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Microbially-induced calcite precipitation (MICP), or biocementation, is a bio-mediated ground 

improvement method that can improve the engineering behavior of granular soils through the 

precipitation of calcium carbonate materials. While resulting bonds and particle coatings can 

provide large increases in soil initial shear stiffness, peak shear strength, and liquefaction 

resistance, alternative strategies such as microbial desaturation have shown the significant 

potential of increases in pore fluid compressibility to reduce excess pore pressure generation in 

contractive soils during undrained loading. In this study, a suite of experiments were performed to 

investigate the potential of novel biocementation treatment processes to enable entrapment of 

gasses within biocemented composites. Entrapped gas bubbles within biocemented materials may 

afford the ability to increase pore fluid compressibility and reduce excess pore pressure generation 

during undrained shearing following material damage and cemented bond fracture through the 



 

release of trapped gases. Batch experiments were employed to identify effective methods to both 

generate and entrap gasses within an organic polymer layer applied intermittently between 

biocementation treatments. During all experiments, aqueous chemical measurements were used to 

monitor cementation formation and gas entrapment processes with scanning electron imaging, 

material cross-sectioning, and energy dispersive spectroscopy employed to characterize achieved 

gas inclusions, material elemental composition, and resulting impacts on cementation morphology 

and fabric. Results suggest that gas voids can be successfully entrapped within biocementation 

through the application of organic polymers and microbial mixed acid fermentation (MAF) 

treatments, which can enable carbon dioxide production from both dissolution of existing 

biocementation and as a fermentation byproduct. Magnesium chloride treatment additions were 

also found to enable more effective coating of gas-containing polymer films during subsequent 

biocementation treatments when compared to control treatments not amended with magnesium. 

The novel biocemented composites developed through this research may enable significant 

improvements in engineering performances afforded by biocementation soil improvement and the 

environmental and financial efficacy of the technology.  
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Chapter 1: Introduction 

1.1 Background & Motivation 
Ground improvement is an ever-evolving area in geotechnical engineering. Some of the most 

common methods of ground improvement include forms of grouting, deep soil mixing, and 

dynamic compaction among many other methods (Raju 2010). While these methods have been 

shown to effectively improve soil engineering properties, environmental concerns related to 

greenhouse gas emissions and aqueous toxicity, among other concerns, have sparked interest in 

more environmentally conscious soil improvement technologies. Microbially induced calcite 

precipitation (MICP), or biocementation, is one such method that has been extensively researched 

as an environmentally beneficial technology, relying on microbial urea hydrolysis activity to 

cement soils with calcium carbonate minerals (Stocks-Fischer et al. 1999). The process eliminates 

the use of portland cement, however, there are other important considerations related to ammonium 

byproduct generation and resulting brittle engineering behaviors. 

 

Past research has shown that soils treated with biocementation can achieve large increases in shear 

stiffness and shear strength (DeJong et al. 2006; Montoya & DeJong 2015; Gomez & DeJong 

2017), reductions in hydraulic conductivity (Baek et al. 2024), and improvements in liquefaction 

resistances (Montoya et al. 2012; Lee et al. 2022; Lee & Gomez 2023). While biocementation can 

greatly improve the behavior of granular soils at smaller strain levels, at large-strains, cemented 

bond failure results in materials behaving more similar to a denser uncemented sand with 

significant strain softening and brittle behaviors observed under confining stresses typical of most 

ground improvement applications (i.e., < 200 kPa) (Montoya & DeJong, 2015; Mortensen & 

DeJong 2011; Lee & Gomez 2023). Although these large-strain behaviors can be improved with 
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higher levels of cementation which increasingly densify the soil with added mineral solids, such 

strategies may not be the most economical and environmentally beneficial approach. If larger-

strain behaviors can be improved at low levels of cementation, it is expected that transformative 

environmental and financial benefits may be achieved. 

 

The mechanical performance of soil treated with biocementation have been shown to depend on 

the morphology of precipitates as well as the distribution of cementation on particle surfaces and 

contacts. For example, there can be large differences in the crystalline polymorphs of calcium 

carbonate that are precipitated during biocementation depending on treatment approaches used and 

environmental factors present (Burdalski et al. 2022). Despite this, almost all past studies on 

biocementation have examined improvements afforded by calcium carbonate as a single 

cementitious material phase. In contrast, biogenic calcium carbonate materials found in marine 

organisms including mollusks and marine arthropods are composed of nearly identical minerals, 

but incorporate small amounts of organics to yield mechanically superior composites with 

increased fracture resistance, tensile strength, ductility, and other multifunctionalities. Thus, an 

opportunity exists to draw inspiration from the structure and mechanisms associated with biogenic 

composites to modify conventional bio-cementation and achieve new bio-cemented composites 

that can further enhance soil engineering behaviors.  

 

In this study, a suite of batch experiments were performed to specifically investigate the potential 

of novel biocementation treatment processes to enable entrapment of gasses within 

biocementation. Entrapped gas bubbles within biocemented materials may afford the ability to 

increase pore fluid compressibility and reduce excess pore pressure generation during undrained 
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shearing following material damage and cemented bond fracture through the release of trapped 

gases. A brief review of existing knowledge on soil desaturation and biogenic composites is first 

described followed by an overview of the experimental program with specific batch experiments 

presented in subsequent chapters. 

 

1.2 Potential of Soil Desaturation 

Although this study specifically focuses on entrapping gas voids within biocemented composites, 

the effect of gas bubbles on soil behaviors alone has been extensively investigated. For example, 

Takemura et al. (2009) and O’Donnell et al. (2017) found that low levels of desaturation (< »99% 

saturation) can increase pore fluid compressibility, dampen excess pore pressure generation during 

undrained shearing, and increase soil liquefaction resistances. Such results indicating the high 

material efficiency of the desaturation process has sparked interest in methods to desaturate soils, 

specifically for the purpose of earthquake-induced liquefaction mitigation (He et al. 2016; 

Takemura et al. 2009). This includes the use of microbial denitrification to produce biogas bubbles 

as well as other abiotic air injection methods (Stallings Young et al. 2021; Hall et al. 2018; Eseller-

Bayat, 2009; Byle et al., 2017). 

 

As described previously, biocementation can achieve large improvements in liquefaction 

triggering resistance owing to the stiff cemented bonds that restrict soil contraction and excess 

pore pressure generation (Lee et al. 2022; Lee & Gomez 2023). However, following bond breakage 

at large-strains, the post-triggering resistance of biocemented soils can be comparable to 

uncemented soils for the same dry density, indicative of the more minimal improvements afforded 

by cementation following damage. An opportunity exists to incorporate gas bubbles within 
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biocementation to enable gas release during cemented bond damage and further improvements in 

liquefaction behaviors at larger strains following triggering. Such methods may be transformative 

of the technology, enabling improvements across a wide spectrum of strain-levels while 

minimizing environmental and financial impacts. 

 

1.3 Developing Biocemented Composites with Entrapped Gasses 

Through millions of years of evolution, organisms have optimized the behavior of mineral-based 

materials by combining ductile organics with brittle inorganic phases to produce composites. 

These composites are pervasive in nature and consist almost exclusively of calcium, silica, and 

phosphate-based minerals that are incorporated with biopolymers. Natural bio-composites have 

unique attributes including mechanical properties that can be far superior to the constituents from 

which they are assembled. For example, mollusk nacre consists of approximately 95% aragonite, 

a CaCO3 mineral, with only 5% biopolymers yet exhibits near 3 orders of magnitude greater 

resistance to cracking from impact loading than pure calcite (Sun & Bushan 2012). This insight 

provides a unique opportunity to develop bioinspired biocemented composites with improved 

engineering behaviors relative to conventional biocementation. The incorporation of biopolymers 

within biocementation can be used to develop films and inclusions that can prevent stress-

concentrations thereby achieving enhanced fracture toughness and ductility. Such polymer layers 

may also permit development of new functionalities such as entrapped gasses which themselves 

may permit improved engineering behaviors under undrained conditions, although through an 

entirely different mechanism. 
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Our experiments investigate for the first time, the use of polymer layers to be incorporated within 

a biocemented composite for the purpose of gas release and pore fluid desaturation following 

cemented material damage. More specifically, a treatment process was investigate wherein (i) soils 

were first cemented via MICP, (ii) a polymer solution was injected into cemented soils with 

fermentable substrates to enable mixed acid fermentation, dissolution of cementation and carbon 

dioxide generation (referred to as “PolyMAF”), and (iii) subsequent cementation treatments were 

applied to re-precipitate calcium carbonate minerals over the gas containing polymer layer, thereby 

creating gas inclusions within a biocemented composite material.  

 

Preliminary proof-of-concept testing considered a variety of different candidate polymers 

including xanthan gum, guar gum, and sodium alginate for the PolyMAF injection. Following this 

testing, sodium alginate was found to be an optimal candidate due to the polymer's ability to cross-

link with released calcium during dissolution and form a stiffer calcium alginate gel to entrap 

bubbles. The method was applied to proof-of-concept soil column tests and results indicated that 

crystal surfaces could be modified using such techniques. However, clear trapped gas bubbles were 

not easily observed in samples obtained from these column tests suggesting that further 

development of the treatment process would be required. An extensive series of batch experiments 

were then performed to optimize the treatment process and establish methods to entrap gasses 

more effectively, which are described in detail in this thesis. 

 

1.4 Scope of Research 
The scope of the research presented in this thesis will focus on three select batch experiments 

completed after preliminary soil column and batch experiments, which allowed for identification 
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of treatment protocols used throughout the testing program. In Chapter 2, results from batch 

experiments examining the effect of applied polymer concentrations are presented. These 

experiments identified the abilities of higher polymer concentrations to entrap gas bubbles 

generated during calcium carbonate degradation and through the mixed acid fermentation process. 

In Chapter 3, results from batch experiments examining the effect of chemical additives and rinsing 

techniques are presented. These experiments identified unexpected morphological effects when 

adding magnesium chloride as well as the improvements in gas entrapment when performing a 

calcium rinse. Finally, in Chapter 4, the magnesium amended treatment process is investigated in 

greater detail, thereby demonstrating a treatment process through which gas inclusions may be 

achieved.  In each chapter, a brief description of the motivation for each experiment set is provided, 

followed by a description of the employed methods, materials used, experimental set-up, sampling 

program, and treatment scheme. Results related to each experiment set are then presented along 

with primary conclusions and remaining knowledge gaps.  
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Chapter 2: Effect of Chemical Additives on 2nd Cementation Treatment and 
Air-Entrapment  

2.1 Introduction 
MICP, or biocementation, is a ground improvement method that can improve the engineering 

behavior of granular soils through the precipitation of calcium carbonate minerals which can form 

interparticle bonds and particle surface coatings (refs). Although the behavior of biocemented 

sands can be significantly improved at small-strains, at large-strains more minimal improvement 

is observed following the degradation of cemented bonds with improvements primarily related to 

the addition of mineral solids and soil matrix densification. Although higher magnitudes of 

cementation may improve material behaviors at larger strains through increased dilatancy, 

increases in material and energy consumption will reduce the environmental and financial efficacy 

of the process.  

 

As described earlier, it may be possible to incorporate polymers within biocemented composites 

to achieve improved engineering properties as well as new functionalities such as the release of 

gasses during loading. Although not reported in this thesis, preliminary experiments were 

conducted to identify the treatment protocols needed to employ such processes including the type 

of biopolymer to be introduced, the augmentation methods needed to enable biocementation and 

mixed acid fermentation, and the protocols needed to enable multiple treatment phases including 

intermediate treatment rinses. In this chapter, eight different batch experiments were conducted 

which specifically investigated the (i) behavior of a standard MICP control experiment, (ii) the use 

of mixed acid fermentation as a method of cementation degradation and carbon dioxide generation, 

(iii) the ability of augmented soils to enable multiple cementation treatments, and (iv) the effects 

of different polymer concentrations on gas entrapment. 
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2.2 Material and Methods 

2.2.1 Experiment Overview 
Eight individual batch experiments were performed to evaluate gas entrapment testing protocols. 

Five experiments, with a polymer concentration of 0.0005%, were performed to establish baseline 

methods for future comparisons and three experiments were performed to investigate the effect of 

differences in organic polymer concentrations during the PolyMAF treatment. All experiments 

contained an Ottawa F-65 Sand and Concrete Sand mixture in a glass petri dish with approx. 44 

mL of solution. Although each experiment differed slightly in treatment approach, the primary 

treatment phases were as followed (with small differences described later): (i) a single cementation 

treatment intended to first biocement soils, (ii) a PolyMAF treatment including sodium alginate 

biopolymer with substrates required to enable mixed acid fermentation (i.e., MAF inoculant, 

glucose, yeast extract),  and (iii) a second cementation treatment intended to coat the polymer film 

containing entrapped gases. Table 2.1 (in Appendix) describes all eight experiments including test 

number, test name, and specific solution chemical compositions of the (i) first augmentation, 

cementation, and post-treatment rinse solutions, (ii) PolyMAF/Poly injections and post-treatment 

rinse solutions, and the (iii) second augmentation, cementation, and post-treatment rinse solutions. 

 

Experiment 1 was a control experiment that followed a similar treatment protocol as the 

preliminary soil column experiments containing sodium alginate. Experiment 2 was a second 

control experiment that was augmented and received only a single cementation treatment similar 

to Burdalski et al. 2022. Experiment 3 was a third control experiment that was augmented, received 

a single cementation treatment, and then received a PolyMAF treatment. Experiment 4 was a 

fourth control experiment that was identical to Experiment 1, intended to evaluate the repeatability 
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of experiments.  Experiment 5 was a fifth control experiment that was augmented, received a single 

cementation treatment, and then received a polymer treatment alone (referred to as “Poly”) without 

MAF substrates to evaluate the effect of mixed acid fermentation activity.  

