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ABSTRACT 

 

 

A series of tests were conducted to evaluate the feasibility of using ureolysis-induced 

calcium carbonate precipitation (UICP) to improve the strength of the soil layers used to in the 

construction of roads. This process involved three series of tests conducted on soil specimens of 

gradually increasing volume.  

The first series regarded the relative effect of treatment direction, comparing top-down 

treatment to bottom-upwards and alternating treatment methods on 50-by-100-millimeter soil 

columns. This was evaluated through unconfined compressive strength (UCS) and the calcium 

carbonate distribution over the length of the soil, finding that all methods generated a reliable 

increase in the strength of the soil specimen. This phase of research also included a batch study, 

evaluating the growth of the ureolytic bacteria Sporosarcina pasteurii in a solution composed of 

commercially available ingredients, showing that the bacteria could be cultured at a far lower cost 

(as low as 20 cents per liter) than with lab-grade ingredients ($2.66 per liter).  

The next series of tests compared the effect of applying treatment solutions to the soil 

surface directly and using a probe to inject solutions beneath the surface. This was done with 15-

centimeter, cylindrical specimens, evaluated through the California bearing ratio (CBR) test. It 

was determined that the treatment process had the capacity to increase the CBR value substantially 

(from ~11% up to 188%), and it was suggested that each treatment mechanism resulted in a 

predictable distribution of calcium carbonate. There was also success in using alternative, 

commercially-sourced ingredients to facilitate the treatment and improve the CBR value. 

The last tests centered on the treatment of a 30-centimeter-by-30-centimeter mock road 

section, combining the treatment mechanisms used at the 15-centimeter-scale to facilitate an 

increase in the CBR of a soil layer under pavement. Through UICP, the CBR value of this layer 

was successfully increased. 
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CHAPTER ONE 

 

 

INTRODUCTION 

Context 

 

 

 Any paved structure is inherently designed to be better at carrying load than the local, 

native ground, or ‘subgrade,’ which may contain organics, swelling clays, or generally weak 

constituent soils. However, that the road still needs to be founded upon this native ground. The 

design process for any paved structure, thus, desires to reduce the load ‘felt’ by the subgrade. The 

‘sub-base’ is typically a natural (non-manufactured), free-draining, coarse soil, layered on top of 

the subgrade. The ‘base,’ a manufactured (e.g., sieved material or crushed rock), coarse, stronger 

material is then layered over the subbase. The paved surface is laid on top of the base material. 

Ideally, this combination of paved surface and ‘substructure’ disperses the load applied to the road 

surface to an amount appropriate for the subgrade. The necessary thickness of each of these 

additional layers is typically a function of the anticipated traffic load and volume, and the strengths 

of the individual materials, as exemplified by AASHTO’s structural number (SN) parameter 

(AASHTO, 1993).  The product is a road with a predictable design life, fulfilling the anticipated 

service with regular upkeep until the end of the life is reached, at which point the road needs to be 

replaced. This provides the opportunity to pursue funding and plan the reconstruction process. 

Therein, the proper design of a road is crucial to maintaining a balanced budget, as in 2020, $116.3 

billion of state and local government expenditures in the United States went towards the 

maintenance, repair, and upkeep of existing roadways (USCB, 2020).  
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 However, as there must be an assumed design load and volume for any design, a challenge 

to this process is presented by growth. As society continues to develop at a rapidly increasing pace, 

these assumed values may no longer be suitable. As a result, the road may become overburdened, 

its design life shortened and requiring a replacement sooner, therefore undercutting prior plans. 

Even before replacement can occur, the road may provide worse service under these conditions. 

The preferrable option, then, would be to improve the strength of the road’s substructure to meet 

these new demands. The modern civil engineer, however, lacks a convenient method to accomplish 

this. 

 Beyond compaction, there are accepted methods of increasing the strength of the base and 

sub-base. Design manuals provided by the United States Army Corp of Engineers and the National 

Academy of Sciences (2009) outline a number of accepted methods of improving the strength of 

these soils. However, all of these methods are based around an admixture, such as lime, bitumen, 

or Portland cement, and must be mixed with the soil before laying to achieve an effective 

improvement to strength. As a method to improve the strength of a soil while in-situ, high-mobility 

polyurethane grout has potential, able to be injected into target soils and improve their mechanical 

behavior (Sabri et al., 2021). However, this method is currently “costly” relative to other options 

of soil improvement and involves the use of mildly toxic ingredients (Saleh et al., 2019), and was 

found to cause a reduction in permeability of the targeted material (Buzzi et al., 2010), 

complicating its suitability for roads. 

 Herein is the appeal of ureolysis-induced calcium carbonate (calcite) precipitation (UICP). 

This process uses the enzyme ‘urease,’ commonly resourced from certain strains of bacteria, which 

converts urea into carbonate, reacting with calcium to precipitate calcium carbonate crystals, as 

summarized in Equations 1-1 and 1-2. When conducted within a soil, this reaction results in 
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calcium carbonate ‘bridges’ forming between the soil particles, shown to be an effective means of 

soil solidification (Gowthaman et al., 20191; DeJong et al. 2022), erosion mitigation (Sun et al., 

2022; Salifu et al., 2016), and strength improvement (DeJong et al., 2006). This process was also 

found to consume fewer resources than traditional methods of soil improvement (Rahman et al., 

2020), and has been successfully adapted to use recycled or waste materials to facilitate the 

reaction (Yang et al., 2022; Fouladi et al., 2023). Thus, UICP also has the potential to be a more 

sustainable method of soil improvement.  UICP has since become a popular subject of research in 

regard to its potential use in engineering applications. Such research efforts have investigated 

methods of reducing the relative cost of treatment (Yang et al., 2022; Achal et al., 2009), 

optimizing the treatment process to achieve higher increases to strength (Terzis and Laloui, 2019; 

Hoang et al., 2020, Li et al., 2017), and adapting the treatment process to field conditions (Kirkland 

et al., 2020; Kirkland et al., 2021; van Paassen, 2011).  

𝐶𝑂(𝑁𝐻2)2 + 2𝐻2𝑂 +  𝑈𝑟𝑒𝑎𝑠𝑒 → 2𝑁𝐻4
+ + 𝐶𝑂3

2− Equation 1-1. 

𝐶𝑎2+ + 𝐶𝑂3
2− → 𝐶𝑎𝐶𝑂3  Equation 1-2. 

The treatment process usually applied to soils involves the introduction of two solutions 

through separate ‘injections’ into the soil, one supplying urease, the other calcium (typically 

calcium chloride) and urea, such as in the processes used by Whiffin (2004) and DeJong (2006). 

This aspect of the treatment process is promising in the treatment of road substructures, as these 

solutions could theoretically be introduced through the paved surface, generating the precipitate in 

the target soil layer below. However, little research has been done regarding the feasibility of this 

specific application. In essence, it is not certain whether the treatment process can be easily applied 

to the base or subbase, what the most effective mechanism for delivery of these solutions is, and 

whether the strength of the material can be effectively improved relative to the effort and cost 
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needed. Previous large-scale studies have had success with surficial treatment methods (Naeimi et 

al., 2023; Cheng et al. 2021). The envisioned treatment process would likely use a similar, 

modified approach, using access points ported through the pavement to treat the desired soil layer 

directly, administering the solutions from the top, downwards. However, it is unknown if this is 

the most effective approach. Aggregated in a state-of-the-art review by Rahman et al. (2020), a 

number of unconfined compressive strength (UCS) tests of various soil treated through UICP 

provided a range of peak strengths, ranging from 0.03 to 19.6 Megapascals. It seems that the effect 

of UICP on the soil’s strength properties is a function of the characteristics of the treatment 

procedure used, such as the saturation of the specimen during treatment (Cheng et al., 2013), the 

time interval between injections (Danjo and Kawasaki, 2016), the strain of ureolytic bacteria used 

(Dick et al., 2006; Jain and Das, 2023) and the conditions used to grow them (Shrikawa et al., 

2011; Rahamninezhad et al., 2022), among other variations. In such a context, the central decisions 

for the proposed treatment process for roads need to be investigated further, prior to any plans of 

field-scale use.   

 

 

Research Objectives 

 

 

This research was conducted to investigate an effective approach to the treatment of road 

substructures, targeting the compressive strength of a sandy soil. Decidedly, the main points to be 

addressed were 1) the direction and mechanism of treatment and the feasibility of top-down field 

treatment, 2) the cost-reducing measures, namely the replacement of lab-grade chemicals for 

commercial alternatives, 3) the scale of treatment, regarding the most effective means of treating 

larger volumes of soil. The goal was to evaluate the effect, if any were present, of each of these 
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decisions on the resulting characteristics of the treated soil compared to alternative approaches. 

Findings would be useful in forming a realistic, field-scale treatment plan.  

 

 

Scope 

 

 

The goal of this research is primarily to investigate the feasibility of the envisioned field-

scale application. In essence, this was to determine whether this application is practical, and if so, 

what further research would be necessary to form an educated basis for creating a treatment plan. 

The efforts pursued here were all conducted in a laboratory environment, progressively scaling 

treatment to larger volumes of soil and towards soil profiles more closely resembling a layer of a 

road substructure. All portions of this research regarded the treatment of one soil type, that being 

sand, Sakrete® medium silica sand used as a target soil medium. Live cells of Sporosarcina 

pasteurii were used as the source of urease in the treatment process.    

 

 

Thesis Outline and Summaries 

 

 

The main body of this thesis is composed from three separate manuscripts. Chapter two is 

a conference paper published to GeoCongress 2023. Chapters three and four are two journal papers 

under review by the funding agency at the time of submission for this thesis, to be submitted for 

publication in the Journal of Geotechnical and Geoenvironmental Engineering in the near future. 

As such, each chapter has its own designated introduction, explanation of materials and methods, 

results, and conclusions. 

Chapter two investigates the comparative effect of changing injection direction on the 

resulting distribution of calcium carbonate and unconfined compressive strength (UCS) of the 

treated soil specimen. This was done by comparing 50-millimeter-diameter, 100-millimeter-tall 
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soil specimens, each treated using a different injection direction: top-to-bottom, bottom-to-top, and 

alternating (where injection direction was switched on a regular basis).  

Chapter three explores in more detail the results of the 50-millimeter-by-100-millimeter 

specimens, in addition to an evaluation of a set of alternative treatment solutions, made using 

commercially available ingredients to reduce the cost of treatment. These alternative recipes were 

investigated though a comparative cost analysis and a batch study, monitoring bacterial growth 

and ureolysis over a 24-hour period. A preliminary set of soil specimens were also treated using a 

set of the alternative recipes, evaluated in calcium carbonate distribution and UCS strength. 

Chapter four investigates the relationship between UICP and the California bearing ratio 

(CBR) value of a target soil, a strength parameter commonly used in road and runway construction. 

This research was conducted in two stages. The first stage consisted of a series of 15-centimeter-

diameter specimens, used to evaluate the impact of injection mechanism and recipe type on the 

resulting increase in the CBR value and the distribution of calcium carbonate. For the mechanism, 

a top-down treatment administered directly onto the soil surface was compared to a ‘probe-based’ 

injection method. For the recipe type, a set of the alternative recipes were used to treat the soil. 

The second stage centered on a 30-centimeter-by-30-centimeter specimen, used to experiment with 

the treatment process regarding road application, featuring a profile similar to a road section. The 

injection mechanism used was a combination of the two investigated in the first stage, and the 

treatment was conducted using the commercially-sourced treatment solutions. This larger 

specimen allowed for multiple CBR tests to be conducted over the surface and through the depth, 

each CBR test being associated with the average calcium carbonate content in its vicinity. This 

permitted the development of a preliminary regression between the CBR value and the calcium 

carbonate content. 



 

 

7 

 

Chapter five is an overall conclusion on the cumulative findings from these experiments, 

discussing their implications for the original research question and recommending further research.  
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CHAPTER TWO 

 

 

PAPER 1 - DIRECTIONALITY OF MICROBIALLY-INDUCED 

CALCITE PRECIPITATION, AND IMPLICATIONS ON 

APPLICATIONS FOR ROAD STRUCTURES  
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Abstract 

 

 

The objective of this study is to conduct a laboratory-based assessment of Microbially-

induced Calcium Carbonate Precipitation (MICP) as a viable approach to improving substructures 

beneath existing asphalt and concrete roadways. This was evaluated through Unconfined 

Compressive Strength (UCS) testing, which can be correlated with the resilient modulus for 

subsurface samples to assess the degree of strength improvement achievable by the treatment. The 

calcium carbonate (CaCO3) distribution is a critical component of this study. Three different 

injection methods were adopted to investigate the effect of injection method on 1) the treatment 

efficiency of soil specimens, and 2) UCS and failure mechanism of bio-cemented sand, using 

SakreteTM medium commercial sand. The efficiency of the different injection strategies was tested 

using an acid digestion method, used to determine the CaCO3 content at different locations of the 

treated samples. Results concluded that samples injected in a top-to-bottom direction had better 

efficacy in terms of strength and uniformity over the alternatives.  

 

 

Introduction 

 

 

Roads and runways are largely geotechnical structures. One of the primary components of 

road design is the mixture of the particular surfacing material (Portland-cement or asphaltic 

concrete), but the integrity of any roadway also relies on the subsurface design. For many locations, 

the native, near-surface earth (subgrade) is typically weak in compression and low-permeability. 

As a result, these materials may be susceptible to plastic deformation, and are not ideal for road 

construction. For this reason, a stronger substructure is needed for a road or runway, typically 

composed of a base and subbase layer, to protect the native soil. 
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For any ideal roadway, there is a specific method of substructure design. Stronger soils are 

layered and compacted over the subgrade, onto which the pavement surface is laid. Under the 

pavement surface is the base material: a manufactured, coarse-grained, free-draining soil which is 

the next-strongest besides the pavement surface. Under the base is the subbase, which is weaker 

and cheaper than the base material while still relatively free draining and coarse-grained. Under 

the subbase there is the compacted subgrade, which is the native material at its maximum reachable 

density, overlying the unimproved, in-situ subgrade. 

In the design of any paved structure, including runways and roads, design measures often 

prescribe the necessary thicknesses of subsurface layers, depending on material strength, vehicle 

weight, and anticipated number of passes. Such an example are the charts provided in the Army’s 

Technical Manual for Theater of Operations: Roads, Airfields, and Heliports, Chapter 4, 

correlating certain combinations of California bearing ratio (ASTM D1883) and layer thickness, 

and vehicle gross weight, to number of allowable passes. With this system, weaker materials 

typically require thicker lifts (U.S. Dept. of the Army, 2016, p. 4-50-4-51). 

However, depending on location and budget and what materials are available, the quantities 

those materials may be obtained, and how well they can be compacted, certain deficiencies in the 

construction process may arise in the execution or design of the substructure. As such, there may 

be a need to retroactively improve these existing structures, especially if local infrastructural needs 

change, for example, if the paved structures may need to carry heavier loads or sustain more passes 

without an accelerated loss of integrity and shortened design life. Without completely excavating 

these existing structures, the specific material itself and the layer thicknesses cannot be changed, 

so the target for improvement could be the strength of these subsurface materials. If the subbase 

strength could be improved in situ, without excavation and reconstruction of the entire road or 
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runaway, the theoretical amount of work necessary to improve a roadway’s performance could be 

reduced. 

