
 

 

ABSTRACT 

GHASEMI, PEGAH. Field and Large-scale Implementation of Microbially Induced Carbonate 

Precipitation (MICP) to Reduce Erodibility of Coastal Deposits. (Under the direction of Dr. Brina 

Montoya). 

 

In coastal areas wave action and extreme environments can undermine the natural 

landforms and earth structures supporting lifeline infrastructure. Global climate change has 

increased the frequency and intensity of extreme storm events. Accelerating sea-level rise, waves, 

and winds increase erosion frequency and alter the coastline morphology. Erosion, flooding, and 

coastal slope failure may result in extensive and expensive damage to coastal infrastructures and 

newly reclaimed areas. 

Microbially induced carbonate precipitation (MICP) is a bio-mediated soil improvement 

method that is believed to have the potential to be an eco-friendly soil stabilization technique. In 

this method, augmented or stimulated bacteria receive urea, and as a result of their metabolic 

activities release carbonate ions to the pore solution. The generated carbonates bond with the 

soluble calcium and precipitate as calcium carbonate among the soil particles. This process 

improves the mechanical properties of sand as a result of increased density, particle surface 

roughness, and cohesion to the soil matrix. 

Over the past two decades, several researchers have studied the mechanical properties of 

MICP-treated soil in laboratory settings. However, there are several aspects of MICP field 

implementation that have not been fully investigated. More field- and large-scale trials are required 

to develop effective treatment delivery systems for different soil stabilization purposes, to assess 

the treatment schedule flexibility in case of inclement conditions, to reduce the application costs 

with the use of optimized concentrations of bacteria and lower-grade chemicals, and more. The 

permanence of the treated soil with and against inclement weather conditions should be studied. 



 

 

An understanding of the interaction and compatibility of this method with the environment, 

vegetation, and wildlife is required for an eco-friendly design. 

This study presents the results of field- and large-scale experiments aimed to stabilize 

coastal deposits. An optimized treatment recipe was developed in the lab and applied on a sandy 

slope located in Ahoskie, NC. Varying urea to calcium chloride ratios was used to develop a recipe 

that results in a shear wave velocity of about 900 m/s in a reasonable number of treatments. A 3 to 

1 treatment recipe (i.e., urea to calcium chloride) was applied to three 8 m2 test plots created on 

the slope surface. Three treatment delivery systems known as surface spraying, prefabricated 

vertical drains (PVD), and shallow trenches methods were used to distribute treatment solutions. 

In-situ tests along with the mass of carbonate measurements demonstrated varying cementation 

and improvement patterns resulted from the different methods. In addition, monitoring the 

permanence of the treated soil for a year demonstrated no significant strength loss against 

freeze/thaw, strong wind, heavy rain, and hurricane conditions.  

Vegetation is often used as a method to reduce a slopeôs susceptibility to erosion. The 

interaction between the MICP-treatment technique and vegetation health and growth was 

investigated. Bermuda grass was treated with different concentrations of MICP solution 

constituents and byproducts to identify the chemical(s) responsible for changes in plant health 

(e.g., dry blades) and to establish an appropriate concentration range. In addition, phosphorus was 

added to the treatment solution to mitigate the dryness of MICP-treated plants. Post-treatment 

effect of MICP on seed growth was investigated by planting seeds in soils treated to varying 

cementation levels. The findings of this study provide implications and directions regarding 

vegetation growth and establishment for future field implementation of MICP.  



 

 

Near-prototype dunes were constructed in the Large Wave Flume (LWF) at Oregon State 

University. The performance of untreated and MICP-treated dunes subjected to extreme wave 

action was investigated. Surface spraying and (prefabricated vertical drains) PVD methods were 

used to apply MICP treatment to the dunes. Dunes were subjected to 19 wave trials simulating 

hurricane Sandy wave conditions measured in 2012. Strength tests were performed to assess the 

achieved levels of soil improvement. The changes in the morphology of the dunes during wave 

trials were used to draw a relationship between the strength of MICP-treated soil and dune 

performance. 
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1 Overview of Dissertation 

1.1 Introduction  

 

In the United States, about 40% of the population lives in coastal counties (NOAA, 2021). 