 

Experiments 6 through 8 were used to evaluate the effect of polymer concentration on gas 

entrapment. Earlier soil column experiments identified that concentrations of 0.10% and 0.30% 

could not be applied to soil columns due to interactions between sodium alginate and free calcium 

present within biocemented columns which resulted in large solution viscosity increases and 

clogging during injections. Following additional testing, it was found that much lower 

concentrations below 0.01% could be applied to a biocemented column with success. Experiments 

6, 7, and 8 received treatments identical to Experiment 1 but received lower sodium alginate 

concentrations of 0.001%, 0.005%, and 0.01%, respectively.  

 

2.2.2 Batch Experiment Set-up 
All batch experiments contained a mixture of 95% Ottawa F-65 sand and 5% Concrete Sand (by 

mass). This was intended to provide native soil microorganisms needed to complete mixed acid 

fermentation. Each batch experiment contained 5.3 grams of soil, 44 mL of solution, and were 

conducted in 100x15 mm Corning bottom glass petri dishes that were covered with aluminum 

foil to minimize temperature changes and mitigate evaporation effects and potential 

contamination.  
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2.2.3 Biogeochemical Sampling, Monitoring, and Imaging 
Aqueous samples were collected daily during cementation treatments with sterile pipettes. 

Additional samples were collected at 2 hours, 4 hours, and 8 hours after each cementation 

treatment was initiated. The volume collected for each sample was 120 µL and no more than 10% 

of the total sample volume was collected to minimize sample effects. All collected aqueous 

samples were acid stabilized with 300 µL of 1M hydrochloric acid (HCl) to ensure that urea 

hydrolysis and calcium carbonate precipitation activity after sampling was minimized. Collected 

samples were used to determine urea concentrations in time for each experiment during the first 

and second cementation treatments following protocols outlined in Knorst (1997). Assays were 

performed in a 96-well plate in which 25 µL of  sample, 185 µL of hydrochloric acid, and 40 µL 

of urea assay reagent were combined within each well, with the spectrophotometer providing an 

optical density value within the plate. This OD value was then correlated to a cellular density based 

on standards specific to the laboratory spectrophotometer. 

 

After all treatments, samples were rinsed with 70% ethanol and oven dried. After oven drying, 

soils were prepared for SEM imaging. Soil subsamples were mounted onto a pedestal with carbon 

tape and then sputter coated using a Leica EM ACE600 sputter coater with ~4 nm of platinum to 

increase the conductivity of the samples to improve image quality. All samples were imaged using 

2 kV and 13 pA using T1, ETD, and Mixed (T1 & ETD combined) detectors to examine different 

aspects of specimen morphology.  

 

2.2.4 Treatment Scheme and Overview 
All soil specimens were initially augmented with S. pasteurii (ATCC 11859) (Yoon et al. 2001) a 

well-studied ureolytic bacteria used in many previous MICP studies (Gomez et al. 2015, San Pablo 
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et al. 2020, van Paassen 2009, Gomez et al. 2016, van Der Star 2009). S. pasteurii was grown in 

500 mL volumes of standard ATCC 11859 growth media (15.74 g/L Tris Base, 20 g/L yeast 

extract, 10 g/L ammonium sulfate, pH adjusted to 9.0) using a process similar to that outlined in 

Burdalski (2020). After mixing, growth media was autoclaved using a liquid cycle for 24 minutes 

at 121oC to sterilize prior to inoculation. After autoclaving, media volumes were inoculated with 

a -80oC S. pasteurii glycerol stock culture, covered with sterile foil, and placed on an orbital shaker 

for approximately 36 hours at 180 rpm. OD600 values were monitored in time and reached a value 

near 3.00E+09 cells/mL after ~36 hours, after which cells were harvested for experiments. 

 

During harvesting, 50 mL of growth media was transferred to a sterile 50 mL conical tube and 

centrifuged at 4200 rpm for 10 minutes. Following centrifugation, supernatant solutions were 

removed, and cells at the bottom of the conical tube were retained. Sterile isotonic saline solution 

(9 g/L sodium chloride in DI water) was then added to the conical tube, shaken to free cells from 

the bottom of the tube, and centrifuged at 4200 rpm for 10 minutes to rinse. After rinsing, the 

supernatant was again decanted, and an additional 10 mL of saline solution was added to the tube. 

The conical tube was then shaken to achieve homogenization of the cell pellet throughout the 

solution. Cell pellets were refrigerated until use (between one and two days after pelleting to ensure 

high cellular activity). Specified volumes of cell pellets were mixed with 5 mL of sterile saline 

solution and the 5.3 grams of the soil mixture in a 50 mL conical tube and placed in the refrigerator 

to reside overnight. Added volumes were determined from the growth media cell density in order 

to achieve a cell density of 7 x 107 cells/mL within experiments once fully mixed with cementation 

solutions. The augmented soil and cell pellet mixture was poured into glass dishes prior to the start 

of experiments.  
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In order to start the first cementation treatment, cementation solutions were added to glass dishes 

containing the augmented soil. Cementation solutions were formulated to obtain concentrations of 

250 mM calcium and urea once mixed with the augmenting solution volumes. All experiments had 

a total volume after adding the cementation solution of 44 mL. All cementation solutions were 

prepared using urea (Fisher Chemical, U15-50), calcium chloride dihydrate (Fisher Chemical, 

C79-3), and contained 0.2 g/L of yeast extract (Fisher BioReagents, BP1422-500). Cementation 

treatments were allowed to react within samples over 72 hours to ensure reaction completion. 

Following the cementation treatment period, solutions were decanted, and samples were rinsed 

with 35% ethanol to remove treatment byproducts. Although other samples received additional 

treatments, Experiment 5 was oven-dried immediately after this rinse. 

 

In experiments receiving a subsequent polymer solution, the solution was first prepared and then 

applied to the cemented samples following rinsing. Polymer concentrations were calculated by 

dividing the mass of polymer by the total volume of solution (DI water) and converting into 

percentage. All PolyMAF treatments contained sodium alginate prepared from a 0.50% stock 

solution. This stock solution was diluted to the specific concentrations required for each 

experiment. PolyMAF solutions contained both sodium alginate polymer as well as 10 g/L 

glucose, 1 g/L yeast extract, and 1 mL per 300 mL of a mixed acid fermentation inoculation 

solution intended to enable mixed acid fermentation activity. The PolyMAF solution was 

expected to generate carbon dioxide gas within the polymer from both the dissolution of calcium 

carbonate and as a fermentation byproduct. The mixed acid fermentation inoculation solution 

was prepared similar to Ribeiro et al. 2024 by adding 50 g of Delta Sand to a solution of 10 g/L 
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glucose and 5 g/L yeast extract in a sealed flask. This solution was sealed with an air lock to 

provide anaerobic conditions and was allowed to sit until a pH below 5.0 was achieved indicative 

of substantial fermentation activity. After applying to batch experiments, PolyMAF treatments 

were allowed to reside within experiments for 72 hours without sampling disturbances to limit 

oxygen intrusion. After the residence period, solutions were carefully decanted. Poly treatments 

involved similar procedures but received polymer only solutions without added glucose, yeast 

extract, or mixed acid fermentation inoculation solutions. 

 

In order to determine methods for the second cementation treatment, a set of batch experiments 

were performed. These experiments specifically considered how specimens would be augmented 

following the PolyMAF treatment in order to complete the second cementation. Three methods 

were considered including (i) mixing cells directly with cementation solutions and applying this 

mixture to samples after PolyMAF, (ii) adding cells to soils within the glass dishes and allowing 

them to sit overnight (~12 hours), with the addition of the cementation solution occurring 

afterwards, and (iii) scraping the treated soil after the PolyMAF treatment into a conical tube 

containing cells and isotonic saline solution and allowing this to sit overnight (~12 hours), with 

again the addition of the cementation solution occurring afterwards. Following these tests, the 

method of scraping the treated soil after the PolyMAF treatment into a conical tube containing 

cells and isotonic saline solution was selected as the optimal approach for re-augmentation, with 

the other two re-augmentation approaches appearing to increasingly nucleate small precipitate 

crystals within samples, possibly due to the increased abundance of cells in free solution. 
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For all experiments completed in this set, treated soils were scraped after the PolyMAF treatment 

into a 50 mL conical tube and re-augmented. The applied cell density for the second augmentation 

identical to the first augmentation of 7 x 107 cells/mL when diluted with the cementation solution. 

Following augmentation and the residence period, augmented soils were poured into glass dishes 

and the second cementation treatment was applied. The second cementation solution was identical 

in composition to the first cementation solution (250 mM urea and calcium chloride with 0.2 g/L 

yeast extract) and was allowed to reside within samples for 72 hours. Following the residence 

period, samples were rinsed with 35% ethanol and then oven-dried. 

 

2.3 Results & Discussion 

2.3.1 Biogeochemical Behavior 
Urea concentrations were monitored in all experiments during the initial cementation treatment up 

to 72 hours. Figure 2.1 presents measured urea concentrations versus elapsed time for all 

experiments during the first cementation injection. All experiments exhibited similar reaction 

rates, with near 200 mM urea being hydrolyzed within the first eight hours following treatments. 

After 24 hours, urea concentrations in all experiments were near zero suggesting that urea 

hydrolysis was largely complete. Urea concentrations were also monitored during the second 

cementation treatment for all experiments receiving a second cementation treatment. Similar to the 

initial cementation treatment, all experiments had similar urea degradation behaviors with perhaps 

somewhat greater variability in reaction rates likely due to the presence of various polymer 

concentrations. Both data sets confirmed that the biocementation process was completed both 

during the initial cementation treatment and following both PolyMAF and Poly treatments during 

the second cementation treatment. 
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Fig. 2.1. Batch experiment urea concentrations versus time during the first cementation (left) and 

second cementation (right) treatments. 

 

2.3.2 Morphological Effects 
In order to assess differences in material morphology, SEM imaging of treatment and untreated 

soil samples was performed. Figure 2.2 presents SEM images of untreated Ottawa F-65 soil prior 

to all treatments. As shown, clean mineral surfaces and subrounded grains are visible due to the 

absence of biocementation treatments. 
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Fig. 2.2. SEM images of untreated Ottawa F-65 sand.  

 
Following all treatments, soil samples from batch experiments were SEM imaged. Figure 2.3 

presents images of the treated soil from Experiment 1, which received a biocementation treatment 

followed by a 0.0005% sodium alginate PolyMAF treatment and a second biocementation 

treatment. As shown, the presence of the biopolymer can be observed and appears to coat larger 

biocementation crystals likely resulting from the first biocementation treatment. Smaller 

biocementation crystals can also be seen likely resulting from the second biocementation 

treatment, however the spatial distribution of these crystals appeared to be poorly organized with 

some small crystals filling free void space, growing on other larger crystals, or residing within 

voids likely resulting from fermentation-induced dissolution. These smaller crystals also appeared 

to have somewhat rounded edges, unlike the more cubic forms expected for calcite (Burdalski et 

al. 2020). When examining the morphologies of crystals in the Experiment 4 sample, which was 

treated identically to Experiment 1, similar morphologies were observed suggesting that the 

process could be reliably repeated. 
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Fig. 2.3. SEM images of the Experiment 1 (MICP – PolyMAF (0.0005%) – 2nd MICP) treated 

soil specimen at various magnification levels. 

 

Figure 2.4 presents images of the treated soil from Experiment 2, which received only a single 

biocementation treatment. As shown, crystal morphologies in this specimen appeared similar to 

other biocemented sands with calcium carbonate crystals precipitating on the surface of the sand 

particles and forming interparticle bonds. Unlike the experiments of Burdalski et al. (2020) the 

calcite crystals observed in this specimen had more rounded edges, likely due to the presence of 

yeast extract. Similar crystal morphologies have also been observed in biostimulation experiments 

when yeast extract was present (Gomez et al. 2017), suggesting the possibility of yeast extract 

altering crystal morphologies and/or unintended stimulation of native bacteria in these experiments 
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due to non-sterile conditions. On some of the crystal surfaces, bacterial voids on the order of 

several micrometers in size could also be observed, suggesting the close association of bacterial 

cells with biocementation crystals. 

 

 

 
 
Fig. 2.4. SEM images of the Experiment 2 (MICP) treated soil specimen at various magnification 

levels.  

 
Figure 2.5 presents images of the treated soil from Experiment 3, which received a single 

biocementation treatment followed by a single PolyMAF treatment, but no second cementation 

treatment. As shown, a polymer coating can be observed over some of the soil and existing calcite 

crystals. The surface degradation of calcite crystals could also be observed likely due to the effects 
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of mixed acid fermentation. Both increased deterioration of cemented bonds between crystals and 

the presence of larger voids on the surface of crystals were observed.  

 

 

 
 

Fig. 2.5. SEM images of the Experiment 3 (MICP – PolyMAF 0.0005%) treated soil specimen at 

various magnification levels. 

 
Figure 2.6 presents images of the treated soil from Experiment 5, which received a single 

biocementation treatment followed by a single polymer only Poly treatment (without mixed acid 

fermentation), and one second cementation treatment. Experiment 5 was conducted to assess the 

contribution of mixed acid fermentation towards altering crystal surfaces and generating carbon 

dioxide within the polymer. As shown, crystal surfaces appeared to be much more well defined 
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than those observed in Experiment 1 and 4 which had identical treatments with mixed acid 

fermentation. This suggested that the mixed acid fermentation process altered crystal surfaces 

through dissolution and that the application of sodium alginate alone could not recreate these 

effects. In addition, the second cementation appeared to nucleate much smaller crystals in a random 

pattern spatially across the samples, suggesting that the addition of the polymer between treatments 

may have altered nucleation of subsequent biocementation. 