One method that could be implemented to improve subbase soil strength and integrity is 

microbially-induced calcite precipitation (MICP) This process is a urease-catalyzed precipitation 

of calcium carbonate, producing crystalline structures. The process may be capable of generating 

calcium crystalline structures between soil particles which can unify coarse-grained soils into more 

solid structures. This material has previously been used for the purposes of soil stabilization 

(Phillips et al. 2013b), with proven potential to increase soil strength as well, acting as a kind of 

‘bio-cement’ for a soil medium. If applied to the base or subbase material for a road or runway 

structure, ideal for treatment due to its smaller particle size and free drainage, there is a potential 

to extend the design life of a paved structure or increase its loading capacity. 

 In a 2021 literature review from Geosciences (Arab et al. 2021), collecting over 100 

research papers, several studies (Yasuhara et al. 2012, Beser et al. 2018) had used the unconfined 

compressive strength test (UCS) as a direct evaluation of improved soil strength after varying the 

solutions and concentrations used for treatment. In the literature, one question not addressed is the 

effect of injection treatment direction on the resulting UCS results and failure mechanism, or if 

there is any observable difference. If injection through a top-down approach provides usable 

strength improvements, then road subbase treatment would be more feasible as opposed to the 

more common bottom-up treatment method (Yasuhara et al. 2012), which is often performed in 

the laboratory but may not be feasible in field application. Additionally, UCS results can be 

correlated to the resilient modulus, shown by AASHTO to be relevant to roadway design 

(AASHTO 1993, p. II-12). Similar to the CBR value, this is a soil property based on stress-strain 

behavior, although specifically based on the cyclical loading behavior to which roads are typically 
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subjected and focusing on the recoverable, elastic portion of strain. Also like CBR values, results 

can be estimated based on correlations to other tests, although the resilient modulus can be more 

reliably associated with UCS results. 

In this study, three injection strategies were utilized to treat coarse sandy soils with MICP 

(top-to-bottom, bottom-to-top, and alternating). Solutions were introduced with a constant flow 

rate directly into the soil into two-inch by four-inch (5.1 by 10.2-centimeter) samples of a uniform 

soil medium at 35% relative density. The resulting specimens were evaluated for strength through  

UCS tests. Peak stress before failure and the type of failure observed were recorded. After this, 

samples were dissected and analyzed for calcium carbonate content across the length of the sample 

through a calcium digest using acid. The UCS evaluations were also used to estimate respective 

resilience modulus values which were then used to estimate a CBR value. The CBR test (ASTM 

D1883) is frequently used as a measure of strength in roadbuilding materials and often used in 

runway construction practice. As this is a component of ongoing research, future plans include 

direct CBR testing of the improved material.   

 

 

Materials and Methods 

 

 

Soil Choice  

The soil medium was coarse-grained, Sakrete® Commercial Medium Silica Sand, which 

was available commercially (Home Depot). The material was evaluated for grain size distribution 

(ASTM D422), specific gravity (ASTM D854), and minimum (ASTM D4254) and maximum 

density (ASTM D4253) and void ratio conditions (Table 2-1).  
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 This material was appealing as a potential candidate in replicating an actual road base or 

subbase that could benefit from strength improvement. Sand is accepted as a usable material for 

road construction, but its uniformity can make ideal compaction difficult.  

 

 

Table 2-1. – Soil parameters for selected materials. 

Parameter Sakrete® Silica Sand 

Specific Gravity – GS 2.66 

Median Particle Size – D50 0.67 mm 

Uniformity Coefficient – CU 1.69 

Coefficient of Curvature – CC 0.91 

Minimum Void Ratio – emin 0.53 

Maximum Void Ratio – emax 0.97 

 

 

Soil Medium Preparation 

The reactors were constructed with two-inch-diameter by four-inch-tall plastic concrete 

molds. This provided the desired sample size, with a snap-on top cap that was easily sealed using 

silicone sealant. The molds were provided with barbed fittings for 6-millimeter PVC tubing, 

affixed to the top cap and bottom with a flat hex bolt and rubber-backed gasket washers on either 

side (Figure 2-1c). To these fittings, tubes were attached to inject fluid influent (in-flowing 

solutions) and drain effluent (out-flowing waste).  

The reactors were filled with the sand medium, compacted to a relative density of 35% 

using the modified wet tamping method (Ladd, 1978) in five lifts. A mesh filter was laid on the 

bottom and top of the soil medium to prevent losses during the injection process. In order to 
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account for the space occupied by the flat hex bolt at the bottom, the soil medium was underlain 

with a thin layer of Ottawa sand; this could be easily separated from the soil medium, resulting in 

a flat-surfaced cylindrical sample after testing. Figure 2-1 provides more detail on the interior of 

the reactor. The resulting soil medium had a porosity (n) of 0.49 and a pore volume of 

approximately 60 milliliters, so solutions were injected in 90-milliliter pulses (1.5 times the pore 

volume).  

 

 

 
Figure 2-1. – General overview of treatment method: a) the specimens mounted to the frame, 

attached to the syringes and directed into waste containers; b) image of the reactor; c) detailed 

section of the reactor. 

 

 

Chemical Process  

The treatment process involved the injection of Sporosarcina pasteurii as the urease 

enzyme source and urea-calcium containing solutions which has been shown to result in the 

precipitation of calcium carbonate (CaCO3) (Gunyol et al. 2022, Phillips et al. 2013a). This 

precipitation forms as bridging crystalline structures, adhering to the surrounding medium. There 

has been a significant amount of documentation of this process in similar experiments (Whiffin 

2004, Phillips 2013, Montoya 2012).  
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For the treatment used in this experiment, there were two main solutions used. The calcium 

solution, CMM+, was used as a source of urea and calcium for the reaction (Table 2-2).  A 

microbial solution of S. pasteurii was the source of urease was grown in CMM- (Gunyol et al. 

2022).  To prepare the solutions, the ingredients were mixed in an Erlenmeyer flask with a stir bar, 

and the pH was adjusted between 6.0 to 6.3, using four-molar hydrochloric acid (HCl) or sodium 

hydroxide (NaOH) as necessary. These solutions were vacuum filtered into autoclaved bottles.  

 

 

Table 2-2. – Ingredient concentrations in solutions used for the MICP treatment process.  

Ingredients CMM - CMM + 

Difco Nutrient Broth 3 g/L 3 g/L 

Fisher Scientific Ammonium 

Chloride 
10 g/L 10 g/L 

 Fisher Scientific Urea 20 g/L 20 g/L 

Fisher Scientific Calcium Chloride 

(Dihydrate) 
N/A 48 g/L 

 

 

For the bacterial solution, a one-milliliter frozen S. pasteurii stock was thawed and added 

into 150 milliliters of a sterile solution containing brain-heart infusion broth (37 g/L) and urea (20 

g/L). After propagating for at least 16 hours, this was transferred at a one-percent ratio into a flask 

of CMM- and allowed to propagate for at least another 16 hours. This bacterial solution was used 

both for treatment and for starting the next bacterial solution.  

A 10 g/L solution of ammonium chloride solution was used between injections of bacterial 

and calcium solutions. Enough was used to fill half of the tubing volume to mitigate precipitation 

in the tubing.  
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Treatment Design  

Fluids were injected using a syringe pump into the sand-filled columns at a rate of four 

ml/min from either the bottom to top (B), top to bottom (T), or alternating in direction (A). The 

amount of fluid injected was determined by the pore volume of the soil specimen, defined as the 

volumetric space in a soil medium that is not occupied by solids, the influent volume taken as 1.5 

times the pore volume. The flow rate and fluid injection volume were established by previous 

research (Gunyol et al. 2022). The three methods were conducted in replicates, two specimens per 

method, mounted to a metal frame using zip-ties. Before the injection process, the specimens were 

disinfected and saturated fully. The disinfection procedure was done by injecting a 10% bleach 

injection, followed by a 70% ethanol injection. This was rinsed from the reactor fully with 

deionized (DI) water. The bacterial solution was introduced and allowed to reside for a 16-hour 

period in the medium. After this period, and following a rinse of the tubing as described, the 

CMM+ was introduced at the same rate and allowed to react without flow for four hours. After the 

batch period, a new bacterial solution was introduced, and the pattern repeated until 14 full 

injections had been completed.  

The effluent was sampled during the subsequent injection, as the previous fluid was pushed 

out by the new fluid. The sample was collected when half of the pore volume plus the volume of 

the tubing had been injected into the reactor, corresponding to when the fluid in the approximate 

center of the soil medium reached the sample port. A DI water injection was used to collect the 

effluent sample of the final injection. These samples were used to monitor the urea consumption 

during the batch period.   
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Evaluation and Testing 

 

 

Compressive Strength  

Strength of the treated soil specimens was evaluated through unconfined compressive 

strength (UCS) test (ASTM D2166). The test provided a means to compare the treated specimens 

against each-other. The cylindrical specimens, once dried, were extracted and had their surfaces 

filed to eliminate peaks or high points; these could cause unrepresentatively high stress on a very 

small area and lead to fractures. The specimens were individually placed on the load frame, held 

upright using a slotted surcharge weight. The piston was driven at a rate to cause a one percent 

increase in strain per minute, defined as one percent of the specimen’s height. The amount of 

deformation was recorded with the respective amount of force required, read from the load cell, 

until the specimen failed. The method of failure was recorded, and the tested specimen was 

retained for calcium analysis.   

 

 

Calcium Carbonate Content  

Once the strength testing had been performed, each treated specimen was excavated and 

treated with acid to determine the calcium carbonate content along the length of the specimens 

(top, middle, and bottom of the specimen).  

In pre-weighed centrifuge tubes, one gram of each dried sample was weighed out in 

triplicate for each location. In the tubes, this one-gram sample was mixed with five milliliters of 

10% nitric acid, which were agitated daily to ensure thorough digestion.  After two days, the acid 

was decanted by removing as much of the acid as possible without removing any of the remaining 

solids. Once the acid was drained, the caps of the tubes were removed and the tubes were placed 

into an oven at 55°C to dry. These dried, digested samples were re-weighed and the final weight 
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was compared to the initial to determine the mass of calcium carbonate per gram of sand which 

were used to determine a percent calcium content.   

 

 

Results 

 

 

The strength results from the UCS testing were assessed for each of the injection strategies. 

From the graphed results (Figure 2-2a), the top-bottom method of treatment resulted in the highest 

stress before failure, ranging from 561 to 648 kilopascals. The bottom-top method of treatment 

resulted in peak stresses of 212 and 433 kilopascals, a 71% difference on average compared with 

the top-bottom method. The alternating method resulted in peak stresses of 350 and 278 

kilopascals, with a 61% difference on average compared to the top-bottom method.  

In terms of failure mechanism (Figure 2-2b), specimen T1 featured a completely vertical 

split-shear failure, compared to the general trends in the B and A specimens which were more 

isolated to the upper area. T2 did also feature this latter breaking pattern, but within a smaller area 

and more abruptly, relative to the B specimens which sloughed gently at failure.  
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Figure 2-2. – a) Combined UCS testing results and b) failure type by specimen.  

 

 

 From the calcium digest analysis (Figure 2-3), the average calcium carbonate content at 

each of the tested locations, the top-bottom method provided generally lower values, but with 

better uniformity. This is visually evident in some of the fracturing patterns observed at failure.    

 

From the digest data, the results for each treatment can be compared by layer. For the 

topmost layer, the top-down treatment had an average calcium content of 3.6% between the two 

specimens, compared to 5.6% and 5.3% of the bottom-top and alternating treatments respectively. 

For the middle layer, this was 5.1% for the top-down method, 7.8% for the bottom-top, and 5.6% 

for the alternating. Finally, the bottom layer, the content was 4.9% for the top-bottom, 7.4% for 

the bottom-top, and 8.2% for the alternating. Compared against the compressive strength results, 

the samples which had less cementation near the top (loading surface) relative to the deeper layers 

performed worse, even if these had more cementation overall. This idea is consistent with typical 

soil strength profiles, as discussed in the introduction: layering stronger materials over weaker 

materials is desirable, as the stresses dissipate before reaching the weaker materials. 
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Figure 2-3. – Acid digest data. Data was collected from each of the three layers (top, middle, 

bottom) for each of the specimens, and used to create respective averages and spreads for each 

treatment method.  

 

 

As mentioned, the UCS test’s results can be used to estimate resilient modulus. This 

specific relationship varies by material, but for this application one developed for lime-stabilized 

soil samples was used to estimate the resilient modulus (Thompson 1966). 

MR (MPa) = 0.124 qu (kPa) + 68.8  Equation 2-1. 

This estimate (Equation 2-1), based on the top-down treatment’s peak stresses, results in 

an estimated resilient modulus of 138 to 149 Megapascals, respectively. Subsequently, using 

another estimative relationship, the CBR can be determined as well (Equation 2-2), useful in the 

context of runway construction, where the CBR of material is frequently used (U.S. Dept. of the 

Army, 2016, p. 4-32). There are numerous proposed relationships between these values, but for an 

example that proposed by Heukelom and Klomp (1962) will be used. 

MR (MPa) = 10 CBR  Equation 2-2. 
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This results in a predicted CBR of 14 to 15%. Compared to a CBR test conducted on the 

unimproved sand medium at 35% relative density, with a CBR of 12-15%, this is not a large 

improvement. However, it should be noted that CBR-resilient modulus relationships can be very 

speculative and are contestable (Dione et al. 2014), as the parameters in question are very different 

in loading condition. The resilient modulus is a product of dynamic loading, while CBR is static. 

Alternatively, research conducted previously on traditionally cemented soil specimens, 

using low percent-content Portland cement mixtures, found a degree of correlation between UCS 

values and California Bearing Ratio (CBR) values, illustrated in equations 2-3 and 2-4 respectively 

(O’ Flaherty et al. 1961, Pongsivasathit et al. 2019). 

log CBR = 1.115 + 0.660 log UCS (psi)  Equation 2-3. 

CBR = 0.132 (UCS (kPa))  Equation 2-4. 

Based on these relationships, the estimated CBR for the top-bottom treatment method 

ranges from 261% (Equation. 2-3) to 74% (Equation. 2-4). These are substantially different 

compared to the relationship to resilient modulus, Therein, in order to retrieve reliable results, 

actual CBR testing on MICP-treated specimens is required.   

 

 

Conclusion 

 

 

A series of column experiments complemented by unconfined compressive strength testing 

was conducted to investigate the application of microbially-induced calcite precipitation (MICP) 

as a viable approach to improving substructures beneath existing asphalt and concrete roadways. 