In such regions, the ongoing erosion, flooding, and slope failure may result in extensive and 

expensive damage to coastal infrastructure and newly reclaimed areas. In the United States, coastal 

erosion results in an annual $500 million in property loss and structural failure (U.S. Climate 

Resilience Toolkit, 2021). Particularly in the past years, the ongoing global climate changes have 

increased the frequency and intensity of extreme storm events. Accelerating sea-level rise and 

severe waves and winds increase erosion frequency and alter the coastline morphology. During 

erosion, the shear stress induced by waves, wind, rainfall, or other eroding agents loosens and 

wears away the soil particles. This process erodes soil deposits, causes coastline recession and 

substantial damage to transportation infrastructure. 

Sand dunes are natural barriers that protect coastal communities, transportation and energy 

infrastructures, and shorelines by buffering wave energy during severe storm surges and 

hurricanes. These natural features are dynamic systems that provide diverse habitats for wildlife 

and also recreation area for humans. Waves attacking the face of the dune washes away the sand 

and leaves the coast more vulnerable to further wave attack. In addition to the mass loss caused by 

the waves, rainfall-induced surface erosion if unchecked can turn into a serious threat and 

undermine roadways and bridge foundations. Shore strengthening and erosion prevention 

measures can protect on-land structures and reduce the reconstruction and restoration costs and the 

period of time lifelines are down after severe surge events. 

Shoreline defense techniques generally fall under two categories: hard (coastal structures) 

and soft (natural) erosion prevention techniques (Bosboom and Stive, 2012; Ciarmiello et al., 
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2016). Hard structures such as revetments, seawalls, and offshore structures are examples of man-

made structures that are designed to prevent and reduce wave-induced erosion (Liew et al., 2020). 

Conversely, softer options such as beach nourishment and planting vegetation that minimize 

changes in current sediment transport processes are considered natural approaches. Hard erosion 

prevention solutions could exert morphological changes to the beach and cause disturbance in 

natural habitats. In addition, such structures can suffer from increased erosion and scour in the 

base and lee-side which may lead to their damage and failure (Rangel-Buitrago et al., 2018). Beach 

nourishment widens beaches and preserves the natural morphology of coastlines. However, the 

effectiveness of the method is highly dependent on the availability of a compatible sand source in 

relatively short proximity (Hudspeth, 2019). The vegetation technique functions best in low-

intensity wave conditions (Ciarmiello et al., 2016).  

To reduce the susceptibility of man-made earthen structures and slopes supporting the 

roadways to rainfall-induced erosion, conventionally the construction of flatter slopes is more 

preferred. This increases drainage capacity and results in less sediment yield (Fay et al., 2012; 

Rivas, 2006). On the other hand, flatter slopes require larger right-of-way areas which makes this 

construction labor demanding and more expensive. Application of erosion control geotextiles can 

improve the infiltration rate and decrease the surficial runoff; however, the use of non-degradable 

geotextiles can harm wildlife by trapping small animals in the netting (Fay et al., 2012). Mulching 

and grass seeding are temporary erosion control methods that are more effective when used in 

conjunction with other techniques (Rivas, 2006).  

Given the aforementioned points, the use of long-term solutions with minimal 

environmental impacts and required maintenance is necessary for sustainable development. In 
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recent years, the possibility of using bio-mediated techniques in soil improvement projects has 

drawn many researchers' attention (Stachew et al., 2021). 

Microbially induced calcium carbonate precipitation (MICP) is a bio-mediated soil 

improvement measure that has the potential to be a more environmental-friendly method compared 

to conventional methods (DeJong et al., 2010; Mitchell and Santamarina, 2005a; Mujah et al., 

2017). MICP is the result of a sequence of metabolic activities and chemical reactions that lead to 

biomineralization of calcium carbonate among soil particles (Al Qabany and Soga, 2013; DeJong 

et al., 2006; Van Paassen et al., 2009; Whiffin et al., 2007). In this method, bacteria consume urea 

and generate ammonium and carbonate ions. Carbonate ions bond with the available soluble 

calcium and becomes precipitated in the form of calcium carbonate. Deposition of calcium 

carbonate at particle contacts and on soil grains generates a bonded soil structure and enhances the 

mechanical properties of soil (Chou et al., 2011; Lee et al., 2013; Montoya et al., 2013).  

