (ASTM) specimens

Figure 11. Fracture patterns for 5 cm x 10 cm specimens. From left to right: EICP,
MICP-1, ENFICP, MEICP and fine cement specimen

CaCO3 vs Strength
A plot of the percentage of CaCO3 precipitated and compression strength for the
biocement specimens were compared to the investigation by Yasuhara et al. [21], van
Paassen et al. [19], Park et al. [35], Cheng et al. [36], and Kavazanjian et al. [37] and are
shown in Figure 12. These calcium carbonate mass percentage results fall into the range
of the specimens analyzed by others. A trend of increasing strength for larger percentages
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of CaCO3 precipitated generally observed in the data presented from others was also
observed for MICP-1 specimens. One general difference to note is the larger compression
strengths measured for biocement specimens prepared in this study compared to reported
values at similar calcium carbonate percentages in other studies. One hypothesis for the
increase in strength is that the addition of the nutrient broth in the biocement specimens
may have positively impacted the strength of the materials. A study by van Paassen et al.
[19], also showed increased strength and calcium carbonate content compared to other
MICP specimens reported in the literature that were promoted with nutrient broth
(biocement promoting solutions section). In addition, the number of injections were
greater in these experiments. For example, in van Paassen et al. [19], 10 injections were
performed over 16 days. Park et al. [35] mixed the JBM solution with the sand only once.
For this study, 29 injections for EICP, 40 injections for MICP-1, 35 injections for MICP2, 29 injections for MEICP, 35 injections for ENICP and ENFCIP were used, which
results in more substrate available to react over a longer period of time. Increased
strengths were observed when more pulses over a longer period of time were used.
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van Paassen, 2010 (MICP)

Cheng, 2013 (MICP)

Park, 2014 (EICP)

Kavazanjian, 2015 (EICP)

Neupane, 2015 (EICP)

This Study (2.5 cm x 5 cm), 2017 (MICP)

This Study (2.5 cm x 5 cm), 2017 (EICP)

This Study (5 cm x 10 cm), 2017 (MICP 1st try)

This Study (5 cm x 10 cm), 2017 (EICP)

This Study (5 cm x 10 cm), 2017 (MICP 2nd try)

This Study (5 cm x 10 cm), 2017 (MEICP)

This Study (5 cm x 10 cm), 2017 (ENICP)
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Figure 12. Mass of CaCO3 per mass of sand expressed as percentage plotted against the
measured compression strength.

The only statistically significant difference in CaCO3 content is between 5 cm x
10 cm MICP-1 specimens, and 2.5 cm x 5 cm MICP specimens, (see Figure 13). 2.5 cm x
5 cm; ENICP, 5 cm x 10 cm; EICP, ENICP, MICP-2, ENFICP and MEICP specimens
were not significantly different than each other.
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Figure 13. Statistical analysis for CaCO3 % in biocement specimens
Modulus of Elasticity

Strain gages were installed (see Appendix A) on selected 28-day fine cement
(ASTM and injected), MICP, MEICP, ENICP, and ENFICP specimens. These specimens
were subsequently tested to determine their modulus of elasticity. National Instruments
data acquisition with LabVIEW software was used to record data from the experiments.
The load was applied continuously at a rate of 1 mm/min [0.05 inches /min] until failure
occurred. The modulus of elasticity was calculated by Eq. 3 (ASTM C469 [24]). A
representative plot of the two measured strains on opposite sides of the specimen and the
calculated average strain is shown in Figure 14.
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E = (S2 – S1) / (ɛ2 – 0.000050)

(Eq. 3)

Where: E = chord modulus of elasticity, MPa [psi], S2 = stress corresponding to
40 % of ultimate load, S1 = stress corresponding to a longitudinal strain, and ε2 =
longitudinal strain produced by stress S2. In order to exclude the fluctuations (noise) at
the beginning of tests, 0.00005 is subtracted from longitudinal strain as required by
ASTM.
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Figure 14. Representative plot of the two measured strains and the calculated average
strain

Average elastic moduli for each type of specimen is shown in Table 6 (with
average compression strengths shown for reference), and the average stress-strain
response for all specimens are plotted in Figure 15. Concrete materials made with
portland cement are known to have larger moduli of elasticity for higher compression

38
strengths. A similar trend was observed for the ENICP/ENFICP and MICP specimens,
however the opposite trend was observed for the fine cement specimens, produced by
injecting and mixing.