Three different injection methods were adopted to develop an efficient MICP treatment strategy 

including top-bottom, bottom-top, and alternating. From the combined treatment and testing of the 

material, comparing stress-strain behavior to the calcium carbonate content and the treatment 
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method, there is a benefit with the top-bottom treatment method, leading to greater uniformity in 

the resulting distribution of the precipitate. The bottom-top method, either alone or as a component 

of the alternating method, appears to lead to extended residence in the lower portion of the medium, 

generating deficient precipitation in the top layer by comparison. MICP can thus offer a potential 

improvement technique to enhance the strength properties of base and subbase materials beneath 

pavement, using access to the top of the layer for treatment. Further development of the technique 

for this application is needed for field implementation, in terms of large-scale treatment.  
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CHAPTER THREE 

 

 

PAPER 2 - UREOLYSIS-INDUCED CALCITE PRECIPITATION 

(UICP): INJECTION STRATEGIES AND THE EFFECT ON 

STRENGTH AND FAILURE MECHANISM  
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Abstract 

 

 

In this research effort, a series of Unconfined Compressive Strength (UCS) tests were 

conducted to evaluate the effect of injection strategy on the failure mechanism and strength 

properties of sand columns bio-cemented using ureolysis-induced calcite precipitation (UICP). 

The use of commercial ingredients on the bacterial growth and precipitation was also investigated 

through a series of batch studies and UCS testing. The results, comparing multiple recipes for the 

solutions involved, found success in the use of cheaper, commercial ingredients to grow the 

bacterial cultures needed, producing solutions at costs as low as 20 cents per liter for treatment. 

Soil columns were treated using different directions of injection, and it was found that 

administering the solutions from the top down did not inhibit the precipitation of calcite. This 

result is favorable to the envisioned large-scale, in-situ application of shallow surface treatment. 

Additional soil columns, treated using the alternative, less costly recipes, were also able to achieve 

an increase in strength. Overall, these results are positive, providing credibility to the potential for 

such an application.  

 

 

Introduction 

 

 

As the needs of a developing world increase, more is demanded out of the land used to 

resolve them. Surface stabilization is an especially relevant concern, accounting for erosion, 

wearability, and liquefaction, often attributable to a lack of internal cohesive strength. These 

deficiencies result in reduced ‘usability’ of the land, presenting a challenge in effective land 

development. Highly erodible soils can be subject to transport or loss of soil mass when exposed 

to external forces like wind or water, potentially undermining structures and leading to differential 
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settlement. Liquefactible soils are a significant concern in the case of earthquakes, susceptible to 

sudden failure, requiring specific considerations in the land’s use due to the risk posed (e.g. ICC, 

2021). As mentioned, a commonality between these soil types is a lack of cohesive strength; could 

an element of cohesive strength be added to these soils, the concerns posed could be reduced. 

Herein is the relevance of ureolysis-induced calcite precipitation (UICP). This process uses the 

enzyme urease, often resourced through the bacterium Sporosarcina pasteurii, to take in urea and 

produce carbonate (Equation. 3-1). This can then precipitate solid calcium carbonate (CaCO3) or 

‘calcite’ when provided a calcium source (Equation. 3-2), usually calcium chloride (CaCl2). When 

this reaction is conducted in a soil medium, it was found that the calcite crystals would precipitate 

onto the soil particles, providing as an effective means of soil solidification by bridging particles 

together (Gollapudi et al., 1995; Kirkland et al., 2021). This process has since become an attractive 

subject of research as a potential method of soil improvement, in terms of strength and stability.  

𝐶𝑂(𝑁𝐻2)2 + 2𝐻2𝑂 + 𝑈𝑟𝑒𝑎𝑠𝑒 → 2𝑁𝐻4
+ + 𝐶𝑂3

2−  Equation 3-1. 

𝐶𝑎2+ + 𝐶𝑂3
2− → 𝐶𝑎𝐶𝑂3   Equation 3-2. 

When this reaction is conducted in a soil medium, it was found that the calcite crystals 

would precipitate off the soil particles, providing as an effective means of solidification (Gollapudi 

et al., 1995; DeJong et al., 2010; Kirkland et al., 2021). This process has since become an attractive 

subject of research as a potential method of soil improvement, in terms of strength and stability 

(Phillips et al., 2013; Dick et al., 2006; Jiang et al. 2019; van Paassen et al., 2009). 

Previous studies on the use of bio-cementation for surficial soil stabilization have focused 

on surface-water-induced erosion control (Montaya et al., 2018; Chek et al., 2021; Ghasemi et al., 

2019; Hodges and Lingwall, 2020; Jiang et al., 2019; Ghasemi and Montaya, 2022), scour 

mitigation (Do et al., 2020), wind erosion and dust control (Maleki et al. 2016; Zhan et al., 2016), 
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and mitigation of wave-induced erosion of coastal sand dunes (Liu et al., 2021; Montoya et al., 

2021; Shanahan and Montoya, 2016). The main challenges with the implementation of UICP for 

surface soil stabilization are uniformity, penetration of the soil, and cost. As such, existing research 

efforts have included adjustment of the injection scheme to promote uniformity (San Pablo et al. 

2020, Martinez et al., 2013; Gunyol et al., 2022), observations of the evident relationship between 

precipitate quality and soil characteristics (DeJong et al., 2010; Li et al., 2004; Pungrasmi et al., 

2019) or mineralogy (Safavizadeh et al., 2019; Liu and Montoya, 2021). Other efforts have 

endeavored to characterize the impact of treatment on soil behavior, measuring shear stiffness 

through shear wave velocity measurements (Montoya et al., 2013; DeJong et al., 2017), and the 

relationship of various treatment conditions to shear strength, such as the treatment solutions (Xiao 

et al., 2021) and soil characteristics (Simatupang et al., 2018; Nafisi et al., 2020). 

Could this treatment be applied on a large scale to exposed, cohesionless soil and increase 

the internal cohesive strength, the risks associated with internal destabilization could be reduced. 

As a result, the land could be used more readily. However, there is the concern of this conceptual 

application’s feasibility, as the treatment process used needs to be compatible with large-scale 

usage. In a state-of-the-art review of UICP applications by Rahman et al. (2020), a comparison 

between the soil strengths achieved through UICP treatment across multiple research efforts is 

provided, showing unconfined compressive strength (UCS) ranging from 0.03 and 10 

megapascals. In comparing the results for one soil type, 20-30 Ottawa sand for example, results 

are just as disparate. Comparing two of these research efforts focused on the treatment of Ottawa 

sand (Choi et al., 2016; Liu et al., 2019), there are apparent differences in the methods of treatment 

used in each, such as the residence or standing time for each injection or the recipes for the 

solutions used. The resulting increases to the soil strength also differ; Liu et al. (2019) achieved a 
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maximum of 2.3 Megapascals (MPa), while Choi et al. (2016) achieved only 1.7 MPa. This 

suggests that the resulting effect from the UICP process may be reliant on the treatment process.  

As related to large-scale application, there is a concern with the direction of treatment. For 

treating in-situ soil, the most appealing and promising method is to inject solutions from the soil 

surface, downwards (Jiang et al., 2019, Ghasemi and Montoya, 2022). Smaller scale efforts in the 

past have treated specimens from the top to the bottom (Choi et al., 2016; Liu et al., 2019), from 

the bottom to the top (Gunyol et al., 2022), or in an alternating fashion (Mortensen et al., 2011), 

all met with success in increasing the mechanical properties of the treated soil. Prior to any 

consideration of large-scale application, it should be known as to whether the most accessible 

method of treatment (through the soil surface) will provide the most effective improvement to 

strength. Also, regarding field applications, there is the consideration of the solutions used and the 

associated cost. In the lab setting typical for these treatments, lab-grade ingredients are used, 

provoking no issue, but as the required volumes for the injections increase, the costs increase 

significantly. This aspect of cost reduction has been a subject of previous research efforts, 

primarily in substituting the source of carbon for the bacteria (Achal et al., 2009; Omoregie et al. 

2019) or through other methods of improving the efficiency of the treatment (e.g. Maleki-Kakelar 

et al., 2021). Could the lab-grade ingredients be substituted for cheaper, commercially-available 

alternatives, with no negative impact on their performance, this process would be better suited for 

larger volumes of soil (Yang et al., 2022; Chen et al., 2022). Similarly to the injection direction, 

any potential effect due to the change of ingredients should be understood before use in treatment 

of the soil. 

To address these current issues, this research effort aimed to investigate 1) the cost 

reduction that could be achieved through the use of commercial ingredients, and their effect or 
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lack of on the bacterial growth and precipitation, and 2) the effect of injection direction on the 

resulting increase to strength and precipitate distribution in the treated soil. To address the first, a 

cost analysis and batch study are conducted using various alternative recipes. To test the bacterial 

solutions, samples were inoculated with bacteria, growth monitored over a set period to observe if 

the alternative recipes performed at least as well as the lab-grade recipes. For the actual 

administration of the treatment, using the lab-grade recipes, three methods of injection were to be 

directly compared. To address the second, six soil columns were treated through the UICP process, 

using the same material compacted to the same relative density, only varying in injection direction: 

bottom-to-top, top-to-bottom, and alternating, each in replicate. The resulting improvement 

achieved through each method was evaluated for unconfined compressive strength and calcite 

content distribution over the length of the respective specimens. An additional set of three columns 

were subjected to the top-to-bottom treatment method, instead using the alternative recipes, also 

evaluated for strength and calcium distribution.  

 

 

Materials and Methods 

 

 

Microbial Growth 

Frozen stocks of S. pasteurii were used to produce bacterial ‘starter’ cultures for testing, 

thawed and added to 99 mL of a brain-heart infusion and urea solution (BHI), at 3.7% and 2.0% 

concentrations respectively, in DI water. The flask was covered and placed into a shaking incubator 

set to maintain 30 degrees Centigrade and 150 revolutions per minute. This sample was allowed 

to incubate for 16 hours. This starter was then used to inoculate a bacterial solution for the 

treatment process.  
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Media 

The process of UICP is done using an alternating set of fluids introduced into a medium. 

Based on the method developed by Whiffin (2004), the two solutions initially used, were CMM- 

and CMM+. These were referred to as the ‘lab-grade’ recipes. A set of  alternative, ‘yeast-extract-

based’ recipes were proposed as a method of cost reduction. The bacterial growth solutions, BHI 

+ Urea, CMM-, YEH-, YEM-, and YEL- were used to propagate bacterial cultures for treatment, 

the recipes established by Table 3-1 (product abbreviations established in Table A1). These were 

evaluated through the use of a comparative batch study. The calcium-providing solutions, recipes 

established in Table 3-2, share the same base set of ingredients, but include calcium chloride. 

These were not tested using the batch study.  

 

 

Table 3-3. - Alternative recipes for bacterial growth solutions. See Table A1 in the appendix for 

detailed description of ingredient type. 

 Carbon Urea Ammonium Chloride 

Recipe Prod. 
Conc 

(g/L) 
Prod. 

Conc 

(g/L) 
Prod. 

Conc 

(g/L) 

BHI + Urea BHI 37 FS Urea 20 N/A  

CMM- NB 3 FS Urea 20 FS NH₄Cl 10 

YEH- YE 15.5 DEF 20 FS NH₄Cl 1 

YEM- YE 8 DEF 20 FS NH₄Cl 1 

YEL- YE 4 DEF 20 FS NH₄Cl 1 
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Table 3-4. - Alternative recipes for calcium solution. See Table A1 in the appendix for detailed 

description of individual ingredients. 

 
Carbon Urea Amm. Chloride CaCl2 

Recipe Prod. 
Conc 

(g/L) 
Prod. 

Conc 

(g/L) 
Prod. 

Conc 

(g/L) 
Prod. 

Conc. 

(g/L) 

CMM+ NB 3 FS Urea 20 FS NH₄Cl 10 FS CaCl₂ 49 

YEH+ YE 15.5 DEF 20 FS NH₄Cl 1 PW 49 

YEM+ YE 8 DEF 20 FS NH₄Cl 1 PW 49 

YEL+ YE 4 DEF 20 FS NH₄Cl 1 PW 49 

 

 

Batch Studies 

The impact of the changes in ingredients on the bacterial growth needed to be considered. 

Batch studies were conducted to assess the bacterial growth in different combinations of nutrient 

sources, those tested provided in Table 3-1. Growth of a bacterial culture in the recipes lifted from 

Whiffin (2004) were compared to that in high, medium, and low-carbon variations of the yeast-

extract-based recipe (YEH-, YEM-, and YEL-). The CMM-based and alternative recipes were 

compared against the performance of a brain-heart infusion with urea (BHI), representing optimal 

bacterial propagation. 

100 mL of each solution was placed inside an Erlenmeyer flask, combined with an initial 

one-percent dilution of a BHI-based bacterial stater culture, and allowed to incubate for 24 hours. 

For each recipe, four flasks were prepared; three inoculated, one left as a control. Initially, (zero 

hours), then 1, 2, 4, 6, 8, 12, and 24 hours after initiating the propagation, these solutions were 

sampled and tested. The samples were assessed through an optical density (OD) reading and a urea 

assay. For the 0, 2, 6, 12, and 24-hour samples a pH measurement was also conducted.  

 

 

Optical Density. The optical density (OD) reading was used to qualitatively measure the 

bacterial population density. At each testing period, three 200-microliter samples were taken 
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from each flask and placed into a Greiner 96-well plate. This plate was placed into a Tecan 

infinite F50 plate readerand read with a light at a fixed wavelength of 600 nanometers. The 

values from the three samples were averaged. These values were recorded over time as a way of 

tracking the growth of the bacterial populations for a specific solution.   

 

 

Jung Assay. The Jung assay was used as a method of tracking the consumption of urea by 

propagation of the bacteria, the process established by Jung et al. (1975) The test was done 

according to the same procedure used by Phillips (2013). Samples were diluted at a 1:10 ratio in 

10% nitric acid, as to fall within a readable range for the assay and halt the reaction.  Results were 

taken across the 3 samples and averaged, providing a result for that flask.   

 

 

pH Testing. For the pH reading, a two-milliliter sample was taken from each flask and 

placed into a 15-milliliter centrifuge tube. After collection, an RS323 pH-probe was used to 

measure the pH level of the sample, suspended in the fluid until the reading stabilized. The probe 

used was subjected to three-point calibration in buffer solutions prior to testing. Full ureolysis 

would be suggested by an increase in the pH of the solution, from neutral to slightly basic 

(approximately nine pH).   

 

 

Cost Analysis. To evaluate the comparative cost advantage of the commercially sourced, 

alternative recipes, the typical market price of the ingredients was investigated, and used to 

determine the per-liter cost of each recipe. This was done by determining the cost of the unit 

available for purchase (unit cost), as well as the mass of the product provided in the unit (unit 

mass). With these values, a unit cost per gram was established for each, which could be applied to 

the masses used for the concentrations for each recipe.  
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Soil Column Testing  

All soil specimens were prepared in columns with an inner diameter of 50 mm and a height 

of 100 mm, featuring ports at the bottom and top for passage of fluid. These were previously the 

subject of a conference paper (Dorian et al., 2023), the design process and analysis of results 

expanded upon in more detail here. Reactors were constructed from plastic concrete molds with a 

snapping cap, holes drilled in the top and bottom into which barbed six-millimeter-diameter 

fittings were fixed. These reactors, and the general setup for treatment, are shown in Figure 3-1. 

The plastic of the mold was strong enough to contain the specimen during compaction and 

treatment, and withstand fluid pressure, but was pliable enough to cut through to allow relatively 

easy sample extraction. Flexible PVC tubing, with an internal diameter of six millimeters, 

connected the ports to the 60 mL syringes, used to inject fluid to the soil medium at a fixed rate. 

The port used to introduce fluid was referred to as the ‘inlet,’ and the port used for drainage the 

‘outlet.’ 