 

 

 
 

Fig. 2.6. SEM images of the Experiment 5 (MICP – Poly (0.0005%) – 2nd MICP) treated soil 

specimen at various magnification levels.   
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Figure 2.7 presents images of the treated soil from Experiment 6, which received a biocementation 

treatment followed by a higher concentration 0.001% sodium alginate PolyMAF treatment (2x 

standard concentration) and a second biocementation treatment. Although clear polymer coatings 

were not visible in the majority of the other experiments with lower sodium alginate 

concentrations, at this high concentration significant coating of cementation crystals with a 

polymer film was observed. In some instances, polymer strands connecting particles could also be 

observed which may have become more pronounced following oven drying. The presence of this 

film was expected to have resulted from interactions between released calcium during calcium 

carboante dissolution and the supplied sodium alginate polymer which can cross-link to form a 

stiffer water-insoluble calcium alginate gel (Ching et al. 2017). Figure 2.8 presents images of the 

treated soil from Experiment 7, which received a biocementation treatment followed by a higher 

concentration 0.005% sodium alginate PolyMAF treatment (10x standard concentration) and a 

second biocementation treatment. Again, the polymer films and strands were more pronounced 

than earlier experiments receiving the standard polymer concentration (0.0005% sodium alginate).  

Figure 2.9 presents images of the treated soil from Experiment 8, which received a biocementation 

treatment followed by a higher concentration 0.01% sodium alginate PolyMAF treatment (20x 

standard concentration) and a second biocementation treatment. This sample indicated the 

presence of spherical shapes which appeared to be coated by polymers and were thought to be 

indicative of possible gas inclusions. This result was promising and suggested that higher polymer 

concentrations may afford an improved ability to entrap gas voids within biocemented composites. 
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Fig. 2.7. SEM images of treated soil samples from Experiment 6 (upper left, MICP – Poly 

(0.001%) – 2nd MICP). 

 

Fig. 2.8. SEM images of treated soil samples from Experiment 7 (upper right, MICP – Poly 

(0.005%) – 2nd MICP). 
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Fig. 2.9. SEM images from Experiment 8 (bottom center, MICP – Poly (0.01%) – 2nd MICP). 

 

2.4 Conclusions & Remaining Knowledge Gaps 
A series of eight batch experiments were performed to investigate the success of various gas 

entrapment processes including the impact of mixed acid fermentation, the effect of polymer 

additives, and the effect of applied polymer concentrations. The experiments demonstrated that 

applied polymer treatments with mixed acid fermentation could be used to dissolve crystal surfaces 

with possible entrapment of release carbon dioxide gases. Control experiments without polymer 

injections exhibited morphologies consistent with other biocementation experiments without 

polymers and with yeast extract. When the polymer was provided alone, this appeared to result in 

the nucleation of many small crystals during the second cementation event, however, minimal 

damage of existing crystals was observed due to the absence of mixed acid fermentation. As 

applied sodium alginate polymer concentrations were increased in the presence of mixed acid 

fermentation, polymer films and strands became more clearly visible in the samples with spherical 

shapes observed in the highest polymer concentration sample possibly indicative of entrapped gas 

bubbles. Although these results were promising, several important knowledge gaps still remained 

including: (i) while smaller crystals were observed in samples experiencing a second cementation 

treatment, it was unclear why crystals nucleated in this spatial pattern and if such crystals actually 

were precipitated during the second cementation treatment, (ii) although spherical forms were 

observed in the 0.01% polymer sample it was not clear if such forms were indeed trapped gas 

bubbles, and (iii) it was unclear if the second cementation treatment could be used to successfully 

coat the gas containing polymer layer within cemented materials or if the second cementation 

would only nucleate smaller crystals in a less ordered arrangement due to the presence of the 

polymer, which altered future precipitation events. Moving forward, higher polymer 
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concentrations near 0.01% sodium alginate appeared to be more optimal for future experimentation 

and examining strategies for distinguishing the various forms resulting from the different phases 

of treatment were prioritized. 
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Chapter 3: Investigating Effects of Chemical Tracers and Post-treatment 
Calcium Rinses on Biocemented Composite Morphology and Gas Entrapment 

3.1 Introduction 
As discussed in Chapter 2, protocols were identified to entrap gasses within biocemented 

composites including augmentation procedures, the usage of higher sodium alginate 

concentrations near 0.01% by mass to enable improved polymer film formation, and the use of 

mixed acid fermentation activity to degrade existing cementation crystals to release carbon dioxide 

gases. Although sufficient ureolytic activity was obtained to achieve a second cementation event, 

the employed treatment processes appeared to nucleate many small crystals when polymers were 

present. In an effort to track cementation progression and distinguish cementation formed during 

the first and second cementation events, it was hypothesized that chemical tracers could be added 

to experiments during various treatment phases in order to track materials formed during different 

stages of the process. It was expected that such tracers could facilitate detection using energy 

dispersive spectroscopy (EDS) which can identify chemical abundances and their spatial locations 

within materials. It was also recognized that the chemical tracers could result in additional 

challenges such as: (i) altering the precipitation morphology themselves and/or (ii) remaining 

passive and achieving minimal substitutions within the calcium carbonate and polymer layers 

thereby avoiding detection. In order to reduce possible effects on material morphology, reaction 

rates, and surrounding environmental conditions, chemical additives that were relatively inert and 

not detected in the parent soils and standard biocementation treatments were considered for the 

testing program. A batch experiment was therefore designed wherein small concentrations of 

magnesium chloride (MgCl2), potassium bromide (KBr), and sodium bromide (NaBr) were added 

to specimens during the second cementation or PolyMAF phase with the potential to enable 

tracking of these phases. 
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Although these tracers were anticipated to have only small impacts on material morphology, such 

effects have been considered in previous studies. For example, Berner (1975) and Zhang & Dawes 

(2000) found that the presence of magnesium may slow the rate of calcium carbonate precipitation. 

Magnesium can also be substituted for calcium within calcite at select sites to form magnesian 

calcite with slightly different morphology (Morse et al., 2007). Park et al. (2008) found that 

increases in Mg2+ concentrations can also promote the precipitation of aragonite rather than more 

thermodynamically-stable calcite. Although there is more minimal understanding of how bromide 

concentrations may impact calcium carbonate precipitation, Okumura et al. (1986) found that 

bromide ions can be more easily co-precipitated with aragonite rather than calcite. Additionally, 

the sodium present within sodium bromide might also be incorporated within biocementation. 

 

In addition to the eight batch experiments directed towards assessing the ability of chemical tracers 

to identify treatment phases, the effect of high calcium concentration rinses following PolyMAF 

treatments was also investigated in three separate batch experiments. It was anticipated that the 

application of high calcium rinses could promote the gelation of existing sodium alginate to better 

trap gas bubbles prior to the second cementation treatment. In all previous experiments, this rinse 

treatment was not applied and instead samples were immediately transitioned to the second 

cementation treatment after the PolyMAF treatment wherein the polymer layer may have been 

disturbed prior to crosslinking with calcium to form calcium alginate. It was expected that all 

eleven experiments would collectively provide new understandings regarding the materials formed 

during PolyMAF and the second cementation treatment as well as the preferred methods for 

transitioning samples from PolyMAF to the second cementation treatment. 



 27 

3.2 Material and Methods 

3.2.1 Experiment Overview 
Chapter 3 batch experiments were treated using similar procedures as Chapter 2. Although each 

experiment differed slightly in treatment approach, the primary treatment phases were as follows 

(with small differences described later): (i) a single cementation treatment intended to first 

biocement soils, (ii) a PolyMAF or Poly treatment including sodium alginate biopolymer with or 

without substrates required to enable mixed acid fermentation (i.e., MAF inoculant, glucose, yeast 

extract),  and (iii) a second cementation treatment intended to coat the polymer film containing 

entrapped gases. Experiments T1 through T8 investigated the use of chemical additives applied 

with treatments that were intended to serve as a tracer for either the PolyMAF/Poly or second 

cementation treatment. Experiments CR1 through CR3 investigated differences in applied rinse 

solutions following the PolyMAF/Poly treatment. Table 3.1 (in Appendix) describes all eleven 

experiments including test number, test name, and specific solution chemical compositions of the 

(i) first augmentation, cementation, and post-treatment rinse solutions, (ii) PolyMAF/Poly 

injections and post-treatment rinse solutions, and the (iii) second augmentation, cementation, and 

post-treatment rinse solutions. As shown, in select experiments chemical tracers were added to 

PolyMAF/Poly solutions to track polymer locations. In Experiment T2 the PolyMAF treatment 

was amended with 500 mM potassium bromide (KBr). In Experiment T3 the PolyMAF treatment 

was amended with 50 mM magnesium chloride (MgCl2). In Experiments T4, T7, and CR2 the 

PolyMAF treatment was amended with 500 mM sodium bromide (NaBr). All other experiments 

did not have chemical additives applied in the PolyMAF treatment. In other select experiments 

chemical tracers were also added to the second cementation treatment. In Experiments T5 and T7, 

the second cementation treatment was amended with 50 mM magnesium chloride (MgCl2). In 

Experiment T6, the second cementation treatment was amended with a higher 250 mM magnesium 
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chloride (MgCl2). In Experiment T8, the second cementation treatment was amended with a higher 

500 mM potassium bromide (KBr). Experiment T1 was a control and received no additives in 

either the PolyMAF treatment or second cementation treatment. In all of the calcium rinse 

experiments (Experiments CR1, CR2, and CR3), experiments also received a 250 mM CaCl2 rinse 

treatment immediately after the PolyMAF treatment in an effort to better entrap gas bubbles 

through the formation of calcium alginate. 

 

3.2.2 Batch Experiment Set-up 
All batch experiments contained solely Ottawa F-65 sand. This change was made to avoid trace 

elements that may have been supplied from the Concrete Sand, which may have altered crystal 

morphology. The presence of Concrete Sand was also not expected to be critical for enabling 

mixed acid fermentation due to the addition of the mixed acid fermentation inoculant. Each batch 

experiment contained 5.3 grams of soil, 44 mL of solution, and were conducted in 100x15 mm 

Corning bottom glass petri dishes and were covered with aluminum foil to minimize temperature 

changes and mitigate evaporation effects and potential contamination.  

 

3.2.3 Biogeochemical Sampling, Monitoring, and Imaging 
Aqueous samples (120 µL) were collected 0, 2, 4, 8, 24, 48, and 72 hours after each cementation 

treatment was initiated. The volume collected for each sample was 120 µL and no more than 10% 

of the total sample volume was collected to minimize sample effects. All collected aqueous 

samples were acid stabilized with 300 µL of 1M hydrochloric acid (HCl) to ensure that urea 

hydrolysis and calcium carbonate precipitation activity after sampling was minimized. Collected 

samples were used to determine urea concentrations in time for each experiment during the first 
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and second cementation treatments following protocols outlined in Knorst (1997). Assays were 

performed in a 96-well plate in which 25 µL of  sample, 185 µL of hydrochloric acid, and 40 µL 

of urea assay reagent were combined within each well, with the spectrophotometer providing an 

optical density value within the plate. This OD value was then correlated to a cellular density based 

on standards specific to the laboratory spectrophotometer. 

 

After all treatments, samples were rinsed with 70% ethanol and oven dried. After oven drying, 

soils were prepared for SEM imaging. Soil subsamples were mounted onto a pedestal with carbon 

tape and then sputter coated using a Leica EM ACE600 sputter coater with ~4 nm of platinum to 

increase the conductivity of the samples to improve image quality. All samples were imaged using 

an acceleration voltage between 2 and 5 kV and current between 6.3 and 13 pA using T1, ETD, 

and Mixed (T1 & ETD combined) detectors to examine different aspects of specimen morphology. 

For experiments wherein chemical tracers were supplied, samples were prepared differently for 

energy dispersive spectroscopy (EDS). This included mounting specimens and coating with a 8 to 

10 nm layer of carbon. All EDS samples were typically scanned using acceleration voltages 

between 5 and 20 kV (depending on the particular elements of interest) and a current high enough 

to generate a dead time (percentage of unprocessed x-rays generated from the sample) nearing 

50%. For select samples, epoxy cross-section was also performed wherein samples were embedded 

within a hard epoxy and slow sawed using a diamond wafer microblade to reveal the internal 

structure of cemented crystals. During preparation, soil samples were placed in a mold, epoxy was 

added, and the epoxy was allowed to cure for 24 hours before samples were removed. A quick 

release spray was used in the molds to make sample removal easier. After curing, the epoxy pucks 
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were cut, polished, and mounted on 1-inch diameter pin mounts using carbon tape. Once mounted, 

samples were placed in a Leica coater and coated with 8-10 nm of carbon thread.  

 

3.2.4 Treatment Scheme and Overview 
All samples were treated using similar protocols as used in earlier Chapter 2 experiments with 

small differences described. At the start of experiments, all soil specimens were augmented with 

S. pasteurii (ATCC 11859). S. pasteurii was grown in 500 mL volumes of standard ATCC 11859 

growth media (15.74 g/L Tris Base, 20 g/L yeast extract, 10 g/L ammonium sulfate, pH adjusted 

to 9.0) using a process similar to that outlined in Burdalski (2020). After mixing, growth media 

was autoclaved using a liquid cycle for 24 minutes at 121oC to sterilize prior to inoculation. After 

autoclaving, media volumes were inoculated with a -80oC S. pasteurii glycerol stock culture, 

covered with sterile foil, and placed on an orbital shaker for approximately 36 hours at 180 rpm. 

OD600 values were monitored in time and reached a value near 3.00E+09 cells/mL after ##### 

hours, after which cells were harvested for experiments. 

 

During harvesting, 50 mL of growth media was transferred to a sterile 50 mL conical tube and 

centrifuged at 4200 rpm for 10 minutes. Following centrifugation, supernatant solutions were 

removed, and cells at the bottom of the conical tube were retained. Sterile isotonic saline solution 

(9 g/L sodium chloride in DI water) was then added to the conical tube, shaken to free cells from 

the bottom of the tube, and centrifuged at 4200 rpm for 10 minutes to rinse. After rinsing, the 

supernatant was again decanted, and an additional 10 mL of saline solution was added to the tube. 