Despite the body of knowledge devoted to investigate the behavior of MICP-treated soil in 

laboratory settings, there are several aspects of MICP field application that have not been fully 

investigated. More field and large-scale trials are required to develop effective treatment delivery 

systems for different soil stabilization purposes, to assess the treatment schedule flexibility in case 

of inclement conditions, to reduce the application costs with the use of optimized concentration of 

bacteria and lower grade chemicals, and more. In addition, the permanence of the MICP-treated 

soil and environmental effects requires further investigation. This study presents the design steps 

and results of field- and large-scale MICP experiments that were performed to enhance the strength 

and erodibility resistance of sandy coastal deposits. Previous studies are mainly focused on 

investigating the potential of small-scale bio-cemented models to withstand erosion. This study 
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investigates laboratory and in-situ engineering properties of reinforced near-prototype systems and 

changes caused by inclement weather and extreme storm events in a more realistic time scale. 

1.2 Dissertation Organization  

This dissertation consists of seven chapters. Chapters 2 to 5 are accepted in journals or 

conference proceedings or planned to be submitted. Chapter 6 summarize the research findings. A 

summary of each chapter is presented as follows: 

Chapter 2 describes the design steps and details of field implementation of MICP to reduce 

surface erosion of a coastal sandy slope in Ahoskie, NC. A treatment recipe was developed that 

results in moderate cementation levels within a reasonable time. Three field implementation 

systems known as surface spraying, prefabricated vertical drains (PVDs), and shallow trenches 

method were used to apply the MICP treatments to the field. At the end of the experiment, the 

achieved improvement level using each treatment system was assessed through different in-situ 

methods. This research also provides insights into the permanence of MICP-treated soil with and 

against inclement weather conditions. This chapter, entitled ñField Implementation of Microbially 

Induced Calcium Carbonate Precipitation for Surface Erosion Reduction of a Coastal Plain Sandy 

Slope" and co-authored by Dr. Brina M Montoya has been published in the Journal of 

Geotechnical and Geoenvironmental Engineering. 

In Chapter 3 investigates the compatibility of the MICP method with plant health and 

growth. This chapter presents results of batch tests performed on Bermuda grass, a common 

erosion control species. The first set of tests focuses on the effect of components and byproducts 

of the treatment solution on the health of grown plants. The effectiveness of the inclusion of 

phosphorus in the treatment solution to reduce the negative effects was also investigated. In the 

second part of the study, the effect of the post-treatment properties of soil on seed germination and 
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growth was investigated. This chapter, entitled "Effect of Treatment Solution Chemistry and Soil 

Engineering Properties due to Microbially Induced Carbonate Precipitation Treatments on 

Vegetation Health and Growth" and co-authored by Dr. Brina M Montoya. This paper has been 

published in ACS ES&T Engineering. 

Chapter 4 discusses the compressibility behavior of unsaturated MICP-treated sand. This 

chapter provides insights into the settlement and collapse behavior of bio-cemented soil that can 

be used in future field designs. This chapter consists of a series of consolidation tests performed 

on untreated and MICP-treated sand specimens. Specimens were treated by percolation to simulate 

the unsaturated soil conditions that prevail in most in-situ MICP implementations. Bender 

elements placed in the consolidation setup provided information about the micro-structure changes 

and bond breakage. This chapter, entitled "Compressibility Behavior of MICP-Treated Sand 

Treated under Unsaturated Conditions" and co-authored by Dr. Qianwen Liu and Dr. Brina M 

Montoya has been published in ASCE Geotechnical Special Publications (GSP) in Geo-Congress 

2022. 

Chapter 5 presents the flume experiment results performed on untreated and MICP-

stabilized near-prototype dunes. Dunes were constructed in the largest wave flume in North 

America at the O.H. Hinsdale Wave Research Laboratory at Oregon State University. Surface 

spraying and PVD methods, two of the treatment systems developed in Chapter 2, were used to 

apply MICP treatments. Dunes were subjected to Hurricane Sandy wave conditions recorded in 

2012. The performance of dunes was investigated through strength test results and observed 

morphology changes. The results of this study can have implications for future coastline protection 

projects and stability assessment of coastal cemented bluffs. This chapter, entitled "Geotechnical 

Properties and Performance of Large-scale Coastal Dunes Reinforced by Bio-cementation under 
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Hurricane Wave Conditions" and will be co-authored by Dr. Brina M Montoya, Dr. Matthew 

Evans, and Dr. Meagan E. Wengrove is intended to be submitted to the Journal of Geotechnical 

and Geoenvironmental Engineering. 