Sakrete® medium commercial silica sand was selected, the characteristics of which are 

provided in Table A2. Properties of the uniform sand included the following: a relative density 

(Dr) of 35%, maximum void ratio (emax) of 0.97, minimum void ratio (emin) of 0.53, and median 

grain size, (D50) of 0.67 mm. emax and emin were determined following ASTM standards D4253 

(ASTM 2002a) and D4254 (ASTM 2002b), while Gs was determined following standard D854 

(ASTM 2014). The soil samples were constructed layer by layer; each layer was compacted to a 

target relative density of Dr = 35%, up to the top. Soil was compacted into the reactors using a 

wet-tamping procedure, established by Ladd (1978), and revised by Chan (1985).  The amount of 

soil required for each lift, and the thickness to be achieved through compaction for each, was 

determined based on the desired density. Compaction was performed in five lifts with moist soil 
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(a moisture content of 7%) distributed evenly for each layer. To prevent excessive compaction of 

lower layers, an initial degree of undercompaction was included in the process.   

 

 

 
Figure 3-1. - Testing setup for reactors, detailing treatment methods and process, and showing 

reactor section. 

 

 

Injection Strategy. The central interest for this experiment was the effect of a specific 

injection strategy, if any, on the resulting distribution of calcite precipitation and specimen 

strength. To address this, three strategies were used: Bottom-to-top, (B) where fluids were injected 

through the bottom and drained from the top; Top-to-bottom, (T) injected through the top and 

drained from the bottom; and alternating, (A) where direction was changed after every fourth 

injection. Specifically of interest was the efficacy of a top-down treatment, most suitable for 

treatment of exposed soil surfaces, as injections could be administered directly to soil surface. The 

goal was to evaluate relative performance of this method against the bottom-top method, used 

more frequently, and an alternating treatment method, such as that proposed by Mortensen et al. 

(2011). Were the top-bottom method found to provide similar results to the bottom-top and 
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alternating methods, not resulting in a significant loss in cementation strength, the potential for the 

UICP process would be much greater for large-scale application. 

In addition to the six columns discussed, an additional three were treated using one of the 

injection methods, substituting the original recipes with a yeast-extract-based alternatives. Similar 

to the previous evaluation, were the substitute recipes to provide a similar degree of precipitation 

and strength improvement to the soil, there would be greater potential for field applications of the 

UICP method, reducing the burden of cost without a loss in performance.  

 

 

Effluent fluid sampling. The injection design allowed for assessment of the reaction 

progression, primarily though sampling of the effluent.  A certain amount of time after the start of 

each injection, a sample was collected; this waiting period was determined based on the pore 

volume of the specimen and the injection rate, providing fluid that had been in the approximate 

center of the soil during its residence. The effluent samples were analyzed for urea concentration 

via a colorimetric Jung assay (Jung et al., 1975; Phillips, 2013), used to verify that that additional 

urea in the calcium solution was being effectively consumed, signifying successful ureolysis.  

 

 

Unconfined Compressive Strength. Strength of the treated soil specimens was evaluated 

through the unconfined compressive strength (UCS) test established by ASTM D2166 (ASTM 

2010). The results obtained from UCS testing can be directly applied to engineering design and 

analysis of shallow soil applications, providing a relative analogue of the stress conditions 

experienced by shallow soil layers. The specimens were extracted from the reactors after drying 

and top and bottom surfaces were filed to eliminate high points or unevenness; such irregularities 

could result in unrepresentatively high stress concentrations over small areas, leading to premature 

fracturing and failure. Each specimen was placed on a load frame, and the loading piston zeroed 
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onto its top surface. For the UCS test, both the applied load and deformation of the specimen are 

monitored, used to determine stress and strain respectively, so the testing process should start when 

the piston is in contact with the surface. The piston was then driven into the specimen at a 

controlled rate, causing a one-percent increase in strain every minute until the specimen failed. 

The failure mode was recorded, and the tested specimen was retained for calcium analysis.   

 

 

CaCO3 Determination. CaCO3 content was determined using a gravimetric acid washing 

method, or an ‘acid digest.’ After treatment and strength testing, specimens were divided into 3 

sections along the specimen’s length (a top, middle, and bottom section), from which two samples 

each were taken. Each sample allowed to dry fully, then crushed to eliminate large clumps, and 

one gram was weighed into a centrifuge tube and combined with five mL of 10 % nitric acid 

(HNO3) to dissolve the CaCO3. This fluid was decanted and retained, and the soil was allowed to 

fully dry. The mass of the CaCO3 present in the soil sample was calculated by measuring the 

difference between the initial oven-dried mass of the soil sample and that after decanting the acid 

and drying.   

 

 

Results 

 

 

The results of a series of column experiments combined with batch studies are presented 

to address two common issues associated with the application of MICP for field-scale surface 

treatment: cost and uniformity. The batch study results include cost analysis, as well as the OD, 

pH, and Jung assay results for different recipes (BHI, CMM, and the YE-based recipes), monitored 

over 24 hours. Additionally, the study covers the calcium carbonate precipitation profile and the 
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evaluation of the strength properties of MICP-treated sand specimens prepared using different 

injection strategies.    

 

 

Cost Analysis of Recipes 

The completed cost analysis of the different recipes is provided in Tables 3-3 and 3-4, for 

the bacterial and calcium solutions respectively. The price breakdown for each ingredient is based 

on the unit cost per gram, established by Table A1 in the supplement. As anticipated, the BHI 

recipe is the most expensive at $11.89 per liter, primarily due to the unit cost and required 

concentration of BHI. The typical lab-grade recipes, CMM- and CMM+ are the next-most 

expensive, with CMM+ ($4.72) costing nearly double that of the CMM ($2.66) due to the high 

cost per gram of the Fisher Scientific Calcium Chloride. The costs for the commercial-grade 

recipes are an order of magnitude lower than the lab-grade recipes. Among these, the high-carbon 

variants are the most expensive, $0.49 for the YEH+ and $0.39 for the YEH-. The low-carbon 

variants, on the other hand, are appropriately the least expensive, at $0.30 for the YEL+ and only 

$0.20 for the YEL-. The use of yeast extract instead of the lab-grade analogues proved to be the 

most significant reduction to the cost, especially when compared to the Becton Dickenson nutrient 

broth. With this in mind, further investigation for potential usability is justified, as these recipes 

would reduce the financial burden at larger scales of application.  
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Table 3-3. - Comparative cost of bacterial growth solution recipes in dollars per liter; YEH, YEM, 

and YEL are high-carbon, medium-carbon, and low-carbon variations of the same recipe. 

 Carbon Urea Ammonium Chloride Total 

Cost 

($/L) Recipe Prod. 
Conc 

(g/L) 

Cost 

($/L) 
Prod. 

Conc 

(g/L) 

Cost 

($/L) 
Prod. 

Conc 

(g/L) 

Cost 

($/L) 

BHI + Urea BHI 37 10.60 
FS 

Urea 
20 1.29 N/A   11.89 

CMM- NB 3 1.06 
FS 

Urea 
20 1.29 

FS 

NH₄Cl 
10 0.31 2.66 

YEH- YE 15.5 0.26 DEF 20 0.10 
FS 

NH₄Cl 
1 0.03 0.39 

YEM- YE 8 0.13 DEF 20 0.10 
FS 

NH₄Cl 
1 0.03 0.26 

YEL- YE 4 0.07 DEF 20 0.10 
FS 

NH₄Cl 
1 0.03 0.20 

 

 

Table 3-4. - Comparative cost of calcium solution recipes. Recipes are inherently the same as their 

non-calcium counterparts, but include 49 g/L of Calcium Chloride. 

Recipe 

Carbon, Urea, 

and Amm. 

Chloride 

Calcium Chloride 
Total Cost 

($/L) 

Cost ($/L) Prod. 
Conc 

(g/L) 

Cost 

($/L) 

CMM+ 2.66 
FS 

CaCl2 
49 2.16 4.72 

YEH+ 0.39 PW 49 0.10 0.49 

YEM+ 0.26 PW 49 0.10 0.36 

YEL+ 0.20 PW 49 0.10 0.30 

 

 

Effect of Recipe on Bacterial Propagation 

Figures 3-2, 3-3, and 3-4 present optical density, urea consumption, and pH reading over 

the 24-hour batch study, respectively. Results were collected across all flasks for a given recipe 

and averaged for the final curve. In Figure 3-2, the OD results plot average absorbance of the 

samples against time in hours. A higher absorbance indicates greater ‘cloudiness’ of the fluid, 

attributed to bacterial growth. These results showed that all yeast-extract-based recipes (YEH) 
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reached a higher optical density than the CMM- could achieve by the 12-hour mark. However, all 

three alternative recipes showed a slight delay in growth during the early incubation period, where 

CMM- exhibited more notable growth from one to six hours after inoculation. This delay was 

particularly pronounced in YEH-, which did not show significant growth until the 12-hour mark, 

where it suddenly exhibited a substantial increase.   

 

 

 

Figure 3-2. - Batch study optical density analysis over 24 hours; averaged across 3 specimens per 

recipe, with 3 samples per specimen. 

 

 

The urea consumption results are presented in Figure 3-3, showing that CMM- saw the 

fastest consumption of urea, but only by a small margin compared to the BHI and YEM-; 

practically, all three performed the same, having consumed all present urea to non-readable levels 

by eight hours. YEH- saw a faster initial, but a more prolonged trend in the consumption of urea. 

This observation aligns with the findings from the OD results for the YEH-. The relationship 

between the urea concentration and optical density is less visibly correlated for YEL-, however.   
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Figure 3-3. – Batch study urea concentration over 24 hours, determined by Jung Assay; averaged 

across 3 specimens per recipe, 3 samples per specimen. 

 

 

The pH results are shown in Figure 3-4. The change in pH level throughout incubation saw 

relatively little difference between the recipes, suggesting a similar observed effect of ureolysis as 

the fluids become more basic. From the zero-hour datapoints, it appears that YEL- had the highest 

initial pH, while YEM- had the lowest. Regardless, the progression toward a more basic state 

appeared to be unimpeded. 

In terms of recipe performance for bacterial propagation, the yeast-extract-based recipes 

performed just as well, if not better in some measures, than the original CMM- recipe. Based on 

optical density, all yeast-extract-based recipes outperformed the CMM-, indicating a greater 

resulting bacterial population density. It is possible that with the additional carbon material in these 

recipes allowed the bacteria to continue to propagate once the urea was depleted, which the lower 

nutrient content in the CMM- could not. However, this is speculative reasoning.  
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Figure 3-4. - Batch study pH level over 24 hours; measured every other hour and at 24 hours; 

averaged across 3 specimens per recipe. 

 

 

Effect of Injection Method on Specimen Strength 

The stress-strain response up to the failure of the treated soil specimens through the UCS 

test are shown in Figure 3-5. Peak strengths were recorded and are presented in Table 3-5. From 

the results, it can be observed that the top-bottom method consistently provided the highest 

strength. Specimen one from the top-bottom method, labeled as ‘T1,’ exhibited the greatest 

strength and brittle behavior, with T2 following; notably, T2 showed a slightly lower peak strength 

but displayed a more ductile pattern of behavior. Both the specimens from the top-bottom method 

appeared to outperform those of the other treatment methods.  
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Figure 3-5. - Comparative UCS stress (force over area) versus strain (deformation over original 

length) between treatment methods using standard recipes (CMM- and CMM+). The amount of 

strain that a specimen withstood before failure was related to its relative ductility (high strain) or 

brittleness (low strain); e.g. specimen T1 exhibited relatively brittle behavior, while T2 showed 

more ductile behavior.  

 

 

Table 3-5. - Peak UCS strength (kPa) for treated soil columns; letter indicates treatment method, 

and number is the specimen number for that method. 

Peak Deviatoric Stress (kPa) 

B1 B2 A1 A2 T1 T2 

212.1 433.4 350.1 227.7 647.6 560.9 

 

 

As for a reason why the top-bottom method prevailed in strength, the results of the calcium 

digest analysis (Figure 3-6) across the specimens suggested that it may be attributable to the 

relative uniformity of the calcite’s distribution along the length of the treated specimen. The digest 

results for all samples for a specific treatment method were compiled into a box-and-whisker 

diagram, with each box representing a section of the column, displaying the median value and 

range. While the top-bottom method did not produce the highest amount of precipitate by percent 
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mass (only 4.5% on average overall), it did provide the least variability through the length of the 

column. Comparatively, the bottom-top and alternating methods resulted in more cementation on 

average (6.9% and 6.3% respectively), but with less even of a distribution through the column’s 

length. This variation in the distribution could be caused by a filtration effect within the soil 

medium, where ‘more’ of a reaction takes place at the initial location of injection, less reactants 

left in the solution moving further along the length of the soil.  For the top-bottom method, the 

force of gravity may simultaneously encourage the penetration of fluid to lower depths.  However, 

an analysis of variance test run on the data showed little evidence (p-value of 0.234) for the effect 

of the method after accounting for the segment (top, middle, or bottom) on calcium carbonate 

content. This suggests that the variation in the resulting distributions is not statistically significant 

enough to claim the effect of each method. More replication of this experiment, accompanied by 

tracer-fluid analyses would be a better means of evaluating the performance of each of these 

treatment configurations. 

As discussed, the degree of strength improvement to the soil through UICP can vary 

substantially. Supplementary Table A3 provides a collection of results from various research 

efforts, showing the maximum UCS achieved through UICP treatment of medium to coarse sands, 

similar to that used in this experiment, illustrating the range of results possible. Not only did the 

relationship between treatment and strength vary, but also that between amount of precipitate and 

strength; for instance, Danjo and Kawasake (2016) achieved a UCS of 10 MPa with an average of 

29% calcite by mass, while Terzis and Laloui (2019) achieved 11.3 MPa with only 9% calcite. 

This may suggest that the strength of treated soil is not only related to the amount of precipitate 

but also the mechanism of precipitation (IE how the precipitate forms between the soil particles). 

Such variations are evidently attributable to differences in reactor design, treatment method, and 
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other parameters as specified by the treatment conditions used to achieve the maximum strength. 

The specimens generated in this effort, and other experiments as well, are not universal 

representations of the product of the UICP procedure, and it is unknown if the same trend would 

be evident had other parameters been changed.  

 

 

 

Figure 3-6. - Calcium carbonate (CaCO3) content by column segment, organized by statistical 

results of 2 samples per method; determined by percent mass through calcium digests of 1-gram 

samples. 

 

 

Effect of Recipe on Specimen Strength 

In addition to the batch study, the original CMM- recipe was replaced with the base YEH- 

recipe for treating of three soil columns, the calcium solution, CMM+, replaced with YEL+. The 

rationale behind this change was that the nutrient content of the calcium solution was less critical 

than that of the bacterial solution, the calcium solution being more responsible for delivery of urea 

and calcium and not the further propagation of the bacteria. Soil columns were prepared the same 

as the previous soil specimens and treated using the top-bottom method. The UCS testing and 
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calcium carbonate distribution analysis was conducted, and the results are depicted in Figure 3-7, 

peak strengths summarized in Table 3-6, and Figure 3-8 respectively.   

 

 

 
Figure 3-2. - UCS stress versus strain for YEH-/YEL+ treated specimens. 