The conical tube was then shaken to achieve homogenization of the cell pellet throughout the 

solution. Cell pellets were refrigerated until use (between one and two days after pelleting to ensure 
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high cellular activity). Specified volumes of cell pellets were mixed with 5 mL of sterile saline 

solution and the 5.3 grams of the soil mixture in a 50 mL conical tube and placed in the refrigerator 

to reside overnight. Added volumes were determined from the growth media cell density in order 

to achieve a cell density of 7 x 107 cells/mL within experiments once fully mixed with cementation 

solutions. The augmented soil and cell pellet mixture was poured into glass dishes prior to the start 

of experiments.  

 

In order to start the first cementation treatment, a small change to the cementation procedure was 

made. In Chapter 2, cementation solutions were added directly to glass dishes containing the 

augmented soil. However, it was hypothesized that this method may have resulted in poor mixing 

of solutions with augmented soils and may have been responsible for the incomplete urea 

degradation observed in Chapter 2 experiments (approx. 50 mM remaining). To improve mixing, 

cementation solutions were added into the 50 mL conical tube containing the augmented soil after 

the residence period and vortexed. Once vortexed, the contents of the tube were poured into glass 

dishes to start the experiments. Cementation solutions were formulated to obtain concentrations of 

250 mM calcium and urea once mixed with the augmenting solution volumes. All experiments had 

a total volume after adding the cementation solution of 44 mL. All cementation solutions were 

prepared using urea, calcium chloride dihydrate, and unlike earlier experiments did not contain 

yeast extract. The removal of yeast extract was intended to limit possible morphological effects 

(i.e., rounded precipitate edges) and possible contamination of experiments by other 

microorganisms. Cementation treatments were allowed to react within samples over 72 hours to 

ensure reaction completion. Following the cementation treatment period, solutions were decanted 

and samples were rinsed with 70% ethanol to remove treatment byproducts.  
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Following the first cementation, all experiments then received subsequent PolyMAF treatments 

containing 0.01% sodium alginate polymer, 10 g/L glucose, 1 g/L yeast extract, and 1 mL per 300 

mL of a mixed acid fermentation inoculation solution intended to enable mixed acid fermentation 

activity.  All PolyMAF treatments contained sodium alginate prepared from a 0.50% stock 

solution. This stock solution was diluted to the specific concentrations required for each 

experiment. The mixed acid fermentation inoculation solution was prepared similar to that 

described in Chapter 2. In select tests, various chemical additions were also applied during the 

PolyMAF treatment as a chemical tracer. After applying to batch experiments, PolyMAF 

treatments were allowed to reside within experiments for 72 hours without sampling disturbances 

to limit oxygen intrusion.  After the residence period, solutions were carefully decanted. 

Experiments T1 through T8 were then immediately augmented in preparation for the second 

cementation treatment using the same scraping method described in Chapter 2. This involved 

scraping the treated soil after the PolyMAF treatment into a conical tube containing cells and 

isotonic saline solution and allowing this to sit overnight (~12 hours).  The applied cell density for 

the second augmentation identical to the first augmentation of 7 x 107 cells/mL when diluted with 

the cementation solution. Calcium rinse experiments (CR1 to CR3), however, were scraped into 

conical tubes containing a 250 mM calcium chloride dihydrate rinse solution, vortexed, and then 

placed in the refrigerator for 24 hours to encourage calcium alginate formation. Experiment CR3 

was immediately decanted and oven-dried after the calcium chloride rinse. For Experiments CR1 

and CR2, however, the contents of the conical tube were poured into a glass dish after the calcium 

rinse, carefully decanted again, and prepared for re-augmentation using the same method used for 

the tracer experiments and other Chapter 2 experiments.  
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After re-augmentation, all specimens received a second cementation treatment (with the exception 

of Experiment CR3).  The second cementation solution was identical in composition to the first 

cementation solution (250 mM urea and calcium chloride) and was allowed to reside within 

samples for 72 hours. For select samples, chemical additions were also supplied during the second 

cementation treatment. Following the 72 hour residence period, samples were rinsed with 35% 

ethanol and then oven-dried. 

 

3.3 Results & Discussion 

3.3.1 Biogeochemical Behavior 
 
Urea concentrations were monitored in all experiments during the initial cementation treatment up 

to 72 hours. Figure 3.1 presents measured urea concentrations versus elapsed time for all 

experiments during the first cementation injection. All experiments exhibited similar reaction 

rates, with near 225 mM urea being hydrolyzed within the first eight hours following treatments. 

After 24 hours, urea concentrations in all experiments were near zero suggesting that urea 

hydrolysis was largely complete. Urea concentrations were also monitored during the second 

cementation treatment for all experiments receiving a second cementation treatment. Similar to the 

initial cementation treatment, all experiments had similar urea degradation behaviors with again 

perhaps somewhat greater variability in reaction rates likely due to the presence of various polymer 

concentrations. Both data sets confirmed that the biocementation process was completed both 

during the initial cementation treatment and following PolyMAF treatments during the second 

cementation treatment. Interestingly, no significant differences in reaction rates were observed 
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during the second cementation treatment between experiments despite the presence of various 

chemical additions.   

 

 

 

Fig. 3.1. Urea concentrations versus time during first (upper left) and second (upper right) 

cementation treatments.  

 

3.3.2 Morphological Effects 
 
Figure 3.2 presents images for Experiment T1 which received a biocementation treatment 

followed by a 0.01% sodium alginate PolyMAF treatment and a second biocementation treatment. 

As shown, in the non-cross-sectioned samples, large calcite crystals could be observed on the 

surface of sand grains that appeared to be chemically damage. This included the presence of 

spherical voids that resembled cavities possibly resulting from the presence of gas bubbles. The 

observed damage suggested that these larger crystals were likely present prior to the PolyMAF 
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treatment and thus were likely formed during the first cementation treatment. In addition, smaller 

crystals were also present on soil surfaces and on the top of the larger calcite crystals surfaces that 

exhibited more cubic forms and clean crystal surfaces. This suggested that such forms were likely 

not exposed to PolyMAF treatments and may have formed during the second cementation 

treatment. Cross-sectioned and polished samples were also imaged to examine material internal 

structures. As a consequence of cutting these samples, some damage to the material surfaces and 

structure can result including the propagation of fractures. In some cases, fragments of samples 

can also delaminate and be stripped off cross-sections. Despite these disturbances, the cross-

sections provided an opportunity to examine the presence of the polymer layer and possible gas 

inclusions. As shown in the bottom left figure, a single crystal can be seen attached to the soil 

particle with an external coating existing around the crystal. At this coating discontinuity, several 

small voids could also be observed possibly indicating the presence of gas inclusions. Such clear 

coatings were not always observed, however. For example, in the bottom right figure an Ottawa 

sand particle can be seen with many calcite crystals existing around the particle surface. This 

included both larger crystals as well as some smaller crystals. Although some voids can be 

observed, a clear polymer discontinuity is not observed suggesting that precipitates formed during 

the second cementation did not always coat the polymer layer adjacent to larger crystals. 
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Fig. 3.2. SEM images of granular samples (top left and right) and polished cross-sections (bottom 

left and right) from Experiment T1 (MICP – PolyMAF – 2nd MICP).  

 

Energy dispersive spectroscopy was also completed to determine the elemental compositions of 

these materials intended to distinguish the polymer layer from the parent soil and the calcium 

carbonate precipitates (Fig. 3.3). As shown, the soil particles could be clearly highlighted due to 

their higher silica concentrations with calcium carbonate precipitates showing high concentrations 

of calcium. During the PolyMAF treatment both sodium ions and alginate were introduced. This 

was expected to be most clearly identified through higher concentrations of sodium, as carbon 

present in the alginate was also present in the mounting tape and within calcium carbonate 

precipitates. As shown, higher concentrations of sodium could be observed near select precipitates 
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but was largely absent from silica surfaces likely suggesting the incorporation of the sodium 

alginate within select biocemented crystals. Interestingly, higher concentrations of aluminum and 

chloride were also found in these same locations. 

 

 

 
 

Fig. 3.3. SEM image (upper left) of a select region from Experiment T1 (MICP - PolyMAF 

(0.01%) - 2nd MICP) with an EDS layered image (upper right), and EDS elemental composition 

maps (bottom series of images). 

 
In Experiments T2, T3, and T4, the inclusion of chemical tracers, KBr, MgCl2, and NaBr during 

PolyMAF solely was explored. As shown in Fig. 3.4, the morphology of the precipitated materials 
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did not appear to be dramatically influenced when compared to the non-amended control 

Experiment T1. Again, large crystals could be observed on soil surfaces, with small crystals also 

precipitated throughout the sample likely from the second cementation treatment. When examining 

these materials using EDS (Fig. 3.5, 3.6, and 3.7), it appeared that the incorporation of certain 

tracers into PolyMAF solutions resulted in the presence of certain elements on soil and crystal 

surfaces alike but did not necessarily improve our ability to definitively differentiate different 

treatment phases. This may have resulted in part from the coating of all surfaces with some amount 

of the generated polymer film from the PolyMAF treatment. 

 

 

 
 
Fig. 3.4 SEM images of treated soil samples from Experiment T2 (upper left, MICP - PolyMAF 

(0.01%, 500 mM KBr) - 2nd MICP), T3 (upper right, MICP - PolyMAF (0.01%, 50 mM MgCl2) 

- 2nd MICP), and T4 (bottom left, MICP - PolyMAF (0.01%, 500 mM NaBr) - 2nd MICP). 
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Fig. 3.5. SEM image (upper left) of a select region from Experiment T2 (MICP - PolyMAF 

(0.01%, 500 mM KBr) - 2nd MICP) with an EDS layered image (upper right), and EDS 

elemental composition maps (bottom series of images). 
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Fig. 3.6. SEM image (upper left) of a select region from Experiment T3 (MICP - PolyMAF 

(0.01%, 50 mM MgCl2) with an EDS layered image (upper right), and EDS elemental composition 

maps (bottom series of images). 
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Fig. 3.7. SEM image (upper left) of a select region from Experiment T4 (MICP - PolyMAF 

(0.01%, 500 mM NaBr) - 2nd MICP) with an EDS layered image (upper right), and EDS elemental 

composition maps (bottom series of images). 

 

Figure 3.8 presents images for Experiment T5 which received a biocementation treatment 

followed by a 0.01% sodium alginate PolyMAF treatment and a second biocementation treatment 

containing 50 mM magnesium chloride. As shown, large differences in cementation morphology 

were observed when compared to other experiments not receiving the magnesium chloride 

additions in the second cementation treatment. While larger crystals were still observed likely 

resulting from the first cementation event, the smaller crystals believed to result from the second 

cementation injection were oriented closely with larger crystals forming a near uniform coating of 

the existing larger crystals. This was unlike all other previous experiments, wherein the second 

cementation treatment appeared to generate smaller crystals sporadically throughout soil samples 

with minimal coating of existing precipitates. There also appeared to be small voids on the surface 

of these smaller crystal coatings in the Experiment T5 specimen possibly due to incomplete coating 

of precipitates and/or underlying gas bubbles within the polymer film presumed to exist beneath 
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this layer. Treated soil samples from Experiment T5 were also embedded within epoxy and cross-

sectioned to examine material internal structure. As shown in Figure 3.9., in numerous instances 

a clear material discontinuity within crystals could be observed likely at the location of the polymer 

film and between the larger crystals formed from the first cementation injection and the smaller 

crystal-based coating formed during the magnesium amended second cementation treatment. At 

this discontinuity where the polymer film was likely present, small voids were also observed which 

were to be entrapped gas bubbles that remained on the surface of these larger crystals within the 

polymer film and were coated later with the materials formed during the second cementation event. 

 

 

 
 

Fig. 3.8. SEM images of treated soil samples from Experiment T5 (MICP - PolyMAF (0.01%) - 

2nd MICP (50 mM MgCl2)) at various magnifications. 
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Fig. 3.9. SEM images of polished cross-sections from Experiment T5 (MICP - PolyMAF (0.01%) 

- 2nd MICP (50 mM MgCl2)).  

 

EDS scanning of treated soils from Experiment 5 was also performed to determine definitively 

where precipitation formed during the second cementation treatment resided. When magnesium 

was not added to other samples (e.g., Experiment T1), no detectable magnesium was observed, 

suggesting that this element could provide a reliable chemical signature for Experiment T5. As 

shown in Figure 3.10, when granular samples were scanned, concentrations of magnesium 

appeared to be greatest at select locations on the surface of calcium carbonate crystals but were 

not found to exist alone on clean silica surfaces without calcium carbonate being present. This 



 44 

suggested that the mineral coating resulting from the second cementation treatment was likely 

magnesian calcite and not a pure magnesium carbonate mineral (i.e., magnesite). To better 

understand material layering during these treatments, material cross-sections were also examined 

using EDS. Figure 3.11. presents EDS scans of one material cross-section location from 

Experiment 5. As shown, high concentrations of both magnesium and chloride can be observed 

only on the outermost layer of the larger calcite crystals. Although magnesium was expected, 

indicating the coating was formed during the second cementation injection, the presence of 

chloride was unexpected and may have suggested some incorporation of this counter-ion within 

the polymer layer upon the introduction of the second cementation treatment. Interestingly, these 

high magnesium and chloride concentrations were not observed on the clean silica surfaces and 

instead appeared to only exist on the outermost layer of calcium carbonate crystals wherein the 

material layering was observed again suggesting that materials formed during the second 

cementation selectively coated existing larger crystals and not clean silica particle surfaces. 
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Fig. 3.10. SEM image (upper left) of a select region from Experiment T5 (MICP - PolyMAF 

(0.01%) - 2nd MICP (50 mM MgCl2)) with an EDS layered image (upper right), and EDS 

elemental composition maps (bottom series of images). 
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Fig. 3.11. SEM image (upper left) of a material cross-section from Experiment T5 (MICP - 

PolyMAF (0.01%) - 2nd MICP (50 mM MgCl2)) with an EDS layered image (upper right), and 

EDS elemental composition maps (bottom series of images). 