The main contributions of the study and direction for future research are presented in 

Chapter 6. 
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2 Field Implementation of Microbially Induced Calcium Carbonate Precipitation for 

Surface Erosion Reduction of a Coastal Plain Sandy Slope 

2.1 Introduction  

In coastal areas, storm surges and heavy rainfalls can erode the soil and undermine 

geotechnical structures. Erosion is a process in which force from a natural agent such as rainfall, 

wind, and wave action exceeds internal shear strength of soil and dislodges and transports soil 

particles away from the site of attachment. Sediment detachment can create channels that gradually 

grow in time and may eventually lead to failure of sea dikes, bridges, and sandy slopes supporting 

infrastructure (Jing et al., 2019; Zhang et al., 2012). The failure and closure of transportation 

infrastructure can result in major social and economic losses due to increased travel distance, 

repair, and maintenance expenses (Sohn, 2006).  

Conventionally, the use of flatter slopes is more preferable due to the increase in drainage 

capacity and less sediment yield (Fay et al. 2012; Rivas 2006). On the other hand, flatter slopes 

require larger right of way areas which makes this construction labor demanding and more 

expensive. Application of erosion control geotextiles can improve the infiltration rate and decrease 

the surficial runoff; however, the use of non-degradable geotextiles can harm wildlife by trapping 

the small animals in the netting (Fay et al. 2012). Mulching and grass seeding are temporary 

erosion control methods that are more effective when used in conjunction with other techniques 

(Rivas 2006). Given these points, the use of long-term solutions with minimal environmental 

impacts and required maintenance is necessary for sustainable development. 

Microbially induced calcium carbonate precipitation (MICP) is a natural soil stabilization 

technique and is believed to have the potential to address challenges of sustainable development 

(Ivanov and Chu, 2008; Mitchell and Santamarina, 2005b). MICP is the result of a series of 
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reactions that increase alkalinity of the pore fluid and generate carbonate which reacts with the 

available calcium provided by the treatment solution (DeJong et al., 2006). The resulting calcium 

carbonate precipitation bridges soil particles together and improves volumetric behavior, shear 

strength, stiffness, tensile strength, and compressibility of soil matrix (Al Qabany et al., 2012; 

Burbank et al., 2012; Choi et al., 2016; Chou et al., 2011; DeJong et al., 2010; Feng and Montoya, 

2016; Lin et al., 2015; Montoya and DeJong, 2015; Nafisi et al., 2020; Whiffin et al., 2007; Xiao 

et al., 2019a). Previously, extensive laboratory research has demonstrated the effectiveness of 

MICP in scour mitigation (Do et al., 2020), water-induced erosion reduction (Chek et al., 2021; J. 

Do et al., 2019; Ghasemi et al., 2019; Hodges and Lingwall, 2020a; Jiang et al., 2019, 2017; Salifu 

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

resiliency of coastal sand dunes under the wave actions (Liu et al., 2021; Brina M Montoya et al., 

2021; Shanahan and Montoya, 2016), liquefaction mitigation (Montoya et al., 2013; Sasaki and 

Kuwano, 2016; Zamani and Montoya, 2018) among others. However, the acceptance of the use of 

MICP technique by geotechnical engineers and construction community as a substitute for 

conventional soil improvement practices still relies upon successful field trials.  

To date, a few field-scale trials and large-scale tests have been conducted to confirm the 

effectiveness of MICP as a soil improvement technique and understand the practical aspects of 

this method (Ghasemi and Montoya, 2020; Gomez et al., 2017, 2015; Terzis et al., 2020; van 

Paassen et al., 2010). As one of the first attempts to scale-up MICP, a 100 m3 soil box was treated 

with three injection/extraction wells and under submerged conditions (van Paassen et al., 2010). 

Despite the observed heterogeneity, geotechnical properties such as strength and shear wave 

velocity of the treated soil significantly improved. Gomez et al. (2015) performed a surficial field 

experiment of MICP by treating four test plots with varying chemical concentrations. Although all 
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test plots demonstrated soil improvement and crust formation, the maximum improvement was 

observed with the lowest chemical concentration. Such observation emphasizes the necessity of 

optimizing the treatment recipe to meet performance requirements and reduce monetary costs of 

MICP field application. Gomez et al. (2014, 2016) suggested that biostimulation of indigenous 

soil bacteria instead of augmenting the bacterial culture can also reduce the field application costs 

of MICP. A meter scale side-by-side comparison of the two approaches was performed and 

concluded that a similar final mass of precipitation and engineering properties were observed for 

both cases (Gomez et al., 2019, 2017). However, selection between the use of bioaugmentation or 

stimulation method will be dependent on the projectôs specifications such as soil type, construction 

time, and saturation level, among other considerations.  