 

 

 
Figure 3-3. - Calcium carbonate content by segment for YEH-/YEL+ treated specimens, 

determined by percent mass through calcium digests.  
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Of the three specimens treated with the YEH- and YEL+ recipes, only two were 

successfully tested, one of the specimens having failed upon removal from the reactor. The results 

were disparate from the top-bottom-treated specimens using the original CMM recipe, only 

reaching a maximum of 400 kPa, with more variance in the resulting strength. These specimens 

still saw an improvement in strength, albeit to a lesser degree compared to the specimens treated 

using the CMM- and CMM+ recipe set with the same treatment method. It is worth noting that 

these specimens were treated at a different time, using a different bacterial culture, and done by a 

different researcher, introducing potential for variability in the specimens.  

 

 

Table 3-6. - Peak UCS strength (kPa) for treated soil columns using yeast-extract-based solutions 

(YEH-, YEL+). 

Peak Deviatoric Stress (kPa) 

YE 1 YE 3 

399.8 251.1 

 

 

Conclusions 

 

 

A series of column experiments and batch studies were conducted to tackle two common 

issues associated with the application of MICP for surface application: cost and quality of 

improvement. Three different strategies, namely Bottom-to-top, (B); Top-to-bottom, (T); and 

alternating, (A), were employed on soil columns using various recipes. Although it is difficult to 

definitively determine the superiority of one treatment method over another, it can be asserted that 

administering the MICP treatment from the top downward proves to be effective in enhancing soil 

cohesion through the precipitation of calcite. This observation is consistent across the tested 

treatment strategies.   
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The results of this study suggested that the substitution of commercially available 

alternatives to lab ingredients used for the injections in the UICP process do not impede the overall 

growth of S. pasteurii cultures. While the impact of the change in ingredients on degree of soil 

strength improvement is not fully understood, likely requiring a larger series of tests or more 

directly comparable testing, it can be concluded that the new ingredients used did result in calcite 

precipitation, producing an increase in the strength of the soil. Compounding with the significant 

reduction in cost from their usage, and the success seen in the batch study tests, further research 

efforts are justified. 

These takeaways do provide some additional credit to UICP as a method of soil erosion 

mitigation, at least in respect to the feasibility of treatment. As the top-bottom method of treatment 

did not hinder the precipitation process, this general method of treatment could be much more 

easily applied to existing soil, as opposed to the other methods discussed. Additionally, since the 

commercially available ingredients did not inhibit or hinder the growth of the bacteria, and did 

result in successful strengthening of the soil, the process can be done at a fairly low cost, much 

more conducive to large-scale application.  

However, that does not mean the method is ready for large-scale application at this current 

point. There are other considerations necessary, such as the extraction of fluid, lateral spread of 

injections and the necessary spatial intervals of treatment, and suitable equipment and procedures 

for larger scales. As shown in Table A3, additionally, further refinement of the process is still 

necessary to produce the most effective improvement to strength. At this point, there are other 

focal points for research that would be best understood before field application, such as the effect 

of scale on the process and the relationship between the quantity of calcite precipitation and the 

respective increase in strength. The research conducted, and the results reached, suggest that the 



 

 

52 

 

UICP process could be used for this purpose, and may serve as a useful steppingstone for future 

research efforts.    
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Abstract 

 

 

A series of experiments were conducted to assess the feasibility of employing ureolysis-

induced calcite precipitation (UICP) to increase the strength of the base or subbase materials of 

roads and runways.  The experiments involved constructing specimens with uniform silica sand 

profiles at two distinct scales: 15-centimeter-diameter specimens and a 30-centimeter-by-30-

centimeter specimen. The smaller-scale specimens were utilized to refine the treatment process 

and test various recipes, while the larger specimen aimed to simulate in-situ conditions more 

accurately and provide additional data points for establishing a preliminary correlation between 

calcium carbonate content and the strength properties of the treated soil. Calcium conversion was 

measured after each pulse, and the UICP treated specimens were tested for cementation uniformity. 

The strength properties of soil treated with UICP was assessed using the California Bearing Ratio 

(CBR) test. The effectiveness of two different treatment methods for soil stabilization was 

examined, ‘top-down’ injection and ‘probe-injection’ methods. Treating directly onto the soil 

surface resulted in a greater aggregation of the precipitate on the surface, while the probe-based 

method better treated the deeper portions of the soil, but produced little cementation near the 

surface. It was also discovered that using cheaper, commercially-sourced ingredients successfully 

induced precipitation and significantly improved soil strength. Overall, it was found that the UICP 

process was successful at increasing the CBR value of a soil at a relatively low cost, from 

approximately 11% prior to treatment up to 188% after treatment. 
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Introduction 

 

 

Paved structures such as roads and runways rely heavily on the strength of the underlying 

soil substructure. However, the native soil, known as the subgrade, often poses challenges for 

construction due to its low permeability, susceptibility to freeze-thaw cycles, and relatively low 

compressive strength. To address these issues a stronger, free-draining, natural soil called the sub-

base is placed and compacted on top of the subgrade. The base layer, typically a manufactured 

material such as crushed rock, is then laid over the compacted sub-base, followed by the asphalt 

concrete layer.  Each layer in the pavement structure reduces the load transmitted to the underlying 

layer, reducing it to levels appropriate for the subgrade soil. Thus, the load dispersal from the 

surface to the subgrade is crucial in pavement design. This concept is reflected in the structural 

number (SN) used in flexible pavement design (AASHTO 1993), which determines the appropriate 

lift thickness based on anticipated traffic loads and soil strength. However, the current design 

process is challenged when the assumed design loads or traffic volumes are exceeded. Modifying 

the material strength or lift thickness to meet the new demands is not easily achievable, resulting 

in a shorter design life and faster degradation of the paved structure. Was there a way to enhance 

the strength of the underlying substructure with minimal disruption of the pavement, these issues 

could be resolved, ensuring a longer-lasting, reliable pavement system. 

Several methods have been previously employed to improve the strength properties of soils 

beneath roads and runways, as outlined by the Army Corp of Engineers (1984) and the National 

Academy of Sciences (2009). These methods include, in conjunction with the compaction of the 

soil, the utilization of materials such as Portland cement, lime and lime-based mixtures (LCF), 

bitumen, and fly ash to improve the performance of soil lifts. However, these suggested methods 
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are typically applied before road construction, mixed with the soil prior to laying. Therefore, they 

are unable to facilitate a more efficient renovation process. For a potential method of retroactive 

improvement without extensive renovation, high-mobility polyurethane grout has proven an 

effective means of strength improvement with the ability to be injected into an in-situ soil (Saleh 

et al., 2019; Sabri et al., 2018; Sabri et al., 2021). However, this method has admitted caveats, such 

as susceptibility to bacterial degradation, relatively high material cost, and inhibition of 

permeability in the treated soil (Saleh et al., 2019). These challenges make its application to road 

substructures more complex. 

This is where the process of ureolysis-induced calcite precipitation (UICP) may be 

relevant. This process uses the enzyme ‘urease’ to convert urea to carbonate, which reacts with 

calcium to produce calcium carbonate (CaCO3) or ‘calcite,’ a process generally represented by 

Equations 4-1 and 4-2.  

𝐶𝑂(𝑁𝐻2)2 + 2𝐻2𝑂 + 𝑈𝑟𝑒𝑎𝑠𝑒 → 2𝑁𝐻4
+ + 𝐶𝑂3

2−  Equation 4-1. 

𝐶𝑎2+ + 𝐶𝑂3
2− → 𝐶𝑎𝐶𝑂3   Equation 4-2. 

Since its initial application as a form of crack sealant for natural gas wells (Gollapudi et al. 

1995, Kirkland et al. 2020), research efforts have expanded to explore potential applications for 

improving soil strength (DeJong et al., 2006, Gomez et al., 2014), slope stabilization (Salifu et al., 

2015), liquefaction mitigation (DeJong et al. 2022), and surface soil stabilization. This process is 

being realized as a novel method of improving the mechanical properties of soils, considered less 

invasive and more sustainable compared to traditional methods, consuming fewer non-renewable 

resources (Rahman et al. 2020, Deng et al. 2021), with the potential to harness native bacteria 

naturally present in soils or inject cultured strains of bacteria(Gowthaman et al. 2019a and 2019b). 

Moreover, this could be accomplished without the extensive labor typically required for the 
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renovation of paved structures, with reduced environmental impact and cost. These considerations, 

in conjunction with the straightforwardness of treatment, have made UICP appealing as a potential 

method for the strengthening of substructure materials for road construction (Porter et al. 2016, 

Smit et al. 2022). 

Within the context of surface soil stabilization, relevant studies mainly focused on surface-

water-induced erosion control (Montaya et al., 2018; Chek et al., 2021; Ghasemi et al., 2019; 

Hodges and Lingwall, 2020; Jiang et al., 2019; Ghasemi and Montaya, 2022), scour mitigation 

(Do et al. 2020), wind erosion and dust control (Maleki et al. 2016; Zhan et al., 2016), and 

mitigation of wave-induced erosion of coastal sand dunes (Liu et al., 2021; Montoya et al., 2021; 

Shanahan and Montoya, 2016). The question, then, is whether this method can be applied to the 

base or subbase of an existing paved structure and effectively increase the strength of these 

materials to resolve the problem of changing demands. In essence, it is not yet known how the 

UICP process should be applied to achieve an optimal result: the best improvement to strength (in 

the context of paved structures) relative to the cost and effort applied. Previous studies have 

compared different UICP implementation techniques including surface spraying, prefabricated 

vertical drains (PVDs), and shallow trenches (Ghasemi and Montaya, 2022). The surface spraying 

method is preferred for the treatment of large surficial areas, while using the PVD method and 

shallow trenches can achieve deeper depths but in a highly localized manner. However, when 

regarding the stabilization of roads with asphalt or concrete surfaces, the surface spraying method 

becomes difficult to implement. Dorian et al. (2023) and Khosravi et al. (“Large-scale Bio-

cementation Test to Improve Sub-Structures of Existing Asphalt and Concrete Roadways,” 

submitted, GeoCongress 2024, ASCE, Reston, VA) sought to address the similar issue of surface 

stabilization through UICP, finding promise in the use of top-to-bottom treatment to improve soil 
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strength. Such a treatment design would be best for the envisioned application to road base 

material. However, this research also suggested a relative importance of precipitate uniformity in 

the resulting improvements to strength. It was yet uncertain if the increase in the scale of treatment 

would change its effect on the treated soil (Meile & Tuncay, 2006). Few previous studies have 

covered a range of scales for treatment (Saneiyan et al., 2021; Nassar et al., 2018), and few larger-

scale studies have conducted in-depth analyses of the distribution of calcium carbonate (Gomez et 

al., 2016), both of which would provide better insight to field application. There was also a desire 

to develop a relationship between the amount of precipitate to the increase in strength of the soil, 

as a quantitative effect. This required a large enough body of tests to develop a correlative model, 

and a method of testing that could be compared directly to the untreated material.  

This study presents the results of a series of column experiments used to evaluate the 

feasibility of using UICP for enhancing base and subbase materials in road and runway 

construction. Testing was conducted at two scales: 15-centimeter-diameter specimens and a 30-

centimeter-by-30-centimeter specimen. Smaller-scale tests were used to examine different 

injection strategies, and different recipes for treatment. As a criterion for field scale treatment, 

solutions based on lab-grade ingredients were compared to those using commercial ingredients, 

procurable in bulk for a much lower cost (Table B1). Specimen strength was compared against 

other treated specimens, to determine any observable effect of the methods used, and to untreated 

specimens, to gauge the degree of the increase in compressive strength. The larger-scale test was 

used to evaluate the treatment process on an open-surface material, using a mock road segment 

with multiple layers of material. Calcium conversion was measured after each pulse, and 

cementation uniformity was assessed in the UICP-treated specimens. Soil strength was determined 
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through California bearing ratio (CBR) strength testing, having been developed for testing of road 

construction materials.  

 

 

Materials and Methods 

 

 

Microbial Growth 

The bacteria Sporosarcina pasteurii was used as a source of urease, sourced from frozen 

one-milliliter stocks. Two days prior to use, stocks were thawed, introduced into 99 milliliters of 

brain-heart-infusion (BHI) growth solution, and allowed to incubate for 16 hours. This mixture 

was referred to as the ‘starter solution,’ used to inoculate the ‘bacterial solution’ for treatment.  

 

 

Media 

The UICP process uses a reaction between urease, urea, and calcium. To accomplish the 

precipitation within the soil medium, two fluids were separately introduced into the soil medium 

as ‘injections.’ One supplies urease, in this case the S. pasteurii, known as the ‘bacterial solution.’ 

The other supplies urea and calcium, the ‘calcium solution.’ Both solutions require a specific set 

of ingredients: urea, ammonium chloride, and a source of ‘food’ or carbon for the bacteria to grow.  

For this set of experiments, two sets of recipes (Table 4-1) were used: CMM- and CMM+, 

and YEH- and YEL+. The first set, the ‘CMM’ recipes, established by Whiffin et al. (2004), used 

lab-grade ingredients. The ‘YE’ recipes substituted the lab ingredients for commercially-available 

alternatives. In both sets, the plus sign (+) indicates a source of calcium in the solution, the minus 

(-) indicating an absence. The different ingredients, with respective sources and per-gram costs, 

are provided in Table B1. For the concept of field application, likely requiring larger fluid volumes, 

these cost-effective recipes may be preferred.  
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Table 4-1. - Solution recipes with associated per-liter costs. 
 

Carbon Urea NH4Cl CaCl2 
Total 

($/L) 
Recipe Prod. g/L $/L Prod. g/L $/L Prod. g/L $/L Prod. g/L $/L 

CMM- NB 3 1.06 
FS 

Urea 
20 1.29 

FS 

NH₄Cl 
10 0.31 N/A 2.66 

CMM+ NB 3 1.06 
FS 

Urea 
20 1.29 

FS 

NH₄Cl 
10 0.31 

FS 

CaCl2 
49 2.16 4.82 

YEH- YE 15.5 0.26 DEF 20 0.10 
FS 

NH₄Cl 
1 0.03 N/A 0.39 

YEL+ YE 4 0.07 DEF 20 0.10 
FS 

NH₄Cl 
1 0.03 PW 49 0.10 0.30 

 

 

Soil Specimens 

Soil samples intended for treatment using the UICP process were placed inside specially 

designed reactors for both treatment and post-treatment testing. Two scales of columns were 

constructed: 15-centimeter-diameter specimens and a 30-centimeter-by-30-centimeter specimen. 

Additional details on the construction of the reactors are provided in the supplementary material.  

 

 

15-centimeter-diameter Specimens. The '15-centimeter-diameter,' cylindrical reactors 

were used to explore different injection strategies and their effect on uniformity and strength 

properties of bio-treated soil. These offered advantages in providing reliable, direct, independent, 

and comparable measurements of strength between specimens and to the original material. Two 

reactors of this scale were designed with concern for the specific injection method, the remaining 

aspects of the design dictated by the requirements of the treatment and testing process. The overall 

design of the 15-cm reactors was constrained by the minimum specimen dimensions required for 

a California Bearing Ratio (CBR) test, as specified by ASTM standard D1883. The reactors were 

constructed using transparent, PolyVinyl Chloride (PVC) components, featuring an inner diameter 
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of 15 centimeters, a height of 14 centimeters, and a wall thickness of 0.95 centimeters, as illustrated 

in Figure 4-1. The reactor exhibited sufficient rigidity to withstand the applied load during the 

testing process. It was also designed to withstand internal fluid pressure, thereby controlling fluid 

flow through designated inlets and outlets, shown in Figure 4-1.  