 

In Experiment T6, a similar MgCl2 tracer was applied during the second cementation treatment 

but at a higher concentration of 250 mM. Figure 3.12 presents images for Experiment T6 which 

received a biocementation treatment followed by a 0.01% sodium alginate PolyMAF treatment 

and a second biocementation treatment containing 250 mM magnesium chloride. As shown, 

similar crystal morphologies as Experiment T5 were observed in Experiment T6 with many 

smaller crystals precipitating during the second cementation treatment on the surface of the larger 

existing calcium carbonate crystals. This coating appeared thicker than that observed in 

Experiment T5 with crystal surfaces appearing to have a rougher and more jagged surface texture. 

Spherical voids were again also present at the surface of these materials indicating either 
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incomplete coatings, voids between crystals, or possibly the presence and collapse of gas voids. 

Figure 3.13. presents images of polished material cross-sections from Experiment T6, which were 

again intended to examine material internal structures. As shown, the second cementation coating 

appeared thicker and had more voids when compared to the Experiment T5 cross-section. The 

outer layer also appeared to be increasingly rough and caused some disturbances during the cross-

sectioning process, with more material fracturing, uneven cuts in the epoxy, and delamination 

present at times. This also appeared to dull the slow saw blade during the cutting process. 

Unfortunately, these disturbances prevented more definitive changes in structure from being 

distinguished, however, voids were again clearly visible at what was suspected to be the material 

discontinuity resulting from the polymer film. 
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Fig. 3.12. SEM images of treated soil samples from Experiment T6 (MICP - PolyMAF (0.01%) - 

2nd MICP (250 mM MgCl2)) at various magnifications. 

 

 

 
 

Fig. 3.13. SEM images of polished cross-sections from Experiment T6 (MICP - PolyMAF (0.01%) 

- 2nd MICP (250 mM MgCl2)).  

  

Magnesium incorporated during the 2nd cementation treatment in Experiment T6 was also again 

detected via EDS (Fig. 3.14). Again, higher concentrations of chloride and magnesium appeared 

to be coincident with the locations of calcium carbonate crystals and in some locations also now 

appeared to exist on clean silica surfaces unlike Experiment T5. The observed morphologies were 

extremely rough and poorly formed when compared to earlier experiments without magnesium 

possibly suggesting the presence of new mineral phases and/or amorphous minerals. Clusters of 
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small crystals also again as expected showed increasing concentrations of magnesium. Figure 

3.15. presents images of polished material cross-sections from Experiment T6, which were again 

intended to examine material internal structures. As shown, high abundances of magnesium and 

chloride were again detected in the surrounding areas of the larger calcium carbonate crystals and 

appeared to be more abundant than in Experiment T5, likely due to the use of higher magnesium 

concentrations. 

 

  

 
 

Fig. 3.14. SEM image (upper left) of a select region from Experiment T6 (MICP - PolyMAF 

(0.01%) - 2nd MICP (250 mM MgCl2)) with an EDS layered image (upper right), and EDS 

elemental composition maps (bottom series of images). 
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Fig 3.15. SEM image (upper left) of a material cross-section from Experiment T6 (MICP - 

PolyMAF (0.01%) - 2nd MICP (250 mM MgCl2)) with an EDS layered image (upper right), and 

EDS elemental composition maps (bottom series of images). 

 
Figure 3.16 presents images for Experiment T7 which received a biocementation treatment 

followed by a 0.01% sodium alginate PolyMAF treatment containing 500 mM sodium bromide 
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and a second biocementation treatment containing 250 mM magnesium chloride. The 

morphologies observed were similar to Experiment T7 suggesting that the sodium bromide 

polymer addition had minimal effects. Interestingly, however, some locations wherein smaller 

calcite crystals appeared to collapse on themselves leaving behind a spherical void were observed. 

When examining polished cross-section images (Fig. 3.17) internal strcutures appeared similar to 

other second cementation magnesium containing experiments. Small spherical voids could also be 

again observed at the polymer layer material discontinuty.  

 

 

 
 

Fig. 3.16. SEM images of treated soil samples from Experiment T7 (MICP - PolyMAF (0.01%, 

500 mM NaBr) - 2nd MICP (250 mM MgCl2)) at various magntifications. 
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Fig. 3.17. SEM images of polished cross-sections from Experiment T7 (MICP - PolyMAF (0.01%, 

500 mM NaBr) - 2nd MICP (250 mM MgCl2)). 

 

When examining this specimen with EDS, increases in magnesium and chloride were again 

detected in regions wherein smaller crystals were clustered (Figure 3.18) but with similar bromide 

concentrations observed across the entire sample. EDS scanning of polished cross-section samples 

was also completed as shown in Figure 3.19. Similar to previous MgCl2-containing experiments, 

magnesium and chloride were detected at the surface of crystals and were even detected on silica 

particle surfaces likely due to the higher concentrations used (250 mM MgCl2). 
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Fig. 3.18. SEM image (upper left) of a material cross-section from Experiment T7 (MICP - 

PolyMAF (0.01%, 500 mM NaBr) - 2nd MICP (250 mM MgCl2)) with an EDS layered image 

(upper right), and EDS elemental composition maps (bottom series of images). 
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Fig 3.19. SEM image (upper left) of a material cross-section from Experiment T7 (MICP - 

PolyMAF (0.01%, 500 mM NaBr) - 2nd MICP (250 mM MgCl2)) with an EDS layered image 

(upper right), and EDS elemental composition maps (bottom series of images). 

 

Figure 3.20 presents images for Experiment T8 which received a biocementation treatment 

followed by a 0.01% sodium alginate PolyMAF treatment and a second biocementation treatment 

containing 500 mM potassium bromide. The morphology of the crystals appeared similar to 

Experiment T1, which did not have potassium bromide amendments, but perhaps appeared to have 

slightly more rounded edges on the smaller crystals. Unlike the magnesium amended experiments, 

however, the small crystals did not appear to coat surfaces preferentially and again appeared to 

exist more widespread within samples like Experiment T1. Figure 3.21. presents EDS scans of a 

subsection of the treated soil in Experiment T8. As shown, the locations where potassium was 

detected largely coincided with the locations of small precipitates, suggesting that it was a useful 
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addition towards enabling the tracking of precipitates formed during the second cementation 

treatment.  

 

 
 
Fig. 3.20 SEM images of treated soil samples from Experiment T8 (MICP - PolyMAF (0.01%) - 

2nd MICP (500 mM KBr)) at various magnifications. 
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Fig. 3.21. SEM image (upper left) of a material cross-section from Experiment T8 (MICP - 

PolyMAF (0.01%) - 2nd MICP (500 mM KBr)) with an EDS layered image (upper right), and 

EDS elemental composition maps (bottom series of images). 

 

As described earlier, three other experiments explored the effects of a calcium rinse treatment 

applied after the PolyMAF treatment intended to promote the formation of calcium alginate and 

increase gas bubble retention within the polymer layer. Figure 3.22 presents SEM images of 

Experiment CR1 received a biocementation treatment followed by a 0.01% sodium alginate 

PolyMAF treatment, a calcium rinse, and a second biocementation treatment. As shown, it 

appeared that the addition of a calcium rinse promoted the formation of a polymer film over the 

existing calcium carbonate crystals. The polymer film coated both smaller and larger crystals and 

in some cases appeared to act as bonds between particles. Spherical voids that did not appear to be 

bacterial impressions were also found sporadically throughout the crystal surfaces possibly due to 

bubble formation and rupture. EDS scans of a section of Experiment CR1 was also performed as 

shown in Figure 3.23. The elemental composition appeared similar to Experiment T1 (MICP – 
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PolyMAF – 2nd MICP treatment) with perhaps slightly more calcium detected throughout the 

sample.  

 

  
 
Fig. 3.22. SEM images of treated soil samples from CR1 (MICP - PolyMAF (0.01%) - Calcium 

Rinse - 2nd MICP) at various magnifications.  
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Fig. 3.23. SEM image (upper left) of a material section from Experiment CR1 (MICP - PolyMAF 

(0.01%) - Calcium Rinse - 2nd MICP) with an EDS layered image (upper right), and EDS 

elemental composition maps (bottom series of images). 

 

Figure 3.24 presents SEM images of Experiment CR2 received a biocementation treatment 

followed by a 0.01% sodium alginate PolyMAF treatment with 500 mM sodium bromide, a 

calcium rinse, and a second biocementation treatment. Again the sodium bromide added to the 

PolyMAF treatment did not appear to result in any major changes in the morphology of the 

crystals. Similar to Experiment CR1, the calcium rinse appeared to possibly aid in bonding of 

smaller crystals with polymer. Spherical voids were also again present throughout the entire 

surface of calcite crystals. Bacterial impressions were also observed and appeared to be coated 

with the polymer film. Although an EDS scan of the sample was obtained as shown in Figure 

3.25, results were largely consistent with other calcium rinse experiments and unfortunately 

abudances of sodum and bromide were not examined. 
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Fig. 3.24. SEM images of treated soil samples from Experiment CR2 (MICP - PolyMAF (0.01%, 

500 mM NaBr) - Calcium Rinse - 2nd MICP) at various magnifications. 
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Fig. 3.25. SEM image (upper left) of a material section from Experiment CR2 (MICP - PolyMAF 

(0.01%, 500 mM NaBr) - Calcium Rinse - 2nd MICP) with an EDS layered image (upper right), 

and EDS elemental composition maps (bottom series of images). 

 
Figure 3.26 presents SEM images of Experiment CR3 which received a biocementation treatment 

followed by a 0.01% sodium alginate PolyMAF treatment and a calcium rinse, but no second 

biocementation treatment. Examining the experiment prior to the second cementation treatment 

was intended to explore the effect of the calcium rinse prior to possible removal or dilution during 

subsequent cementation events. As shown, the polymer film was clearly visible and appeared to 

coat both soil particle and calcium carbonate crystals alike and, in some cases, completely 

incorporated crystals. Mineral dissolution induced by the PolyMAF treatment was also clearly 

visible with degraded mineral surfaces present through the sample.  

 

 
 

Fig. 3.26. SEM images of treated soil samples from Experiment CR3 (MICP - PolyMAF (0.01%) 

- Calcium Rinse) at various magnifications. 

 

3.4 Conclusions & Remaining Knowledge Gaps 
A series of experiments were performed to examine the ability of chemical additives to be supplied 

during the PolyMAF and seond cementation treatments to enable tracking of different material 
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formation events. In all cases, these additions had minimal effects on reaction rates observed 

during the first and second cementation events, but in some cases had large effects on resulting 

material structure. When chemical additives were supplied to the PolyMAF treatments, the 

additives were either not retained within the sample or were too widespread across the samples 

such that the location of the polymer film could not be definitively identified. However, improved 

detection of mineral phases were observed in experiments wherein chemical tracers were 

incorporated into the second MICP treatment solution. In these experiments, increased abundances 

of magnesium, potassium, and bromide (from MgCl2 or KBr additions) were detected in regions 

where small clusters of crystals were precipitated indicating that these were formed during the 

second cementation treatment. In experiments containing magnesium chloride additions in the 

second cementation treatment, smaller calcite crystals appeared to form preferentially on the 

surface of larger calcium carboante crystals. This was different from other non-magneisum 

amended experiments wherein calcite crystals formed during the second cementation appeared to 

precipitate sporadically throughout samples on the surface of crystals, soils particles, and within 

soil void space. When coated with these magensioum-amended crystals, the surface of these larger 

crystals became signficantly rougher when compared to the smoother surfaces observed after the 

first cementation. When these materials were cross-sectioned, large voids could be observed 

between precipitate layers, likely suggesting the entrapment of gas bubbles within the polymer 

layer. EDS imaging of these polished sections also confirmed that the small crystals on the surface 

of these larger crystals were precipitated during the 2nd MICP treatment, with increased 

magnesium and chloride both detected along the larger crystal surfaces. Since only a few 

experiments in this set contained MgCl2, further investigations were expected to be needed to more 

fully understand the effect of magnesium on composite formation. Lastly, when calcium rinses 
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were employed in three select experiments, the formation of a more clearly visible polymer layer 

was observed suggesting that calcium rinses may promote the retention of generated gas bubbles 

and should be further investigated in subsequent experiments, particualrly those involving a 

magnesium amended second cementation treatment. 
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Chapter 4. In-depth Analysis of the Effects of Magnesium on the Second 
Cementation Treatment 

4.1 Introduction 
Following investigations completed in the earlier two chapters, methods were identified that 

were capable of generating and entrapping gas bubbles within polymer layers and could 

subsequently coat polymer surfaces with precipitates.  This included the development of protocols 

to generate composites as well as the identification of optimal conditions including higher polymer 

concentrations during the PolyMAF treatment, the introduction of magnesium during the second 

cementation event, and the use of calcium rinses when transitioning specimens from the PolyMAF 

to the second cementation treatment. However, following the identification of successful gas 

entrapment methods, a more in-depth investigation of calcium rinses and magnesium amendments 

was needed to understand the conditions responsible for the large morphological changes that were 

observed. A set of fourteen batch experiments was designed to investigate the effects of 

magnesium chloride additions during the second cementation treatment as well as the effects of 

calcium rinses between PolyMAF and second cementation treatments. Specific objectives 

included to better understand (i) the effect of magnesium chloride concentrations, (ii) interactions 

between magnesium, polymer films, and MAF activity, and (iii) the potential of magnesium 

additions to permit precipitation events during the second cementation treatment in the absence of 

calcium chloride additions. 

4.2 Materials and Methods 

4.2.1 Experiment Overview 
 

Chapter 4 batch experiments were treated using similar procedures as all previous chapters. 