Table 6. Modulus of elasticity values of cement and biocement specimens
Cement
Average Modulus of
Compression Strengths
Elasticity (MPa)
(MPa)
MICP-1
18,475 ± 482
12.7 ± 1.6
ENICP
17,316 ± 1430
6.4 ± 3.00
MEICP
16,623 ± 915
7.6 ± 2.2
ENFICP
15,080 ± 1831
3.2 ± 0.6
MICP-2
14,224 ± 3927
7.0 ± 3.9
Fine Cement (injected)
14,223 ± 223
16.6 ± 2.9
Fine Cement (ASTM)
12,084 ± 384
18.3 ± 0.3

16
14
12
Fine Cement (ASTM)

Stress (MPa)

10

MICP (1st try)

8

ENICP

6

MICP (2nd try)

ENFICP
MEICP

4

Fine Cement (injected)

2
0
0.00000000

0.00050000

0.00100000

0.00150000

Strain

Figure 15. Representative stress-strain diagrams for the biocement and fine cement
specimens.
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Referring to Figure 15, the largest moduli of elasticity (stiffest/steepest response)
was measured in the MICP-1 specimens and the smallest stiffnesses were measured in the
two fine cement specimens. Reduced stiffness of the fine cement specimens were
accompanied by increased strengths. A similar trend is not observed for biocement
specimens.
Even though there are substantial observational differences in the average moduli,
the only statistically significant difference is between MICP-1 and Fine Cement (ASTM)
specimens, as seen in Figure 16. The ENICP, MEICP, ENFICP, MICP and Fine Cement
(injected) specimens are not significantly different than each other.

Figure 16. Statistical analysis for modulus of elasticity.
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Image Analysis

A Scanning Electron Microscope (SEM) was used to observe the surface
topography and composition of the EICP, MICP, ENICP and ENFICP specimens. Both
2.5 cm x 5 cm and 5 cm x 10 cm specimens were investigated in the image analysis. The
MICP samples were observed to have bonds between the particles as shown in Figure
17(d). The ENICP samples appeared to have bonds not only located in the regions
between the particles, but also distributed across the sand surface, as shown in Figure
17(b). Biofilm (microbes attached to the sand surface in MICP treatments) may act as a
template for the mineral to initiate on the surface of the sand in contrast to the JBM
suspension, which may stay more freely suspended in the fluid, resulting in precipitation
predominately occurring in the liquid phase followed by settling out of the precipitates.
Still, there was a significant amount of calcite formation bridging sand particles within
the ENICP specimens produced, as seen in Figure 17(b). Similar bridges can be seen in
the MEICP specimens shown in Figure 17(c). Unlike the sand grains, most of the fibers
in the ENFICP specimens were partially coated as shown in Figure 17(a).
The images shown in Figure 18 ENICP reveal a more consolidated CaCO3
coating on the sand grains as can be seen in Figure 18(a). Larger number of cavities were
observed in EICP specimens (Figure 18(b)) and it was hypothesized that they might have
contribution to the lower strength (Table 5), however that has not been confirmed.
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Bridge

a

b

c

d

Figure 17. SEM images of 5 cm x 10 cm (a) ENFICP (b) ENICP (c) MEICP and (d)
MICP specimens.