 

 

 
Figure 4-1. – Reactor design for 15-centimeter-scale specimens, showing the two injection 

methods used: top-down (left), with solutions injected onto the soil surface, and probe-injected 

(PI), with solutions injected into the soil medium past the surface through a probe. 

  

 

Two different 15-centimeter reactors were designed, one for a ‘top-down’ injection, and 

one for a ‘probe’ injection, both shown in Figure 4-1. In the ‘top-down’ (TD) reactor (left), the 

fluid was to be introduced at the surface of the soil, the inlet ports directing fluid onto the sample’s 

top surface. In the ‘probe’ injection (PI) method (right), the solutions were injected into the soil 

medium below the surface, rather than onto it, similar in principle to the methods used by other 

field-scale studies (e.g., Omoregie et al., 2023). A 6.4-centimeter rigid tube extended into the soil 

from the top cap, patterned with 3.2-millimeter holes along four sides, through which solutions 
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were injected. In both designs, four effluent ports were situated at the foot of the reactor for 

drainage.   

 

 

30-centimeter-by-30-centimeter Specimen. The ‘30-centimeter-by-30-centimeter’ reactor 

featured inner dimensions of 30 centimeters long by 30 centimeters wide, with a height of 28 

centimeters, as shown in Figure 4-2. There was interest in the results of treatment in a soil system 

representing an actual road subsurface; the 30-centimeter-by-30-centimeter reactor was thusly 

designed as an open-topped reactor. Instead of a solid lid, the soil sample was to be topped by a 

layer of asphalt concrete as will be discussed in more detail. At this scale, a greater number of 

CBR results could be obtained, as the CBR test requires a specific amount of area for testing (~182 

cm2), without overlapping testing sites. These results can then be associated with an average spatial 

calcium carbonate content for a specific area, providing grounds for a better understanding of the 

relationship between the improvement to strength and the amount of precipitate. This approach 

contributes to improved reproducibility over the smaller specimens and allows for more detailed 

investigations into the UICP process. As for the injection system, stainless steel probes were to be 

used, inserted through the asphalt cap placed on top of the soil layer, drainage facilitated by ports 

at the bottom of the specimen. More detail on these probes is provided in the section dedicated to 

the treatment process. 
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Figure 4-2. – Reactor design for 30-centimeter-by-30-centimeter specimen, assembled from four 

side walls, secured onto a base using threaded rods and wingnuts. Injection is done through a set 

of four probes, extending through the asphalt surface and crushed rock layer into the sand 

medium. 

 

 

Soil for Treatment and Soil Preparation 

Sakrete® medium commercial silica sand was selected as a relatively low-cost option, the 

characteristics of which are provided in Table B2. Properties of the uniform sand included the 

following: a maximum void ratio, emax, of 0.97, minimum void ratio, emin, of 0.53, and median 

grain size, D50, of 0.67 mm. emax and emin were determined following ASTM D4253 (ASTM 2002a) 

and ASTM D4254 (ASTM 2002b), while Gs was determined following ASTM D792. For the 15-

centimeter-diameter columns, soil was compacted into the reactors using a wet-tamping procedure, 

established by Ladd (1978), and revised by Chan (1985). The soil samples were constructed layer 

by layer; each layer was of a specified mass, compacted to a specific thickness to reach the target 

relative density of Dr = 35%. The amount of soil required for each lift was determined based on 

the desired density. Compaction was performed in five lifts with moist soil (a moisture content of 
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7%) distributed evenly for each layer. Reactors were sealed after the soil had been compacted. 

Before treatment, samples were fully saturated using deionized (DI) water.  

For the 30-centimeter-by-30-centimeter specimen, instead of using the wet-tamping 

procedure, a small-scale pluviator was built to place the sand at the desired relative density, 

influenced by the process used by Black et al. (2016). This device was constructed from a pre-

made, sheet-metal hopper, the nozzle extended to 46 centimeters with adjustable metal ducting. A 

threaded rod was suspended from the opening of the nozzle by a metal cross; this rod extended to 

the end of the nozzle, and was used to hold perforated plates in place. The placement of these 

plates, and the size of the perforations, allowed for adjustment of the final relative density of the 

placed soil. The construction process began by placing mesh filters at the effluent ports to prevent 

loss of material due to transportation. Sand was then deposited in 10, 2.5-centimeter-thick lifts, 

positioned at a specific distance from the previous surface (as shown in Figure 4-3 to achieve a 

required Dr of 35%, the hopper lifted after every lift to maintain the calibrated height. Once the 

dry pluviation of sand was completed, the soil was saturated with clean water. After saturating the 

sample, a layer of crushed rock was placed on the surface, as illustrated in Figure 4-2. Finally, the 

soil sample was topped with a 2.5-centimeter layer of pre-formed asphalt to simulate the paved 

surface layer of a road.  
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Figure 4-3. – Demonstration of pluviation process and device used in the soil compaction process 

for the 30-centimeter-by-30-centimeter specimen. 

 

 

UICP Treatment 

For the 15-centimeter samples a discrete, ‘pulse’-based method of treatment was used. The 

setup of the treatment process is shown in Figure 4-4. Inlet ports were connected to 6.4-mm flexible 

tubing, leading from the influent solution’s container, running through a peristaltic pump. Outlet 

ports were also connected to tubing, running to a separate waste container. Bacterial solutions were 

allowed at least one hour of residence time in the soil before a calcium injection; calcium injections 

were allowed four hours of contact time. Based on the relative density and volume of the reactor, 

it was determined that the volume of the void space inside the soil was approximately one liter. 

Pulse volumes for the treatment solutions used were set at 1.5 times the pore volume of the sample, 

each then being 1500 milliliters, to ensure full saturation of the specimen with the necessary 

reagents.   
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Figure 4-4. - 15-centimeter-scale reactor treatment setup, displaying the alternative injection 

methods.  

 

 

After saturation of the soil specimen, the bacterial solution was injected first. The bacterial 

growth solution (without calcium) was made ahead of the treatment, sterilized for long term 

storage. A portion of the bacterial starter grown from the frozen stock was combined at a 1:100 

ratio with necessary volume of the bacterial growth solution. This inoculated bacterial solution 

was allowed to incubate at 30 degrees Centigrade for 16 hours, checked using an optical density 

(OD) test prior to injection.  The calcium solution was prepared directly before injection, dry 

ingredients mixed into DI water in a two-liter flask and agitated with a stir bar until full dissolved, 

then being ready for injection. Before the calcium pulse, an ammonium chloride solution was used 

to rinse the inlet tubing to prevent premature reaction, enough in volume only to fill the inlet 

tubing. Both treatment solutions were injected at six milliliters per minute into the soil. Samples 

were taken from the effluent line to monitor the progress of the reaction, specifically the 

consumption of urea.  
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The resulting specimens were products of differing combinations of reactor design, 

solution recipes, and number of injections. The specimens produced, along with the treatment 

conditions, are outlined in Table 4-2. For the first specimen, the sample was treated using the top-

down (TD) treatment method with 19 injections in total, referred to as ‘TD P19’. For the second 

specimen, the probe-injected (PI) treatment method was used to deliver 19 pulses in total, referred 

to as ‘PI P19.’ The final specimen also used the top-down method, substituting the solutions for 

the YE-based recipes as shown in Table B2, with only 14 pulses in total, referred to as ‘TD P14 

YE’.  

 

 

Table 4-2. – 15-centimeter specimens with associated treatment conditions. 
  Pulses  

Specimen 
Injection 

Strategy 
Bacteria Calcium 

Recipe 

Type 

1 TD 9 10 CMM 

2 PI 9 10 CMM 

3 TD 5 9 YE 

 

For treatment of the 30-centimeter-by-30-centimeter specimen, the injection strategy was 

informed by observations during the treatment of smaller column specimens, combining aspects 

of both the top-down and probe-injected methods to counter each of their perceived caveats. 

Stainless steel probes extended 10 centimeters into the soil layer, with 3.18-millimeter holes 

spaced at 1.2-centimeter intervals. A 2.5-centimeter length of holes opened into the more 

permeable gravel layer, allowing direct treatment of the surface of the sand layer. This method was 

supposed to result in more uniform cementation, allowing better treatment of the surface and the 

at-depth portions of the sand layer. These probes were connected to the pumps, as shown in Figure 
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4-5. Injections were portioned to keep the sand layer fully saturated, with the fluid level present 

within the crushed rock layer, the acrylic construction of the reactor allowing easy monitoring.  

 

 

 

Figure 4-5. – 30-centimeter-by-30-centimeter-scale reactor treatment setup. 

 

 

As opposed to the discrete-injection method used across the smaller specimens a 

‘recirculating’ treatment method, one that continuously moved the calcium solution through the 

soil medium was used. After microbes were introduced and allowed to reside in the soil, the 

bacterial solution was drained into a waste container. Two times the pore volume (11 liters) of the 

calcium solution was prepared, and injected into the reactor. Once the reactor was filled with the 

calcium solution, the effluent lines were directed back into the influent container, which was filled 

with an additional 11 liters of calcium solution. Through rate-controlled peristaltic pumps on the 

inlet and effluent lines, the calcium solution was recirculated through the reactor for three hours. 

Samples were taken during this period of recirculation, or each ‘cycling’ of calcium, with one 

taken every hour. This process was repeated for four days. For this treatment, only the yeast-
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extract-based recipes were used for the solutions, due to the larger volumes needed and as an effort 

to better emulate on-site practice.  

 

 

CBR Strength 

The effect of the precipitate on the soil specimens was to be evaluated through their 

strength capacity. The test chosen was the California bearing ratio (CBR) test, having been 

developed for testing of road construction materials and currently used as a design measure in 

multiple systems.  

 For the smaller, 15-centimeter-diameter specimens, each was subjected to a single CBR 

test, recording stress-strain results to determine an effective value of CBR in accordance with 

ASTM standard D1883. For this research, the stress needed to drive the piston a specified distance 

was compared to the standard stress used in Department of Defense document 1212, that of crushed 

rock in the same testing conditions.  

For the larger specimen, providing greater surface area and depth, multiple CBR tests were 

conducted. The specimen was sectioned off into quarters, with rows ‘1’ and ‘2’ and columns ‘b’ 

and ‘a,’ each resulting ‘cell’ subjected to testing (Figure 4-6). After testing had been tested across 

one layer the material for each cell was excavated out and retained for calcium content analysis. 

The newly revealed, at-depth surface was then tested in the same manner. Depth from one layer to 

the next was defined as 1.5 times the diameter of the testing piston (five centimeters), resulting in 

a 7.5-centimeter thickness for each layer. This provided testing surfaces at the surface of the layer, 

7.5 centimeters deep from the surface, 15 centimeters deep, and 20 centimeters deep. This last 

layer was the only exception to the rule, and was conducted to check if cementation was 

significantly more prevalent near the effluent ports. 
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Figure 4-6. - Division of 30-centimeter-by-30-centimeter specimen for CBR testing and calcium 

digest sampling. 

 

 

Jung Assay 

To monitor and verify the progress of the ureolysis inside the specimen, the samples taken 

from the effluent line were subjected to a Jung assay, a test used to determine the urea 

concentration in solution (Jung et al., 1975; Phillips, 2013). Samples were diluted 1:10 in 10% 

nitric acid (HNO3), to fall within the readable range of the test and halt any further ureolysis in the 

effluent sample. The urea content was averaged across the three triplicate samples, the average 

concentration taken as that of the original effluent sample.  

 

 

Calcium Digests and Assay 

In order to evaluate the degree of calcite precipitated in each specimen and, its distribution 

through the soil, calcium digests were conducted to determine the percent mass contributed by the 

calcite. Samples of the treated material were taken from multiple specified locations across each 

specimen, a portion of which was dried and weighed out into a centrifuge tube. Once weighed, 
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10% nitric acid was added at a five-to-one ratio (five milliliters to every one gram of dry, sampled 

material), and allowed to react with any calcite present in the sample, provided regular agitation. 

Afterwards, acid was decanted from the tube and retained separately, the digested sample being 

placed into a 50-degree-Centigrade oven to dry again. Once dried, the sample was weighed again. 

The difference in mass before and after digestion was attributed to the calcite precipitation, relayed 

as a percent of the original mass. 

For the 15-centimeter-diameter specimens, a sampling pattern as established in Figure 4-7 

was used. From the testing surface, 13 samples were taken from several key locations, and at each 

depth below the surface, nine samples were taken. From these, averages were taken and used to 

establish an average calcite content for specific areas of the surface as shown. Each sample 

digested was one gram, measured to the 10,000ths place, combined with five milliliters of acid. 

Due to the small size of the samples, however, and the presence of some fine material in the soil 

itself, the calcium contents derived from the mass measurements were easily skewed. To account 

for this, and to verify results, the fluid retained from each digest was subjected to a calcium assay 

(Kanagasabapathy and Kumari 2000). This test is similar in execution to the Jung assay. The fluid 

was diluted 1:200 in the same 10% nitric acid, as to fall within the range of standards used by the 

test, then 10-microliter triplicates from the diluted sample were combined with the reagents in 

separate wells of a 96-well plate. Optical readings were taken using a plate reader, the results from 

the standard solutions used to form a standard curve, then applied to the readings of the samples 

to determine corresponding calcium concentrations. Results were averaged across the triplicates, 

and reported for that sample.  
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Figure 4-7. - Calcium digest sampling pattern for 15-centimeter specimens. 

 

 

For the larger specimen, each portion retained of a specific testing surface (corresponding 

to a cell and a layer) had three 10-gram samples taken for digests, each combined with 45 milliliters 

of nitric acid. This specimen also provided an opportunity to determine the relationship between 

the average calcium content and the resulting CBR, since a greater number of CBR tests could be 

taken, and a respective sample could be associated with each result. The calcium contents were 

compared against CBR value, and a linear regression analysis was conducted.  

 

 

Results 

 

 

As discussed in the introduction, this study’s goal was to assess: 1) the effect of injection 

strategy on resulting calcium carbonate distribution and strength, 2) the effect of the media type 

used on the treatment characteristics, and 3) the relationship of calcium carbonate distribution and 

the improvement to strength, addressed in part by both the smaller and larger-scale tests. As such, 

this section is organized to address these questions in the order presented, beginning with the 
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findings from the smaller-scale, 15-centimeter column tests. Since this series of smaller-scale tests 

was used to inform the treatment and testing procedure for the larger-scale, 30-centimeter-by-30-

centimeter specimen, it is only appropriate to reflect on the former before discussing the latter.   