Although each experiment differed slightly in treatment approach, the primary treatment phases 
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were as follows (with small differences described later): (i) a single cementation treatment 

intended to first biocement soils, (ii) a PolyMAF or Poly treatment including sodium alginate 

biopolymer with or without substrates required to enable mixed acid fermentation (i.e., MAF 

inoculant, glucose, yeast extract),  and (iii) a second cementation treatment intended to coat the 

polymer film containing entrapped gases. Experiment Mg1 was identical to Experiment T5 from 

the previous chapter and received one cementation treatment, followed by a PolyMAF treatment, 

followed by a second cementation treatment with 50 mM MgCl2. Experiment Mg2 was identical 

to Experiment T6 from the previous chapter and received one cementation treatment, followed by 

a PolyMAF treatment, followed by a second cementation treatment with the higher 250 mM 

MgCl2. Experiment Mg3 served as a control for all experiments and received one cementation 

treatment, followed by a PolyMAF treatment, followed by a second cementation treatment with 

no MgCl2 additions. Experiment Mg4 received one cementation treatment, followed by a Poly 

treatment, followed by a second cementation treatment with no MgCl2 additions, to examine the 

effects of the polymer treatment without MAF. Experiment Mg5 further investigated the effects of 

adding a calcium rinse introduced in the previous set and received one cementation treatment, 

followed by a PolyMAF treatment with a calcium rinse, followed by a second cementation 

treatment with no MgCl2 additions.  

 

Several other experiments were designed to examine baseline conditions. For example, 

Experiment Mg6 examined the impact of MgCl2 alone and received one cementation treatment 

followed by a second cementation treatment with 50 mM MgCl2 (without a PolyMAF treatment). 

Experiment Mg7 received only one cementation treatment without added yeast extract. 

Experiment Mg8 received one cementation treatment followed by a PolyMAF treatment. 
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Experiment Mg9 received one cementation treatment followed by a PolyMAF treatment with a 

calcium rinse applied afterwards to examine possible improved gas entrapment. Experiments 

Mg10 and Mg11 both received one cementation treatment, followed by a PolyMAF treatment, 

followed by a second cementation treatment with either 50 mM or 250 mM MgCl2, respectively, 

but no added calcium. This was intended to examine the possibility of magnesium carbonate 

mineral precipitation in the absence of calcium carbonate during the second cementation treatment. 

Experiment Mg12 received one cementation treatment, followed by a Poly treatment, followed by 

a second cementation treatment with 50 mM MgCl2. Experiment Mg13 received one cementation 

treatment, followed by a PolyMAF treatment with a calcium rinse, followed by a second 

cementation treatment with 50 mM MgCl2. Experiment Mg14 received one cementation treatment, 

followed by a Poly treatment with a calcium rinse, followed by a second cementation treatment 

with 50 mM MgCl2. Experiment Mg15 received one cementation treatment followed by a second 

cementation treatment without MgCl2 to examine the impact of repeated cementation events. 

Experiment Mg16 was similar to Experiment Mg15 and received one cementation treatment 

followed by a second cementation treatment without MgCl2 but was not re-augmented prior to the 

second cementation in order to assess the potential impact of the re-augmentation. Table 4.1 (in 

Appendix) describes all sixteen experiments including test number, test name, and specific 

solution chemical compositions of the (i) first augmentation, cementation, and post-treatment rinse 

solutions, (ii) PolyMAF/Poly injections and post-treatment rinse solutions, and the (iii) second 

augmentation, cementation, and post-treatment rinse solutions. 
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4.2.2 Batch Experiment Set-up 

 
All batch experiments contained solely Ottawa F-65 sand similar to Chapter 3. Each batch 

experiment contained 5.3 grams of soil, 44 mL of solution, and were conducted in Corning bottom 

glass petri dishes and were covered with aluminum foil to minimize temperature changes and 

mitigate evaporation effects and potential contamination.  

  

4.2.3 Biogeochemical Sampling, Monitoring, and Imaging 
All sampling, monitoring, and imaging methods were similar to those described in Chapter 3. 

Select experiments (Mg1, Mg2, Mg6, Mg12, Mg13, and Mg14) were also embedded in epoxy, 

sectioned, polished, and prepared for SEM imaging, however, due to issues with the equipment, 

some samples were substantially damaged during this preparation process. 

 

4.2.4 Treatment Scheme and Overview 
All samples were treated using similar protocols as used in earlier Chapter 3 experiments with 

small differences described. At the start of experiments, all soil specimens were augmented with 

S. pasteurii (ATCC 11859) (Yoon et al. 2001) a well-studied ureolytic bacteria used in many 

previous MICP studies (). S. pasteurii was grown in 500 mL volumes of standard ATCC 11859 

growth media (15.74 g/L Tris Base, 20 g/L yeast extract, 10 g/L ammonium sulfate, pH adjusted 

to 9.0) using a process similar to that outlined in Burdalski (2020). After mixing, growth media 

was autoclaved using a liquid cycle for 24 minutes at 121oC to sterilize prior to inoculation. After 

autoclaving, media volumes were inoculated with a -80oC S. pasteurii glycerol stock culture, 

covered with sterile foil, and placed on an orbital shaker for approximately 36 hours at 180 rpm. 
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OD600 values were monitored in time and reached a value near 3.00E+09 cells/mL after 36 hours, 

after which cells were harvested for experiments. 

 

During harvesting, 50 mL of growth media was transferred to a sterile 50 mL conical tube and 

centrifuged at 4200 rpm for 10 minutes. Following centrifugation, supernatant solutions were 

removed, and cells at the bottom of the conical tube were retained. Sterile isotonic saline solution 

(9 g/L sodium chloride in DI water) was then added to the conical tube, shaken to free cells from 

the bottom of the tube, and centrifuged at 4200 rpm for 10 minutes to rinse. After rinsing, the 

supernatant was again decanted, and an additional 10 mL of saline solution was added to the tube. 

The conical tube was then shaken to achieve homogenization of the cell pellet throughout the 

solution. Cell pellets were refrigerated until use (between one and two days after pelleting to ensure 

high cellular activity). Specified volumes of cell pellets were mixed with 5 mL of sterile saline 

solution and the 5.3 grams of the soil mixture in a 50 mL conical tube and placed in the refrigerator 

to reside overnight. Added volumes were determined from the growth media cell density in order 

to achieve a cell density of 7 x 107 cells/mL within experiments once fully mixed with cementation 

solutions. The augmented soil and cell pellet mixture was poured into glass dishes prior to the start 

of experiments.  

 

All experiments had a total volume after adding the cementation solution of 44 mL. All 

cementation solutions were prepared using urea , calcium chloride dihydrate , and did not contain 

yeast extract. Cementation treatments were allowed to react within samples over 72 hours to ensure 

reaction completion. Following the cementation treatment period, solutions were decanted and 

samples were rinsed with 70% ethanol to remove treatment byproducts.  For Experiments Mg1 



 68 

through Mg9, PolyMAF or Poly treatments were applied 24 hours after the ethanol rinse.  

PolyMAF treatments were applied to Experiments Mg1 through Mg9 (except Experiment Mg4) 

and contained 0.01% sodium alginate polymer, 10 g/L glucose, 1 g/L yeast extract, and 1 mL per 

300 mL of a mixed acid fermentation inoculation solution intended to enable mixed acid 

fermentation activity. All PolyMAF treatments contained sodium alginate prepared from a 0.50% 

stock solution. This stock solution was diluted to the specific concentrations required for each 

experiment. Experiment Mg4 received a Poly treatment with solely 0.01% sodium alginate 

polymer.  After 72 hours, the remaining Experiments Mg10 through Mg14 also received PolyMAF 

treatments. After applying to batch experiments, PolyMAF treatments were allowed to reside 

within experiments for 72 hours without sampling disturbances to limit oxygen intrusion.  After 

the residence period, solutions were carefully decanted. Experiments Mg5, Mg9, Mg13, and Mg14 

then received a calcium rinse after PolyMAF treatments. Experiments Mg8 and Mg9 were then 

taken offline and prepared for post-processing. Select experiments were then re-augmented in 

preparation for the second cementation treatment by scraping the treated soil after the PolyMAF 

treatment into a conical tube containing cells and isotonic saline solution and allowing this to sit 

overnight (~12 hours).  The applied cell density for the second augmentation identical to the first 

augmentation of 7 x 107 cells/mL when diluted with the cementation solution. After re-

augmentation, select specimens received a second cementation treatment containing varying 

magnesium chloride additions that was allowed to reside within samples for 72 hours. Following 

the 72 hour residence period, samples were rinsed with 35% ethanol and then oven-dried. 

Additional experimental differences are further described in Table 4.1 (in Appendix). 

4.3 Results and Discussion  

4.3.1 Biogeochemical Behavior 
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Urea concentrations were monitored in all experiments during the initial cementation treatment up 

to 72 hours. Figure 4.1 presents measured urea concentrations versus elapsed time for all 

experiments during the first and second cementation treatments. All experiments exhibited similar 

reaction rates during the first cementation treatment, with near 200 mM urea being hydrolyzed 

within the first six hours following treatments. After 24 hours, urea concentrations in all 

experiments were near zero suggesting that urea hydrolysis was largely complete. Urea 

concentrations were also monitored during the second cementation treatment for all experiments 

receiving a second cementation treatment. Ureolytic rates during the second cementation exhibited 

slightly greater variability between experiments. This was especially noticeable between 

experiments containing calcium chloride in the second cementation treatment and those that had 

no calcium but either 50 mM or 250 mM MgCl2. These experiments (Experiments Mg10 and 

Mg11) had slightly higher urea concentrations remaining at the conclusion of the treatment period 

perhaps due to higher pH conditions present at the end of these experiments due to a lack of 

carbonate consumption and/or interferences with the assay by added magnesium. Experiment 

Mg16 which received an augmentation only prior to the first cementation treatment had a slower 

reaction rate during the second cementation treatment, suggesting that reductions in ureolytic 

activity could be expected without reaugmentation likely due to cell death and the lack of added 

growth factors (e.g., yeast extract). Nonetheless, the activity was enough to successfully reduce 

urea concentrations to near zero by 24 hours similar to all other experiments. 
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Fig 4.1 Urea concentrations versus time during first (upper left) and second (upper right) 

cementation treatments. 

 

4.3.2 Morphological Effects 
Several experiments were repeated from previous chapters in order to isolate the effects of the first 

cementation treatment, the presence of sodium alginate polymer, the effect of MAF, the influence 

of calcium rinses, the effect of re-augmentation, the presence of a second cementation treatment, 

and the critical role that magnesium may have during the second cementation treatment. Figure 

4.2 presents SEM images of Experiment Mg7 which received only one biocementation treatment. 

As shown, cubic morphologies typical of calcite can again be observed with the presence of sharp 

crystal edges. In many locations, bacterial impressions can also be observed on the surface of these 

crystals. These crystals were generally between 25 and 100 micron in diameter and existed on both 

clean silica sand surfaces as well as between adjacent soil particles.  
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Fig 4.2. SEM images of treated soil samples from Experiment Mg7 (MICP) at various 

magnifications. 

 

Figure 4.3 presents SEM images of Experiment Mg8 which received one biocementation 

treatment followed by one PolyMAF treatment. As expected, again precipitated crystals had cubic 

morphologies typical of calcite, but with noticeable surficial damage likely resulting from MAF 

induced mineral dissolution. In some locations, the presence of a polymer film could also be 

observed which appeared to coat existing crystals and soil particles. Both of these observations 

were consistent with other similar experiments described in previous chapters. 
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Fig. 4.3. SEM images of treated soil samples from Experiment Mg8 (MICP - PolyMAF (0.01%)) 

at various magnifications. 

Figure 4.4 presents SEM images of Experiment Mg3, which received one biocementation 

treatment followed by one PolyMAF treatment and a second cementation treatment. Again, large 

calcite crystals were observed likely resulting from the first cementation event with surficial 

damage of crystals likely resulting from MAF. In some cases (Figure 4.4 top right image), select 

crystal surfaces appeared to be collapsed with spherical-shaped voids possibly due to gas bubble 

formation. Unlike Experiment Mg8, which did not receive a second cementation treatment, the 

sample from Experiment Mg3 appeared to have clusters of smaller calcium carbonate crystals 

distributed throughout the sample. These smaller crystals appeared to be more clearly defined 

suggesting that they were again likely formed during the second cementation event and did not 

experience dissolution. Larger crystal surfaces also appeared to be more weathered with the 

previous bacterial impressions observed in Experiment Mg7 being less visible in this sample likely 

due to MAF-induced damage. 
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Fig. 4.4. SEM images of treated soil samples from Experiment Mg3 (MICP - PolyMAF (0.01%) - 

2nd MICP) at various magnifications. 

 

In order to isolate the effect of MAF activity a similar experiment was performed with the polymer 

injection but without MAF. Figure 4.5 presents SEM images of Experiment Mg4, which received 

one biocementation treatment followed by one Poly treatment (without MAF) and a second 

cementation treatment. It was expected that this sample would have the same polymer film but 

would not have the crystal surface damage expected following MAF. As shown, the collapsed 

crystal forms found in the earlier experiments with MAF were not observed when only the polymer 

was applied. Some polymer coatings could be still observed in Experiment Mg4, however, and 

appeared to exist on both silica sand surfaces and calcium carbonate crystals alike. 
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Fig. 4.5. SEM images of treated soil samples from Experiment Mg4 (MICP - Poly (0.01%) - 2nd 

MICP) at various magnifications. 

 

As shown in Chapter 3, the addition of magnesium appeared to increase the association of crystals 

formed during the second cementation treatment with existing calcium carbonate crystal surfaces. 

However, it was unclear if this effect was solely related to magnesium additions or if other 

interactions with the polymer, mixed acid fermentation, and calcium rinses were critical toward 

enabling this behavior.  Experiments Mg6, Mg15, and Mg16 were therefore performed to further 

investigate these remaining knowledge gaps and in particular the role of MAF activity and the 

presence of a polymer. Figure 4.6 presents SEM images of Experiment Mg15 which received one 

cementation treatment followed by a second cementation treatment without the presence of the 

polymer or MAF activity. Figure 4.6 also presents SEM images of Experiment Mg16 which was 

identical to Experiment Mg15 but was not re-augmented prior to the second cementation event. 