a

b
Figure 18. Cavities in (a) ENICP and (b) EICP specimens
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Stereoscope imaging for the MICP, ENFICP, ENICP and MEICP are shown in
Figure 19(a-d) respectively. Fluorescent microscopy images indicating calcite formation
through fluorescent of calcite (bright green) under UV are shown on the left side of
Figure 19. Light microscopy images are shown on the right side of Figure 19 showing
sand particles and precipitates. More fluorescent intensity (calcite is an autofluorescent
mineral [38]) was observed in the MICP samples, corresponding to the greater amounts
of CaCO3 detected, as seen in Figure 19(a). Partial coating on the fiber specimens was
also observed in the fluorescent microscopy images as shown in Figure 19(b). The dark
grains in Figure 19(c) and (d) did not reflect the light like lighter color sand grains did
and showed up as a black spot.
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a

b

c

d
Figure 19. Stereoscope images for biocement specimens. From top to bottom: MICP,
ENFICP, ENICP and MEICP specimens
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CHAPTER FIVE

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

Summary and Conclusions

The strength of two different 2.5 cm x 5 cm biocement specimens (MICP and
ENICP), and strength and moduli of elasticity of five different 5 cm x 10 cm biocement
specimens (MICP, MEICP, EICP, ENICP and ENFICP) were compared with three types
of cement mortars (well-, fine- and Type I cement). The plant-based source was from
jack bean and the microbial enzyme source was Sporosarcina pasteurii. Influence of
fibers and nutrient broth were investigated for enzyme specimens. Fine cement (injected)
specimens were made using the same volume of sand as the biocements and were
prepared using a water-to-cement ratio of 0.63. Compression and modulus of elasticity
tests were performed in triplicate on the cylindrical specimens for each material. Based
on the experimental work presented here, the following observations and conclusions
were made:
•

For 2.5 cm x 5 cm specimens, compression strengths of the ENICP specimens
were 77% and 66% of the compressive strengths of the 28-day well- and Type
I-cement mortars, respectively. The ENICP specimens were over two times
stronger than the fine cement specimens. MICP specimens were 32% and 27%
of the 28-day strengths.
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•

For 5 cm x 10 cm specimens, compression strengths of MICP-1, MEICP,
MICP-2, ENICP, ENFICP and EICP specimens reached 77%, 46%, 42%, 38%,
19% and 16% of the 28-day injected fine cement specimens.

•

The biocement specimens with fibers (ENFICP) had smaller compression
strengths than specimens without fibers.

•

All E(N, NF, I)CP specimens had statistically significantly lower strength than all
MICP-1 specimens.

•

The addition of nutrient broth to the enzyme specimens (ENICP) resulted in
increased compression strengths compared with specimens without nutrient
(EICP). The higher strengths measured in the ENICP specimens compared to
EICP specimens can be due to a more consolidated surface of CaCO3, leading
to more connections between sand particles.

•

The average modulus of elasticity of ENICP was 17,316 ± 1,430 MPa with 8.3
± 1.8% CaCO3 content (g/g sand) and was approximately 30% larger than the
average modulus measured for the fine cement specimens. Increased moduli
of elasticity were measured for increased strengths for the MICP, ENICP, and
ENFICP specimens.
It is recognized that the statistical significant differences between the specimens is

difficult because of the small number of replicates. However, results of this investigation
suggest that UICP specimens can be produced with similar stiffness of fine cements and
strengths of these UICP specimens can be as high as 77% of the fine cement specimens.
In addition, depending on the nutrients present or the number of injections of
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biocementing promoting solutions, different material properties might be achieved. The
improved characteristics of these environmental friendly materials have the potential for
more efficient use in subsurface applications such as in enhanced oil recovery and
hydraulic fracturing operations.