 

 

Injection Strategy and Treatment Characteristics 

The smaller specimens, TD P19 (treated by top-down injection with 19 pulses) and PI P19 

(treated by probe-injection with 19 pulses) were used to investigate the relative effect of injection 

strategy on the strength properties of the treated soil. Figure 4-8 presents the CBR values of these 

two specimens, as well as their stress-strain behavior. To conduct the CBR test on PI P19 

specimen, a flat, intact surface was required, therefore, the surface tested for CBR strength was the 

bottom of the specimen depicted in Figure 1. Between the two, TD P19 had the greater CBR value 

of 137.5%, compared to that of 82.5% achieved by PI P19. However, the latter featured the highest 

peak strength during the test, 16.5 MPa, versus the 13.5 MPa peak strength of TD P19. PI P19 did 

not reach its peak strength until a significant amount of deflection (approximately seven 

millimeters) had occurred, however, describing a relatively ductile pattern of behavior. 

Conversely, TD P19 saw a much faster rise in strength between zero and five millimeters of 

deflection, relatively brittle in comparison.  
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Figure 4-8. - CBR testing results for 15-centimeter-diameter specimens, compared against 3 

control specimens, showing a) stress-strain response during testing and b) the resulting CBR value 

taken at 2.5 mm. 

 

 

The distribution of calcium carbonate for these two specimens is provided in Figure 9, 

additional data provided in supplementary Table B3. On average, the probe-injected specimen had 

a higher amount of precipitation at 3.1% overall (standard deviation of 1.5%), compared to the 

overall average of 2.3% (standard deviation 0.9%) for the top-down specimen. The top-down 

specimen showed a higher concentration of calcium carbonate precipitation near the surface (3.1% 

on average, standard deviation of 0.7%), decreasing over the middle and bottom layers (1.9% and 

1.5% on average respectively, with a standard deviation of 0.3% for both). The probe-injected 

method, however, showed greater quantities of precipitate across the middle and bottom layers, 

the values fairly similar (3.6% and 4.2% on average respectively, with standard deviations of 0.6% 

and 0.9%), but very little precipitate near the surface of the specimen (1.0% average, standard 

deviation 0.4%). In an analysis of variance (ANOVA) test run on the data, there was very strong 

evidence (p-value of <0.0001) that there was an effect of treatment method on calcium carbonate  
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Figure 4-9. - Calcium carbonate distribution over depth for 15-centimeter specimens, evaluated at 

three discrete layers. These specimens received 19 pulses each, using the same media recipes. The 

sample PI P19 was inverted for CBR testing, requiring a flat surface, so the ‘bottom’ during 

treatment became the CBR testing surface.  

 

 

content after accounting for depth within the specimen. Therein, the differences in the results are 

statistically significant enough to claim that there is an effect of the treatment method on the 

distribution of precipitate. This would suggest that there are to be anticipated caveats for both 

methods of treatment: for the top-down, there is a kind of filtering effect, the degree of precipitation 

decreasing with further penetration into the soil; for the probe-injected method, there is a ‘blind 

spot,’ where little precipitation occurs. In observing the results of the Jung assay conducted on the 

effluent samples, provided in Figure B1, it appears that the TD P19 had a more complete 

conversion of the urea in solution, compared to PI P19, potentially reflecting the relative lack of 

precipitation near the surface. However, both saw a consistent, significant decrease in the urea 

concentration when compared to that of the influent solution, indicating successful ureolysis. 

   



 

 

82 

 

Treatment Solution and Treatment Characteristics 

Comparing the established results of specimen TD P19 and TD P14 YE, the relative effect 

of the change in treatment solutions can be evaluated. The CBR strength and stress-strain behavior 

for TD P14 YE is provided in Figure 4-8, depicting a sharper increase in strength than TD P19 and 

reaching CBR value of 188%. This was the highest CBR out of all the 15-centimeter specimens, 

even with only 14 pulses of treatment against the 19 pulses used for the other specimens. This 

suggests that the alternative, yeast-extract-based recipes may be more effective for facilitating 

strength improvements over the CMM recipes. However, further investigation would be more 

valuable to draw a distinct conclusion.   

Regarding the calcium distribution, shown in Figure 4-10 for TD P14 YE (also included in 

Table B3), the amount of precipitation on average is higher than TD P19: at the surface, the average 

calcium content is 4.9% (standard deviation of 1.8%) at the surface, 2.7% (standard deviation 

0.3%) at the middle, and 3.3% (standard deviation 0.2%) at the bottom. The distribution of calcium 

carbonate also followed a pattern similar to that seen in TD P19, reinforcing the suggestion that 

the top-down method of treatment at this scale results in more precipitation near the soil surface.  

Overall, the average calcium content was 3.8% (standard deviation 1.5%), higher than both 

of the CMM-treated specimens. This suggest that the YE-based treatment may be more effective 

at inducing calcium carbonate precipitation. The same ANOVA test found that there was very 

strong evidence (p-value of <0.0001) that recipe type influenced the amount of precipitate, 

reinforcing this conclusion. In a previous batch study, comparing the performance of YEH- to 

CMM-, it was found that the YEH- facilitated a greater bacterial density, incubated under the same 

conditions as CMM-. Lauchnor et al. (2015) determined that increased bacterial activity is related 

to an increased rate of ureolysis and higher bacterial populations may provide more nucleating 
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points for precipitation within the soil. Therein, YEH- may have a distinct benefit at generating 

precipitation over the lab-grade CMM-. The results of the Jung assay, however, show a similar 

trend in the consumption of urea between TD P14 YE and TD P19, with only a marginal difference 

during the later pulses.   

 

 

 

Figure 4-10. – Calcium carbonate distribution over depth for 15-centimeter-diameter specimen, 

treated with 14 pulses using the top-down method, using the YE-based media. 

 

 

Lessons from the 15-centimeter Specimens 

From the selection of 15-centimeter specimens tested, it can be concluded that the 

treatment mechanism used may have predictable effects on the resulting character of the treated 

soil. From the top-down specimens, there is an observable tendency to form more precipitate near 

the treatment surface, relative to areas deeper in the soil medium. From the probe-injected 

specimen, the results suggest that this method is more effective at targeting these deeper portions 

of the soil but is poor at inducing precipitate nearer to the treatment surface. From the results of 

the CBR testing, it is suggested that more precipitate near the surface provides a greater increase 
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to the CBR value. However, as the probe-injected specimen returned the highest peak strength, 

there may be additional benefit to targeting areas deeper in the soil medium. To best utilize these 

findings, the injection method used for the 30-centimeter-by-30-centimeter was a combination of 

the two methods used for the smaller scale: probes would allow for treatment of deeper portions 

of the soil, but the simultaneous injection into an overlying, more permeable layer would allow for 

direct treatment of the surface. From the results already discussed, it was hypothesized that the 

combination of the two methods would counteract each other’s deficiencies, producing more 

uniform treatment of the soil.  

 

 

Results of the 30-centimeter-by-30-centimeter Tests 

Figure 4-11 presents the CBR values of the 30-centimeter-by-30-centimeter specimen. The 

calcium carbonate content distribution over the area and depth of the specimen is illustrated in 

Figure 4-12, divided into the appropriate cells and layers, standard deviations provided in Table 

B4. The increases to strength in this specimen were far less pronounced, compared to those of the 

15-centimeter specimens, only reaching a maximum CBR of 42.0%. It is suspected that, due to the 

proximity of the test locations, there may have been a degree of interference between the CBR 

tests, as evidenced by the development of fissures on the testing surface, as shown in Figure B3. 

As a result, some of the CBR values found may be unrepresentatively low relative to their calcium 

carbonate content. For example, the average calcium carbonate contents for cells Sb1 and Sb2 

were both found to be 4.1%, but the CBR value of Sb1 was only 13.6%, while that of Sb2 was 

42.0%. The only difference between the two was that Sb2 was tested before Sb1, reinforcing the 

idea that interference may have affected some of the CBR values. However, it is likely that the 
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change in the treatment conditions also contributed to the differences in the effect of the treatment 

on the soil strength.  

 

 

 

 

Figure 4-11. – 30-centimeter-by-30-centimeter CBR strength by section over depth.  

 

 

 

Figure 4-12. - 30-centimeter-by-30-centimeter calcium carbonate content by section over depth. 
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 In the CBR results, there is less of an observable trend over the area and depth of the 

specimen than at the smaller scale, most CBR results remaining near 30%, possibly suggesting an 

improved uniformity of the treatment. This conclusion is somewhat aided by the calcium carbonate 

content over the depth, and partially verifies the initial hypothesis formed concerning the 

combination of the top-down and probe-injected methods. There is some evidence of a gradient of 

precipitate quantity over depth: the highest amount of precipitate was found near the foot of the 

specimen, ranging from 6.1% to 7.0% (standard deviations of 0.04% and 0.6% respectively), 

decreasing at 15 centimeters of depth to a range of 4.8% to 5.3% (standard deviation of 0.2% for 

both), and further decreasing to between 3.4% and 3.6% (standard deviations 0.07% and 0.2%) at 

7.5 centimeters. In another ANOVA test, there was strong evidence (p-value of 0.002) that depth 

within the specimen was related to the amount of precipitate, after accounting for cell; this suggests 

that there is a statistically significant difference in the calcium carbonate content depending on 

depth. However, the surface of the specimen had a calcium carbonate content of 3.6% to 4.5% 

(standard deviations 0.1% and 0.2%). This suggests that the combination of the two methods was 

successful at better targeting the entirety of the specimen, compared to their individual 

performance.  

 In comparing the results of the Jung assays, those for the larger-scale test presented in 

Figure B2, there is a notable decrease in the amount of urea relative to the smaller-scale specimens; 

whereas the smaller specimens reached, at times, 100% conversion, the larger-scale specimen only 

achieved a maximum of 70% conversion. As the treatment process progressed, this consumption 

decreased, only around 30% conversion at the final cycle. It may be that, due to the larger volume 

of calcium solution provided to the specimen, the specimen was able to reach a higher amount of 

precipitate, but the conversion may not have been as efficient, leading to a large percent of the urea 
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remaining unconverted. This may have been due to the draining of the bacterial solution prior to 

the introduction of the calcium, leaving a smaller proportion of bacteria in the soil to perform the 

conversion. It should be noted that, when the cycle was allowed to continue for longer than three 

hours, there was a suggestion that the rate of conversion of urea increased, as evidenced by a 

sample taken at the fourth hour of the third cycle (Figure A2). Thus, it is possible that if the 

recirculation process were extended, a more efficient conversion of urea may have occurred, but 

further testing would be necessary to verify this. 

 Overall, the larger-scale specimen was an insightful experiment in adapting the treatment 

method to larger volumes of soil. As was true during the smaller-scale experiments, the 30-

centimeter-by-30-centimeter treatment process had its own challenges. The large volume of soil 

made the treatment process difficult to manage with lab equipment; the process required large 

volumes of bacterial cultures and large amounts of ingredients and generated similarly large 

volumes of waste. Also like the smaller specimens, clogging of the ports and the near-port areas 

of soil was a problem, being what eventually halted the treatment process. Likely, some of these 

difficulties would be similar to those encountered in field application.  

 

 

Regression of Calcium Carbonate Content and CBR Value 

It should be noted that, while specimens of both scales provided a set of CBR values, only 

those from the 30-centimeter-by-30-centimeter specimen were used to generate a regression. Since 

numerous variables were changed between the two scales, such as the change from a closed to an 

open system, the use of pluviation for compaction, and switching to a recirculating treatment 

method, the evaluation of both together would not provide a reliable model.  
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 Taking the CBR and calcium carbonate data from the larger-scale specimen, the statistical 

program Rstudio was used to develop a linear regression. Prior to applying the model to the data, 

a set of residual plots (Figure B4) were generated to verify that none of the assumptions necessary 

for a linear model were violated. From these plots, no severe violations were visible: the normal 

Q-Q plot showed a generally normal distribution, the residuals versus fitted points plot showed no 

patterning of the variance, and no points exhibited overt leverage on the model. With the 

requirements met, a linear regression was conducted, and a model was generated. The model is 

summarized in Equation 4-3 and visualized with a 95% confidence interval in Figure 4-13. 

μ{CBR | CaCO3} = 1.824 CaCO3 + 0.204 Equation 4-3. 

  

 

 

Figure 4-13. - Calcium Content and CBR value linear regression with 95% confidence interval.  

 

 

From the regression, there is weak evidence that for every one-percent increase in the 

calcium carbonate content, the average CBR value increases by 1.82%, with an F-value of 1.260 

and an associated p-value of 0.281. The 95% confidence interval for this value extends from -
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1.662 to 5.309, suggesting that the relative change in the mean CBR value for a one-percent 

increase in the calcium carbonate content is between a 1.662% decrease to a 5.309% increase. As 

this interval contains zero, thereby not effectively eliminating the possibility that there is no 

association between the two (i.e. that there is a zero-percent increase in the CBR), the association 

is weak.  

 As discussed, there may have been a component of interference between the tests due to 

the fissures. Should this be the case, then an assumption for a linear regression (that all datapoints 

are independent from one-another) is violated, and the resulting model is not reliable. This is 

compounded by the relatively small number of datapoints, 16 tests in total.   

 

 

Conclusions 

 

 

From this research, the results work in favor of the use of UICP as an improvement to 

paved structures. In the context of road construction, treated soils see an increase in strength, and 

commercially available ingredients are suitable alternatives, further reducing the cost of 

implementation. While further replication may be necessary to prove the most effective 

mechanism of top-down treatment, evidence was found suggesting that the use of some 

combination of at-depth and surficial treatment provides more uniformity in the resulting 

distribution of calcite.  

 While these findings are positive, and mark progress towards the final goal of 

implementation, there are still barriers. The current model of a road substructure, the one-foot-by-

one-foot specimen, treated up to this point is not wholly representative of the actual conditions that 

will be encountered. The sample treated was finite in volume, and complete saturation and 

extraction of solutions could be easily maintained, which is not true of actual road substructures. 
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In field applications, sustained saturation of a free-draining soil would require a different approach, 

and in such a case full extraction of injected fluids may be more difficult as well. This does not 

mean that the task is impossible, though, as proven by van Paassen et al.’s successful 

implementation of large-scale UICP treatment in stabilizing horizontal boreholes (2009, 2011). 

This effort used a probe-injection-based treatment method, with designated injection and 

extraction probes inserted into the soil surface. However, the documentation on this research did 

not specify how much of the injected solutions were successfully extracted. The problem in this is 

the potential for groundwater contamination, as the process of ureolysis generates significant 

amounts of ammonium as a byproduct, which can impact local ecosystems. For full-scale 

application to road construction, there must be an effective way to remove all injected solutions, 

or a method of eliminating the ammonium produced by the process, to reduce the environmental 

impact. Deng et al. (2021) also noted that, while the chemical process of UICP itself is neutral in 

carbon emissions, the manufacturing of the necessary ingredients produces a significant amount 

of carbon dioxide. As such, the process should be further revised to improve the efficiency of the 

conversion process or be adapted to using recycled ingredients to fully realize the reduction in 

environmental impact. There has been success in using recycled urea and ammonia from human 

urine in growing ureolytic bacteria and precipitating calcite, as shown in Yang et al.’s 2022 paper. 