As shown, large calcium carbonate crystals could be observed in both samples with the presence 

of small crystals also observed. When comparing crystal distributions between experiments, it 

appeared that the presence of the second augmentation in Experiment Mg15 may have promoted 
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greater nucleation of smaller crystals during the second cementation event. In contrast, smaller 

crystals in Experiment Mg16 were less frequently observed with larger crystals from the first 

cementation appearing to instead increase in size. This suggested that the second augmentation 

may have been the primary cause of the smaller crystals formed during the second cementation 

event and that this was not significantly influenced by the presence of polymer or MAF activity. 

However, it should be mentioned that Experiment Mg16 also had a notably slower reaction rate 

than Experiment Mg15 due to the lack of a second augmentation which could have also contributed 

to differences in crystal nucleation during the second cementation event. 
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Fig. 4.6. SEM images of treated soil samples from Experiment Mg15 (top left and right, MICP - 

2nd MICP) and Experiment Mg16 (bottom left and right, MICP - 2nd MICP (No Augmentation 

Before 2nd MICP)) at various magnifications. 

 

Figure 4.7 presents SEM images of Experiment Mg6 which received one cementation treatment 

followed by a second cementation treatment with 50 mM MgCl2, but without the presence of the 

polymer or MAF activity. This experiment was therefore identical to Experiment Mg15 but had 

added magnesium during the second cementation event. As shown, in Experiment Mg6 the same 

coating of larger crystals observed in experiments with polymer and MAF, still persist even when 

these factors are absent. A rougher mineral coating can be seen covering large calcite crystal 

surfaces at multiple locations and again appeared to preferentially form on these larger crystals as 

opposed to free silica sand surfaces. These crystals were dramatically different than those observed 

in Experiment Mg15 and Experiment Mg16, again suggesting that magnesium was the primary 

factor that responsible for the aggregation of minerals formed during the second cementation event 

on existing larger calcite crystals. These same samples were cross-sectioned as shown in Figure 

4.8 wherein the stark discontinuity between large crystals and smaller crystal mineral coatings 

found in earlier samples were not easily observed in this sample. This suggested again that this 

discontinuity between layers was likely an artifact resulting from the presence of a polymer film 

and possibly gas inclusions. 
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Fig. 4.7. SEM images of treated soil samples from Experiment Mg6 (MICP – 2nd MICP w/ 50 

mM of MgCl2) at various magnifications. 

 

 

Fig. 4.8. SEM images of polished material cross-sections from Experiment Mg6 (MICP – 2nd 

MICP (50 mM of MgCl2)). 

 

Figure 4.9 presents SEM images of both Experiment Mg1 and Mg2. Experiment Mg1 was treated 

identically to Experiment T5 from Chapter 3 and received one cementation treatment, followed by 

a PolyMAF treatment, and a second cementation treatment with 50 mM MgCl2. Experiment Mg2 

was treated identically to Experiment T6 from Chapter 3 and received one cementation treatment, 

followed by a PolyMAF treatment, and a second cementation treatment with a higher 250 mM 
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MgCl2. As shown in Experiment Mg1, similar observations to Experiment T5 were observed with 

a rougher precipitate layer appearing to form preferentially around the larger existing calcite 

crystals. Despite the presence of the PolyMAF intermediate treatment, the morphology of the 

materials from Experiment Mg1 appeared to be similar to Experiment Mg6 which did not have 

MAF activity nor the presence of a polymer treatment. Similar features could also be observed in 

Experiment Mg2, however, due to the higher magnesium concentrations the mineral coatings in 

this sample again appeared to be rougher than Experiment Mg1. Collapsed crystals likely caused 

by the PolyMAF treatment were also occasionally observed in this sample, as shown. These same 

samples were cross-sectioned as shown in Figure 4.10. After sectioning, both of these samples 

showed some evidence of a precipitate coating. In some locations, the mineral coating observed in 

Experiment Mg1 also appeared to be delineated from the larger calcite crystals by a clear 

discontinuity, which may have contained the polymer film with gas inclusions. 
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Fig. 4.9. SEM images of treated soil samples from Experiment Mg1 (top, MICP - PolyMAF 

(0.01%) - 2nd MICP (50 mM MgCl2)) and Experiment Mg2 (bottom, MICP - PolyMAF (0.01%) 

- 2nd MICP (250 mM MgCl2)) at various magnifications. 
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Fig. 4.10. SEM images of polished material cross-sections from Experiment Mg1 (top left and 

right, MICP - PolyMAF (0.01%) - 2nd MICP (50 mM MgCl2)) and Experiment Mg2 (bottom left 

and right, MICP - PolyMAF (0.01%) - 2nd MICP (250 mM MgCl2)). 

 

As shown in earlier experiments, the presence of the rough mineral coating on the exterior of larger 

calcite crystals appeared to be definitively related to the presence of magnesium in the second 

cementation treatment and minimally influenced by the presence of the polymer film and MAF 

activity. However, it was unclear what this mineral coating may have been composed of and what 

role magnesium may have played in its formation. In particular it was suspected that this mineral 

phase could be either a pure magnesium carbonate mineral (e.g., magnesite) or may have simply 

been magnesian calcite wherein some amount of magnesium can replace calcium within the calcite 

mineral. In order to further study this aspect, Experiments Mg10 and Mg11 were preformed 

wherein all experiments received one cementation treatment, followed by a PolyMAF treatment, 

and a second cementation treatment with either 50 mM MgCl2 or 250 mM MgCl, but no added 

calcium. Thus, during the second cementation treatment, it was expected that only magnesium 

carbonate minerals could be formed due to the absence of soluble calcium. In both experiments, 

urea degradation was achieved during the second cementation treatment, however, notably the 

materials appeared to be weakly cemented within the glass dishes and an ammonia odor was 

observed suggesting that high pH conditions were achieved post-reaction. Both observations 

suggested that minimal carbonate consumption occurred and that likely minimal magnesium 

carbonate could be expected to have precipitated in both experiments. Figure 4.11 presents SEM 

images of both Experiment Mg10 and Mg11. As shown, Experiment Mg10 had morphologies 

similar to samples only receiving a single cementation treatment followed by a PolyMAF 

treatment, but without a second cementation event. Large crystal surfaces appeared to be damaged 
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from MAF, but the presence of smaller crystals was sparingly observed suggesting that minimal 

precipitation was formed during the second cementation treatment. When examining the 

morphology of Experiment Mg 11, large differences were observed with an abundance of fibrous 

minerals throughout the specimen. Although definitive characterizations are needed, these fibrous 

minerals appeared to be similar to morphologies observed by Unluer & Al-Tabbaa (2013) for 

nesquehonite, a metastable magnesium carbonate. Although unexpected, such minerals again were 

not similar to the mineral coatings observed when both calcium and magnesium were present 

during the second cementation, indicating that the coating effect could not be replicated with 

magnesium additions alone. Further, this observation suggested that the mineral coatings formed 

in other experiments may have been magnesian calcite as opposed to a strictly magnesium 

carbonate mineral. 
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Fig. 4.11. SEM images of treated soil samples from Experiment Mg10 (top, MICP - PolyMAF 

(0.01%) - 2nd MICP (50 mM MgCl2, 0 mM CaCl2)) and Experiment Mg11 (bottom, MICP - 

PolyMAF (0.01%) - 2nd MICP (250 mM MgCl2, 0 mM CaCl2)) at various magnifications. 

 

Figure 4.12 presents SEM images of Experiment Mg12 which received one cementation 

treatment, followed by a Poly treatment (without MAF), and a second cementation treatment with 

50 mM MgCl2. This was intended to assess the role of MAF activity in this process by comparing 

with Experiment Mg1, which did have MAF. As shown, due to a lack of MAF, precipitated 

minerals appeared to be more clearly formed without existing deterioration of mineral surfaces nor 

collapsed surfaces. Again, due to the presence of magnesium in the second cementation treatment, 

a clear mineral coating over larger crystals was again observed. These samples were then sectioned 

and imaged as shown in Figure 4.13. As shown, clear mineral disocontinies were again not 

observed possibly due to the lack of gas inclusions. This was noteworthy given that both the 

magnesium calcite exterior crystal coatings and the polymer film were both present in this sample, 

suggesting that both were not primarily responsible for the discontinuty observed in other 

specimens with MAF activity and presumably gas inclusions. 
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Fig. 4.12. SEM images of treated soil samples from Experiment Mg12 (MICP - Poly (0.01%) - 

2nd MICP (50 mM MgCl2)) at various magnifications. 

 

 

Fig. 4.13. SEM images of polished material cross-sections from Experiment Mg12 (MICP - Poly 

(0.01%) - 2nd MICP (50 mM MgCl2)). 

 

Figure 4.14 presents SEM images of Experiment Mg9 which received one cementation treatment, 

followed by a PolyMAF treatment and a calcium rinse, but no second cementation treatment. This 

was similar to other previous experiments; however, this sample lacked the introduction of other 

chemical tracers which may have influenced previous observations. As shown, a clear polymer 

coating can be observed in Experiment Mg9 over silica sand surfaces and calcium carbonate 
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crystals. Rough mineral surfaces following MAF deterioration also appeared to be less pronounced 

in this sample possibly due to the coating of these surface imperfections with calcium alginate, 

which was likely increasingly formed during the calcium rinse process. This outcome suggested 

that calcium rinses may be preferred and afford the best opportunity for retaining gas inclusions 

prior to the second cementation event.  

 

 

Fig. 4.14. SEM images of treated soil samples from Experiment Mg9 (bottom, MICP - PolyMAF 

(0.01%) - Calcium Rinse) at various magnifications. 

 

Figure 4.15 presents SEM images of Experiment Mg5 which received one cementation treatment, 

followed by a PolyMAF treatment and a calcium rinse, and a second cementation treatment 

(without added magnesium). As shown, some large calcite crystals could be observed with an 

abundance of smaller calcite crystals that were precipitated on both silica sand surfaces and on the 

surface of existing larger calcite crystals. Less damage to crystal surfaces was observed than 

expected likely due to the calcium rinse which may have again coated these surface features 

resulting from MAF. Overall morphologies observed in Experiment Mg5 were similar to 

Experiment Mg3, which had the same treatments but no calcium rinse, with the exception of 
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somewhat smoother soil and crystal surfaces that were likely coated with a thicker layer of calcium 

alginate. 

 

  

Fig. 4.15. SEM images of treated soil samples from Experiment Mg5 (MICP - PolyMAF (0.01%) 

- Calcium Rinse - 2nd MICP) at various magnifications. 

 

Figure 4.16 presents SEM images of Experiment Mg13 which received one cementation 

treatment, followed by a PolyMAF treatment and a calcium rinse, and a second cementation 

treatment with 50 mM MgCl2. This treatment combination represented what was expected to 

provide the best opportunity for gas entrapment and incorporation within biocementation. As 

shown, again significant coating of larger calcite crystals with smaller crystals was observed, 

consistent with other experiments containing magnesium in the second cementation treatment. 

When compared to Experiment Mg5, which received similar treatments but without MgCl2 in the 

second cementation treatment, mineral surfaces again appeared to be rougher again indicating the 

influence of magnesium additions on the exterior mineral coating. These exterior coatings were 

observed on nearly all larger crystal surfaces that were imaged. At one location, the exterior layer 

appeared to have been delaminated possibly due to the removal of a surrounding soil particle. This 
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allowed for better visualization of the interface between the larger calcite crystal and the 

surrounding smaller crystal exterior coating. As shown, the inner calcite crystal appeared to be 

smoother and did not contain voids. The exterior coating in contrast appeared to be composed of 

smaller crystals containing small voids at times. At the interface between the interior crystal and 

the exterior coating, small spherical voids were observed that were likely indicative of entrapped 

gas inclusions. In other locations, calcite crystals were again observed that appeared to collapse 

over a spherical void, which may have again resulted from a trapped and collapsed gas bubble. 

These observations were similar to those for Experiment Mg3, however, the calcium rinse 

employed in Experiment Mg13 may have afforded the ability to better bond crystal structures with 

surrounding soil particle surfaces due the presence of greater calcium alginate. Images were also 

obtained after sectioning this sample as shown in Figure 4.17. In these sections the bonds between 

precipitates and adjacent soil particles appeared to be less well defined, again possibly due to the 

presence of calcium alginate. The presence of calcium alginate may have also made the sectioning 

process more difficult due to the movement of embedded materials along these weaker interfaces, 

thereby rending small features more difficult to definitively identify. 
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Fig. 4.16. SEM images of treated soil samples from Experiment Mg13 (MICP - PolyMAF (0.01%) 

- Calcium Rinse - 2nd MICP (50 mM MgCl2)) at various magnifications. 

 

 

Fig. 4.17. SEM images of polished material cross-sections from Experiment Mg13 (MICP - 

PolyMAF (0.01%) - Calcium Rinse - 2nd MICP (50 mM MgCl2)). 

 

Figure 4.18 presents SEM images of Experiment Mg14 which received one cementation 

treatment, followed by a Poly treatment (no MAF) and a calcium rinse, and a second cementation 

treatment with 50 mM MgCl2. As shown, similar morphologies were observed to all other 

experiments containing magnesium in the second cementation treatment. When compared to 

Experiment Mg13, which was identical but had MAF activity, interestingly the collapsed calcite 
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crystals observed in Experiment Mg13 were not present in Experiment Mg14. This again 

suggested that these collapse features were likely the result of damage to the brittle mineral 

exteriors surrounding gas inclusions during the sample preparation process. These gas inclusions, 

however, could only be generated when MAF activity was present, thus making this activity 

critical to the gas inclusion process.  

  

 

   

Fig. 4.18. SEM images of treated soil samples from Experiment Mg14 (MICP - Poly (0.01%) - 

Calcium Rinse - 2nd MICP (50 mM MgCl2)) at various magnifications. 