Recommendations for Future Work

Future research should include investigations of different fiber lengths and types
for both enzyme and microbe specimens. Future studies also should aim to explore the
role of additives including nutrient sources to the EICP and MICP produced cements to
alter material properties. Methods to prepare more consistent specimens should be
examined and studies should be planned to investigate impacts to the material properties
in the presence of chemistries, temperatures and pressures conditions typically found in
the subsurface.
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APPENDIX A
STRAIN GAGE APPLICATION

53
A stiff-bristled brushed was used to remove loose soil particles on the specimens
surface. An acidic solution, M-Prep Conditioner A, was applied to the surface and scrubbed with
a stiff-bristled brushed and rinsed with water. Gauze pads were used to remove the residue and
conditioner. In order to decrease the acid amount on the surface, M-Prep Neutralizer 5A was
used. The Neutralizer was applied by wiping through the gage area with gauze sponges. Lighter
was used to dry the surface. To have a uniform gage-bonding surface, M-Bond AE-10 adhesive
was applied to the surface as a sealer. After the adhesive was cured, 320-grit sand paper was
used until the base material was exposed. Layout lines were marked on outside of the gaging
area. Gages were placed on PCT-2M gage installation tape using a tweezers. One end of the tape
placed on concrete a thin layer of M-Bond AE-10 adhesive was applied on back of the gage and
concrete specimen with a mixing rod. The tape was wiped through the layout lines with a gauze
sponge. Force was applied on gages to have an optimum bond performance. After the bonding
material was cured, the tape was removed from the surface. The last step in the strain gage
installation was soldering the lead wires to the strain gage tabs
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APPENDIX B
SPECIMENS AND TEST RESULTS SUMMARY
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2.5 cm x 5 cm – Biocement and Cement Specimens
Source of
cementation
MICP
EICP
Well
Cement

Cementation
Method
Injecting S.
pasteurii
Injecting
JBM with
nutrient
Mixing
according to
ASTM C39

# of
specimens

MPa
7 day

14
day

28
day

28-day
Elastic
Modulus
(MPa)

3

6.8 ± 2.3

-

3

16.3 ± 2.4

-

9

11.0
± 1.1

26.0
± 2.6

21.1
± 4.0

Notes

-

Fine
Cement

Injecting fine
cement into
sand columns

9

12.23
± 2.6

19.58
± 2.5

9.5 ±
3.1

-

Type I

Mixing
according to
ASTM C39

9

21.4
± 4.9

26.8
± 2.7

24.6
± 5.8

-

3rd
specimens
strength is
really low
for 28
days.
(5MPa)
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5 cm x 10 cm – Biocement Specimens

Source of
cementation
MICP-1
MICP-2

EICP

ENICP

ENFICP

MEICP

Cementation
Method
Injecting S.
pasteurii
Injecting S.
pasteurii

Injecting
JBM without
nutrient

Injecting
JBM with
nutrient
Injecting
JBM with
fibers and
nutrient
Mixing
microbes and
enzymes

# of
specimens
3
3

2

Strength
MPa
12.72 ±
1.3
6.98 ±
3.97

2.74 ±
0.55

28-day
Elastic
Notes
Modulus
(MPa)
18475.8
± 482
14224 ±
3927
1 - 5 cm x 5
cm
1 - 5 cm x
7.5 cm
1- broken
during
removal
process

3

6.36 ±
3.00

17316 ±
1430

3

3.17 ±
0.56

15080 ±
1831

3

7.64 ±
2.22

16623 ±
915
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5 cm x 10 cm - Cement Specimens

Source of
cementation

Cementation
Method

# of
specimens

Well
Cement

Mixing
according to
ASTM C39

9

Fine
Cement

Fine
Cement
Type I

Injecting fine
cement into
sand columns

Mixing
according to
ASTM C39
Mixing
according to
ASTM C39

Strength, MPa
7
day

14
day

28
day

28-day
Elastic
Modulus
(MPa)

Notes

I didn’t
include the
4th
specimen’s
data from
14 days
since the
cement
didn’t go
through the
middle

13.4 22.0 36.2
± 0.8 ± 5.2 ± 1.0

12

11.1 15.7 16.6
± 0.7 ± 1.9 ± 2.5

14223 ±
223

9

10.8 16.7 18.3
± 0.2 ± 0.5 ± 0.2

12084 ±
384

9

26.0 30.1 39.3
± 3.5 ± 5.3 ± 0.8