The results found suggest an immense potential for UICP’s use in infrastructure: in all of 

the smaller-scale tests, the CBR value of the soil increased at least 68%, and in all but two of the 

tests with the larger-scale specimen the CBR value increased marginally. This is especially 

impressive regarding the specimen TD P14 YE, considering the low cost of the solutions used and 

the resulting 173% increase in the CBR. It is clear that this envisioned application is possible at 

field scale, but the exact mechanisms of treatment still need refinement.   
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CHAPTER FIVE 

 

 

CONCLUSION 

The feasibility of UICP’s use in road substructure applications has been evaluated through 

a series of lab-scale experiments. The ideal method of application would be straightforward, 

treating the surface of a target layer underneath the asphalt, but there was a need to evaluate its 

necessary components of the treatment process as to whether they would be the most effective 

option. This included: 1) the administration of treatment solutions, from the top, downwards (as 

compared to bottom-up and alternating methods of treatment) and the treating of the surface of the 

soil layer versus an injection into the soil layer’s approximate center; 2) the use of solutions 

composed of commercially available ingredients for treatment; and 3)  

From the 50-millimeter-by-100-millimeter specimens, it was determined that treatment 

administered from the top, downwards, was successful in improving the strength of a soil 

specimen. Out of the six generated specimens, the two treated using a top-down approach produced 

the highest UCS strengths (560 to 647 kilopascals). From the 15-centimeter specimens, the 

treatment was found to produce a significant increase in the CBR value of the soil, from ~11% 

when untreated, up to 188% when treated. While the top-down, surface treatment seemed to 

provide a greater increase to the CBR, the probe-injected method seemed to provide better 

uniformity in the distribution of calcium carbonate from the center of the layer downwards. 

Commercial-grade alternatives to lab ingredients were found to be successful when used to 

facilitate the reaction, able to do so at a much lower cost, as little as 20 cents per liter (YEL-) 

compared to the $2.66 per liter for the lab-grade solution (CMM-).  From the 30-centimeter-by-

30-centimeter specimen, it was suggested that a combination of surface-level and at-depth 
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administration of the treatment solutions may provide a more uniform distribution of calcium 

carbonate. This treatment method also allowed for injection ports to be placed through an overlying 

layer of asphalt, boding well for field-scale application. 

In conjunction, these findings are promising, suggesting that UICP treatment of road base 

material may be feasible and effective at increasing road capacity. However, some of the results 

seen during these experiments cannot be generalized to the whole field. For example, even as the 

top-to-bottom treatment provided the best uniformity of calcium carbonate over the specimen and 

the highest compressive strength, it cannot be concluded that this will be true in all circumstances. 

As previously discussed, the resulting effect of UICP treatment on a soil seems to be dependent 

on a combination of factors in the treatment process itself. It may be that, were the recipe for the 

solution, the soil type, the bacterial strain, or the patterning of the injections changed, this method 

would not provide the same result. This may be one of the current difficulties of implementing 

UICP: it can be accomplished many different ways, using different combinations of ingredients, 

injection patterns, or sources of bacteria, but each will likely see a varying degree of success. For 

all of the experiments conducted in this effort, the same soil and bacteria type was used throughout. 

In order to reach a more general conclusion on the effect of each of the separate factors on the 

resulting soil strength, the experiments would need be more varied, testing different combinations.  

Although, should the scope remain on the application to roads, the results from these 

experiments are still useful. Of significant benefit were the 30-centimeter-by-30-centimeter tests, 

proving that treatment of large volumes of coarse-grained soil, in a road-like profile using low-

cost ingredients, can produce a notable increase in strength.  
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Suggested Areas of Research 

 

 

Beyond the general recommendation to explore a wider range of combinations of treatment 

conditions, there are several subjects of study that could help further address the feasibility of road 

application. One of the current concerns of the use of UICP in field applications is that the process 

produces a significant amount of ammonium (NH4
+) byproducts, which pose a risk to the local 

ecological wellbeing through nitrogen imbalance (Britto and Kronzucker, 2002). In-situ, the 

retention of the effluent from injected solutions is a difficult prospect, especially in highly 

permeable soils; the loss of solutions into the local water system appears to be unavoidable. 

However, the use of struvite precipitation has shown promise as a method of negating the 

ammonium output of UICP (Yu et al., 2022; Yu et al., 2019). Struvite’s precipitation involves a 

reaction between a magnesium ion, phosphate, and ammonium, as illustrated in Equation 5-1.   

𝑀𝑔2+ + 𝑃𝑂4
3− + 𝑁𝐻4

+ + 6𝐻2𝑂 →  𝑀𝑔𝑁𝐻4𝑃𝑂4 ∙ 6𝐻2𝑂  Equation 5-1. 

 Yu et al. (2022) has proposed the use of microbially-induced struvite precipitation (MISP), 

conducted either in tandem with UICP or as an alternative, in order to facilitate soil reinforcement 

and eliminate the ammonium output. While a potential solution, few studies are available on the 

use of struvite in this context, especially concerning any relationship between scale and 

effectiveness at ammonium removal.  

 There has also been interest in the use of zeolite, an “abundant and low-cost” mineral (Su 

et al., 2022) to which ammonium adsorbs. Zeolite can be used by itself in solid form, the reaction 

based around an ionic exchange; provided enough zeolite, the ammonium level in a solution can 

be reduced significantly with relatively little contact time. The benefit of using zeolites over 

struvite precipitation is that there is no modification of the treatment solutions needed, the effluent 
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solution permitted contact time with zeolites. However, research into mechanisms of deployment 

at the field scale are limited, and zeolite particles are limited in the amount of ammonium that they 

can remove from solution (Guida et al., 2020).  

A current research effort underway at Montana State University seeks to investigate the 

combined use of zeolites and struvite precipitation to reduce the ammonium produced from the 

UICP treatment of sand specimens. Should this effort be successful, this may serve as a foundation 

for larger-scale testing, providing guidance for ecologically-sound, field-scale application of 

UICP.  
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Table A1. - Comparative per-gram costs of ingredient sources; 'unit' refers to the purchase unit, 

price is MSRP estimate based on 2021 pricing. 

Purpose Product (Abbreviation) Brand 

Unit 

Cost 

($) 

Unit 

Mass (g) 
$/g 

Carbon & 

Nutrients 

Nutrient Broth (NB) 

Becton 

Dickenson 176.71 500 0.353 

Brain-Heart Infusion (BHI) 

Becton 

Dickenson 572.84 2000 0.286 

Yeast Extract (YE) Agros Organic 16.5 1000 0.017 

Urea 
Urea Granules (FS Urea) Fisher Scientific 32.35 500 0.065 

Diesel Exhaust Fluid (DEF) BlueDEF 330 66528 0.005 

Amm. 

Chloride 
Ammonium Chloride (FS NH₄Cl) Fisher Scientific 305.75 10000 0.031 

Cal. 

Chloride 

Calcium Chloride Dihydrate (FS 

CaCl₂) 
Fisher Scientific 133.17 3000 0.044 

Peladow (PW) 
Occidental 

Chem. Corp. 
45.99 22680 0.002 

Liquidow (LW) 
Occidental 

Chem. Corp. 
1490 283500 0.005 

 

 

Table A2. – Soil characteristics for the Sakrete® silica sand used in this experiment. 

Parameter Sakrete® Silica Sand 

Specific Gravity – GS 2.66 

Median Particle Size – D50 0.67 mm 

Uniformity Coefficient – CU 1.69 

Curvature Coefficient – CC 0.91 

Minimum Void Ratio – emin 0.53 

Maximum Void Ratio – emax 0.97 
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Table A3. - Comparison between peak UCS achieved through UICP across multiple studies. 

D50 (mm) Cu Cc Dr (%) 
Size (H × 

D in mm) 

Peak 

UCS 

(MPa) 

% 

CaCO3 

Treatment 

Conditions 
Source 

0.72 1.21 1.02 64.6 100 × 50 2.3 16 

Top-down injection, 

recirculated, 16 

pulses. 

Hoang et 

al. 2020 

0.7 1.67 0.91 -- 100 × 50 ~10 29 

Gravity-saturated, 

0.3M CaCO3 and 

Urea in solution, 

cured for 28 days. 

Danjo and 

Kawasaki 

2016 

0.69 1.37 1.01 -- 160 × 55 2.3 5.7 
Gravity-saturated, 

20% saturation. 

Cord-

Ruwisch 

and Shahin 

2013 

0.42 -- -- -- 80 × 39 1.8 9.9 

Submersion, 

forcibly aerated 

during treatment 

Li et al. 

2018 

0.36 2.36 1.11 40 80 × 40 2.3 -- 

Injected, calcium 

solution 

recirculated; ratio of 

5:1 calcium solution 

volume to sample 

volume 

Liu et al. 

2019 

0.39 1.6 0.91 "Maximum" 100 × 50 11.3 ~9 

Alternating 

injection, 16 pulses, 

samples cored from 

larger treated 

specimen, treated 

using lyophilized 

bacteria cells. 

Terzis and 

Laloui 

2019 

0.67 1.69 0.91 35 100 × 50 0.6 4.5 
Top-down injection, 

14 pulses. 

Current 

Research 

 

  



 

 

114 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX B 

 

 

SUPPLEMENTARY MATERIAL FOR PAPER 3 

  



 

 

115 

 

Reactor Construction 

 

 

The 15-centimeter-diameter soil column was sealed at both ends using flat plates. The 

plates measured 17.8 by 17.8 centimeters and were 1.27 centimeters thick. A 3.2-millimeter groove 

was machined into each plate to fit onto the ends of the cylinder. The top plate featured an 

additional smaller groove within the larger one for an ‘o’ ring. Each plate had holes at the corners 

to accommodate threaded rods, which were used to close and seal the reactor. The holes in the top 

plate were clean-bored, while the holes in the bottom plate were threaded. The bottom plate was 

glued to the cylinder using PVC cement, and the top plate was secured to the top by wingnuts on 

threaded rods, screwed into the bottom plate. 

The larger, 30-centimeter-by-30-centimeter reactor was constructed using acrylic and PVC 

components, the acrylic allowing for improved viewing of the soil during treatment over the clear 

PVC. Like the smaller specimens, this reactor was designed to withstand the anticipated load for 

testing. Although the reactor would not be pressurized, it needed to be leak resistant when the 

sample was saturated. The resulting design is shown in Figure 4-2. This reactor consisted of five 

main pieces: two longer walls (38 centimeters long) for the front and rear, with eight cleanly-bored 

holes for screws and a groove for a gasket to be placed; two shorter side walls (30 centimeters 

long) affixed with an additional acrylic block with tapped holes complementing those on the longer 

walls, also having threaded holes near the foot of the reactor for outlet lines to be connected; and 

a base plate, featuring two-centimeter-deep grooves for the side walls to situate in and a smaller 

30-millimeter groove for an ‘o’ ring, as well as eight, upward-facing threaded holes. The longer 

walls were affixed to the side walls using screws, the gasket being compressed between the 

meeting point of these two walls. This top assembly was then fitted into the groove of the base 
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plate, on top of the 'o’ ring. Threaded rods were driven into the holes along the base, and metal 

plates placed on top of the top assembly, making contact with the extending portions of the longer 

walls and the entire top of the side walls. These plates had holes placed similarly to those on the 

base plate, and would be used to secure the top assembly to the base by means of wingnuts. When 

the wingnuts were tightened, the 'o’ ring was compressed between the top assembly and the base 

plate, creating a seal along the foot of the reactor. Additionally, waterproof tape was placed along 

the inner seams of the reactor to further ensure no leaks would occur.   
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Figure B1. – Jung-assay-determined urea concentration monitored over the treatment process for 

15-centimeter specimens. Each reading corresponds to the effluent from the previous injection. 

 

Figure B2. - Jung-assay-determined urea concentration over the treatment process for the 30-

centimeter-by-30-centimeter specimen. Readings correspond to samples of effluent during 

recirculation periods, one taken every hour. 
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Figure B3. – Example of fissures that developed during the CBR testing of the 30-centimeter-by-

30-centimeter specimen, potentially contributing to the lower CBR values returned in some 

areas.  

 

 

 

Figure B4. - Residual plots for calcium content and CBR value linear regression 
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Table B1. - Ingredient per-unit costs. 

 

 

Table B2. - Soil parameters for sand used in treatment process. 

Parameter Sakrete® Silica Sand 

Specific Gravity – GS 2.66 

Median Particle Size – D50 0.67 mm 

Uniformity Coefficient – CU 1.69 

Curvature Coefficient – CC 0.91 

Minimum Void Ratio – emin 0.53 

Maximum Void Ratio – emax 0.97 
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($) 
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Nutrients 

Nutrient Broth (NB) Becton Dickenson 176.71 500 0.353 

Brain-Heart Infusion (BHI) Becton Dickenson 572.84 2000 0.286 

Yeast Extract (YE) Agros Organic 16.5 1000 0.017 

Urea 
Urea Granules (FS Urea) Fisher Scientific 32.35 500 0.065 

Diesel Exhaust Fluid (DEF) BlueDEF 330 66528 0.005 

Amm. 

Chloride 

Ammonium Chloride (FS 

NH₄Cl) 
Fisher Scientific 305.75 10000 0.031 

Cal. 

Chloride 

Calcium Chloride Dihydrate 

(FS CaCl₂) 
Fisher Scientific 133.17 3000 0.044 

Peladow (PW) 
Occidental Chem. 

Corp. 
45.99 22680 0.002 

Liquidow (LW) 
Occidental Chem. 

Corp. 
1490 283500 0.005 
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Table B3. - Calcium content of 15-centimeter-diameter specimens. Results are divided between 

the surface layer (S), 5 centimeters deep from the surface (M), and the bottom of the specimen (B). 

  Calcium Content 

Layer Section TD P19 TD P14 

YE 

PI P19 

S 

1-2 2.9% 5.1% 0.8% 

2-3 3.5% 5.3% 1.0% 

3-4 3.7% 6.1% 0.7% 

4-1 3.0% 5.4% 0.9% 

C 2.7% 4.0% 1.5% 

S AVG 3.1% 4.9% 1.0% 

S St Dev 0.7% 1.8% 0.4% 

M 

1-2 1.7% 2.4% 4.1% 

2-3 2.2% 2.6% 3.8% 

3-4 2.2% 2.9% 3.8% 

4-1 1.9% 2.7% 3.3% 

C 1.5% 2.7% 3.2% 

M AVG 1.9% 2.7% 3.6% 

M St Dev 0.3% 0.3% 0.6% 

B 

1-2 1.5% 3.3% 4.8% 

2-3 1.7% 3.5% 4.3% 

3-4 1.6% 3.2% 3.5% 

4-1 1.6% 3.3% 4.0% 

C 1.0% 3.3% 4.7% 

B AVG 1.5% 3.3% 4.2% 

B St Dev 0.3% 0.2% 0.9% 

Overall AVG 2.2% 3.8% 3.1% 

Overall St Dev 0.9% 1.5% 1.5% 

 

 

Table B4. – Standard deviations of calcium content of 30-centimeter-by-30-centimeter specimen. 

Results are divided between the surface layer (S), 7.5 centimeters below the surface (7.5), 15 

centimeters below the surface (15), and at the bottom (B) 

 Calcium Content Standard Deviation (%) 

Layer a1 a2 b1 b2 

S 0.2 0.1 0.1 0.1 

7.5 0.2 0.3 0.1 0.02 

15 0.2 0.07 0.5 0.2 

B 0.04 0.6 0.04 0.2 

 