 

4.4 Conclusions and Remaining Knowledge Gaps  
A series of experiments were performed to further examine the behavior of magnesium amended 

samples identified earlier in Chapter 3 to enable improved mineral surface coatings and improved 

gas entrapment. These experiments were designed to further isolate effects resulting from (i) the 

first cementation treatment, (ii) the presence of sodium alginate polymer, (iii) the present of MAF 

activity, (iv) the influence of calcium rinses, (v) effects resulting from reaugmentation, (vi) effects 

resulting from the second cementation treatment, and (vii) the critical role that magnesium may 

play during the second cementation treatment towards enabling the preferential coating of existing 
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calcium carbonate mineral surfaces. In these experiments, magnesium additions during the second 

cementation treatment were found to be primarily responibsle for the coating of existing calcium 

carbonate crystals observed in earlier experiments. Such effects were observed irrespective of the 

presence of polymers or MAF activity and enabled coating of polymer films with entrapped gasses. 

However, this mineral coating was only achieved when both calcium and magnesoium were 

applied in the second cementation treatment and could not be replicated through the additon of 

magnesium alone (without calcium) during the second cementation treatment. Collectively, this 

suggested that the mineral coatings produced may be magesian calcite, however, the particular 

mechanism responsible for the preferenial precipitaiton of this mineral on existing calcium 

carboante mineral surfaces remains poorly understood.  

 

When examining the impact of calcium rinses applied immediately after the polymer treatments 

and before the second cementation events, calcium rinses appeared to result in a more robust 

calcium alginate polymer coating on existing crystals and soil particle surfaces when compared to 

similar experiments without this rinse injection. When combined with magneisum amended 

second cementation treatments, calcium rinses also appeared to result in greater gas inclusions 

within the polymer film between the magnesian calcite exterior layer generated during the second 

cementation treatment and the interior calcite crystals generated during the first cementation 

treatment. In samples receiving PolyMAF treatments, calcium rinses, and a second cementation 

treatment collapsed minerals were also observed near spherical voids suggesting that these exterior 

minerals may have been coating larger gas inclusions that were distrubed during the sample 

preparation process. Although these results suggest that gas inclusions can be reliably incorporated 

within biocemented composites using the treatment techniques demonstrated in this chapter, 



 90 

further work remains needed to quanitfy the volume of these inclusions, establish the distribtuion 

of these inclusions, and characterize their impact on resulting engineering responses. 
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Chapter 5: Conclusions & Future Work  
 
In this study, the ability of gas inclusions to be incorporated within biocemented composites was 

investigated through a series of batch experiments. These gas inclusions may afford the ability to 

improve the undrained shearing behavior of biocemented sands through the release of gas bubbles 

following the deterioration of cemented bonds during extreme loading events. These gas bubbles 

may afford improvements in engineering behaviors through increases in pore fluid compressibility 

and reductions in excess pore pressure generation. From the experiments performed in this 

research the following primary conclusions can be made:  

• Carbon dioxide gasses can be generated using mixed acid fermentation (MAF) activity in 

the presence of biocementation. These gasses result from both the chemical degradation of 

calcium carbonate crystals and as fermentation byproducts. Produced gas bubbles can be 

retained using viscous biopolymers such as sodium alginate. 

• When biocementation is dissolved during PolyMAF treatments, released calcium can 

enable the formation of a calcium alginate gel that may improve gas entrapment within the 

polymer. The application of a calcium rinse after PolyMAF treatments and before the 

second cementation treatment appears to enhance the formation calcium alginate. 

• When a second cementation treatment is applied after a re-augmentation event, smaller 

calcium carbonate crystals appeared to be widely distributed throughout samples. In other 

samples without a re-augmentation, the second cementation treatment appears to 

predominantly grow existing larger crystals rather than nucleating new smaller crystals. 

• When magnesium chloride is provided in the second cementation treatment, smaller 

nucleated crystals can be preferentially precipitated on existing calcite crystals. This occurs 
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irrespective of the presence of sodium alginate or previous MAF activity suggesting that 

magnesium is primarily responsible for this outcome. 

• In our experiments, gas inclusions were shown to be successfully entrapped within a 

polymer film existing between larger calcite crystals precipitated during the first 

cementation event and the exterior magnesian calcite coating precipitated during the 

second cementation treatment when magnesium was present. Gas entrapment appeared to 

be further improved by combining calcium rinses with magnesium amended second 

cementation treatments. 

• While these results are promising, further work is needed to quantitatively characterize 

generated gas inclusions found within these biocemented composites and investigate their 

implications for undrained soil shearing behaviors. 

Despite these significant advancements in the development of biocemented composites with gas 

inclusions, several important knowledge gaps still remain. These include: (i) the need for 

quantitative assessment metrics for the presence of gas inclusions beyond visual images which can 

require interpretation, (ii) the need for non-destructive assessment methods which can be used to 

detect gas inclusions without inducing mechanical disturbances that can compromise these 

characterizations, and (iii) the need for an improve understanding of how gas inclusions can alter 

macro-scale soil shearing behaviors relevant to a variety of different geotechnical applications 

including the mitigation of earthquake-induced soil liquefaction. Further work is also needed to 

understand the potential of biocemented composites beyond gas inclusions including the potential 

of polymer films, inclusions, and fibers to alter material ductility, fracture toughness, and other 

small- and large-strain behaviors.   
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Appendix 
Table 2.1. Summary of Chapter 2 Batch Experiments.  

 
Test Information Initial MICP MAF Rinse 2nd MICP 

Experiment 
Number Treatment Procedure CaCl2 

(mM) 
Urea 
(mM) 

YE 
(g/L) 

Polymer 
Conc. 
(%) 

Glucose 
Yeast 

Extract 
(g/L) 

MAF 
Inoc. 

Tracer 
Used & 
Conc. 

Type of 
Rinse and 

Conc. 

CaCl2 
(mM) 

Urea 
(mM) 

YE 
(g/L) 

Tracer 
Used 

 

1 MICP - PolyMAF 
(0.0005%) - 2nd MICP 250 250 0.2 0.0005% 10 1 1 mL per 

300 mL ----- ----- 250 250 0.2 -----  

2 MICP 250 250 0.2 ----- ----- ----- ----- ----- ----- ----- ----- ----- -----  

3 MICP - PolyMAF 
(0.0005%) 250 250 0.2 0.0005% 10 1 1 mL per 

300 mL ----- ----- ----- ----- ----- -----  

4 MICP - PolyMAF 
(0.0005%) - 2nd MICP 250 250 0.2 0.0005% 10 1 1 mL per 

300 mL ----- ----- 250 250 0.2 -----  

5 MICP - Poly (0.0005%) 
- 2nd MICP 250 250 0.2 0.0005% 0 0 ----- ----- ----- 250 250 0.2 -----  

6 MICP - PolyMAF 
(0.001%) - 2nd MICP 250 250 0.2 0.001% 10 1 1 mL per 

300 mL ----- ----- 250 250 0.2 -----  

7 MICP - PolyMAF 
(0.005%) - 2nd MICP 250 250 0.2 0.005% 10 1 1 mL per 

300 mL ----- ----- 250 250 0.2 -----  

8 MICP - PolyMAF 
(0.01%) - 2nd MICP 250 250 0.2 0.01% 10 1 1 mL per 

300 mL ----- ----- 250 250 0.2 -----  
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Table 3.1. Summary of Chapter 3 Batch Experiments.  

 Treatment Information Initial MICP MAF Rinse 2nd MICP 

Experiment 
Number Treatment Procedure CaCl2 

(mM) 
Urea 
(mM) 

YE 
(g/L) 

Polymer 
Conc. (%) Glucose 

Yeast 
Extract 
(g/L) 

MAF 
Inoc. 

Tracer 
Used 

& 
Conc. 

Type 
of 

Rinse 
and 

Conc. 

CaCl2 
(mM) 

Urea 
(mM) 

YE 
(g/L) 

Tracer 
Used 

 

T1 MICP - PolyMAF (0.01%) - 2nd 
MICP 250 250 0 0.01% 10 1 

1 mL 
per 300 

mL ----- ----- 250 250 0 ----- 

 

T2 MICP - PolyMAF (0.01%, 500 
mM KBr) - 2nd MICP 250 250 0 0.01% 10 1 

1 mL 
per 300 

mL 

KBr - 
500 
mM ----- 250 250 0 ----- 

 

T3 MICP - PolyMAF (0.01%, 50 mM 
MgCl2) - 2nd MICP 250 250 0 0.01% 10 1 

1 mL 
per 300 

mL 

MgCl2 
- 50 
mM ----- 250 250 0 ----- 

 

T4 MICP - PolyMAF (0.01%, 500 
mM NaBr) - 2nd MICP 250 250 0 0.01% 10 1 

1 mL 
per 300 

mL 

NaBr - 
500 
mM ----- 250 250 0 ----- 

 

T5 MICP - PolyMAF (0.01%) - 2nd 
MICP (50 mM MgCl2) 250 250 0 0.01% 10 1 

1 mL 
per 300 

mL ----- ----- 250 250 0 

MgCl2 
- 50 
mM 

 

T6 MICP - PolyMAF (0.01%) - 2nd 
MICP (250 mM MgCl2) 250 250 0 0.01% 10 1 

1 mL 
per 300 

mL ----- ----- 250 250 0 

MgCl2 
- 250 
mM 

 

T7 MICP - PolyMAF (0.01%, 500 
mM NaBr) - 2nd MICP (250 mM 
MgCl2) 250 250 0 0.01% 10 1 

1 mL 
per 300 

mL 

NaBr - 
500 
mM ----- 250 250 0 

MgCl2 
- 50 
mM 

 

T8 MICP - PolyMAF (0.01%) - 2nd 
MICP (500 mM KBr) 250 250 0 0.01% 10 1 

1 mL 
per 300 

mL ----- ----- 250 250 0 

KBr - 
500 
mM 

 

CR1 
MICP - PolyMAF (0.01%) - 
Calcium Rinse - 2nd MICP 250 250 0 0.01% 10 1 

1 mL 
per 300 

mL ----- 

Ca+2 - 
250 
mM 250 250 0 ----- 
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CR2 
MICP - PolyMAF (0.01%, 500 
mM NaBr) - 2nd MICP 250 250 0 0.01% 10 1 

1 mL 
per 300 

mL 

NaBr - 
500 
mM 

Ca+2 - 
250 
mM 250 250 0 ----- 

 

CR3 
MICP - PolyMAF (0.01%) - 
Calcium Rinse 250 250 0 0.01% 10 1 

1 mL 
per 300 

mL ----- 

Ca+2 - 
250 
mM OFFLINE 

 

 

Table 4.1. Summary of Chapter 4 Batch Experiments.  

Test Information Initial MICP MAF Rinse 2nd MICP 

Experiment 
Number Treatment Procedure CaCl2 

(mM) 
Urea 
(mM) 

YE 
(g/L) 

Polymer 
Conc. 
(%) 

Glucose 
Yeast 

Extract 
(g/L) 

MAF 
Inoc. 

Tracer 
Used & 
Conc. 

Type of 
Rinse 
and 

Conc. 

CaCl2 
(mM) 

Urea 
(mM) 

YE 
(g/L) 

Tracer 
Used 

 

1 MICP - PolyMAF (0.01%) - 2nd 
MICP (50 mM MgCl2) 250 250 0 0.01% 10 1 

1 mL 
per 300 

mL - - 250 250 0 

MgCl2 
- 50 
mM 

 

2 MICP - PolyMAF (0.01%) - 2nd 
MICP (250 mM MgCl2) 250 250 0 0.01% 10 1 

1 mL 
per 300 

mL - - 250 250 0 

MgCl2 
- 250 
mM 

 

3 MICP - PolyMAF (0.01%) - 2nd 
MICP 250 250 0 0.01% 10 1 

1 mL 
per 300 

mL - - 250 250 0 - 
 

4 
MICP - Poly (0.01%) - 2nd MICP 250 250 0 0.01% 0 0 0 - - 250 250 0 - 

 

5 MICP - PolyMAF (0.01%) - Calcium 
Rinse - 2nd MICP 250 250 0 0.01% 10 1 

1 mL 
per 300 

mL - 
Ca+2 - 

250 mM 250 250 0 - 
 

6 
MICP - 2nd MICP (50 mM MgCl2) 250 250 0 - - - - - - 250 250 0 

MgCl2 
- 50 
mM 

 

7 
MICP 250 250 0 - - - - - - - - - - 

 

8 
MICP - PolyMAF (0.01%) 250 250 0 0.01% 10 1 

1 mL 
per 300 

mL - - - - - - 
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9 MICP - PolyMAF (0.01%) - Calcium 
Rinse 250 250 0 0.01% 10 1 

1 mL 
per 300 

mL - 
Ca+2 - 

250 mM - - - - 
 

10 MICP - PolyMAF (0.01%) - 2nd 
MICP (50 mM MgCl2, 0 mM CaCl2) 250 250 0 0.01% 10 1 

1 mL 
per 300 

mL - - 0 250 0 

MgCl2 
- 50 
mM 

 

11 MICP - PolyMAF (0.01%) - 2nd 
MICP (250 mM MgCl2, 0 mM CaCl2) 250 250 0 0.01% 10 1 

1 mL 
per 300 

mL - - 0 250 0 

MgCl2 
- 250 
mM 

 

12 MICP - Poly (0.01%) - 2nd MICP (50 
mM MgCl2) 250 250 0 0.01% 0 0 0 - - 250 250 0 

MgCl2 
- 50 
mM 

 

13 MICP - PolyMAF (0.01%) - Calcium 
Rinse - 2nd MICP (50 mM MgCl2) 250 250 0 0.01% 10 1 

1 mL 
per 300 

mL - 
Ca+2 - 

250 mM 250 250 0 

MgCl2 
- 50 
mM 

 

14 MICP - Poly (0.01%) - Calcium Rinse 
- 2nd MICP (50 mM MgCl2) 250 250 0 0.01% 0 0 0 - 

Ca+2 - 
250 mM 250 250 0 

MgCl2 
- 50 
mM 

 

15 
MICP - 2nd MICP 250 250 0 - - - - - - 250 250 0 - 

 

16 MICP - 2nd MICP (No Augmentation 
Before 2nd MICP) 250 250 0 - - - - - - 250 250 0 - 
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