There are several aspects of MICP field application that have not been fully investigated. 

More field and large-scale trials are required to develop effective treatment delivery systems for 

different soil stabilization purposes, to assess the treatment schedule flexibility in case of inclement 

conditions, to reduce the application costs with the use of optimized concentration of bacteria and 

lower grade chemicals, and more. This study presents the results of a field-scale experiment that 

attempted to generate a shallow treated zone to enhance surficial strength and erodibility resistance 

of sandy soil. The design process and comparison of the MICP field implementation with 

laboratory test results are presented. Three treatment delivery methods known as surface spraying, 

shallow prefabricated vertical drains (PVDs), and shallow trenches were tested in the field to 

evaluate their capability to increase the erosion resistance of a coastal sandy slope. Prior to the 

field application, calibration tests coupled with SEEP/W and CTRAN/W software packages were 

used to improve and optimize the designed setups. Agricultural-grade chemicals were employed 

instead of reagent and laboratory-grade chemicals for solution preparation to reduce the 



   

12 

 

application costs of the MICP technique. Geotechnical monitoring methods such as dynamic cone 

penetration (DCP), pocket penetrometer, and mass of calcium carbonate measurements were used 

to evaluate strength improvement of the treated soil. Impinging jet tests were performed on 

locations with different improvement levels to quantitatively assess the erosion resistance of soil. 

Results indicated that MICP is an effective soil improvement technique and compatible with all 

three application methods. An extended shallow treated zone was developed using the surface 

spraying method; on the other hand, the PVD method provided a deeper treated zone with a smaller 

radius of influence. The trenches method resulted in the highest surficial improvement, however, 

in more localized areas. Monitoring the treated soil for a period of about a year indicated no 

significant changes in strength in all three test plots. Finally, numerical analyses were performed 

using SEEP/W and CTRAN/W software to further extend the results of this study to a wider range 

of soils with varying particle sizes and pore size arrangements. 

2.2 Site Characteristics and Soil Type 

A field-scale application of MICP was completed on a 3.33 to 1 (H:V) sandy slope with a 

2.3 m height located in the Atlantic coastal plain in Ahoskie, North Carolina. The slope was a part 

of North Carolina Department of Transportationôs (NCDOT) maintenance facility and was located 

adjacent to a pond which was used as a water source for solution preparation during the MICP-

treatment. Prior to the experiment, samples were collected from various locations of the slope for 

soil classification and index tests. Soil from the site was also used to perform strength and erosion 

tests as will be discussed in the laboratory section. These test results were used to design the 

solution concentrations and field treatment specifications (e.g. number of treatments, treatment 

schedule) and to provide insights into the expected cementation levels of the MICP-treated soil. 

The site soil was a poorly graded sand (SP) with a similar grain size distribution along the slope 
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surface. Soil was a uniformly-graded sand (Cu=2.8) with a D50 of 0.2 mm and 4% fines content. 

Preliminary in-situ percolation tests performed at different locations on the slope indicated a lower 

hydraulic conductivity in the downhill of slope compared to the top (Ghasemi and Montoya, 2020). 

Such observations may be attributed to a higher density or compaction level in lower elevations of 

the slope. In situ permeability values ranged from 1³10-3 to 2³10-2 cm/s. 

2.3 Bacterial Inoculate  

Sporosarcina pasteurii (ATCC 11859), a nonpathogenic soil bacterium, was used to 

catalyze the hydrolysis of urea and promote the bio-cementation process. Ammonium-yeast extract 

medium (20 g/L of yeast extract and 10 g/L of ammonium sulfate suspended in a 0.13M Tris buffer 

with pH of 9) was used for bacterial culture. Solution ingredients were autoclaved separately and 

mixed together and inoculated with bacterial stock culture. The resulted solution was incubated at 

30°C at a speed of 200 rpm and for 40 h. Culture media were incubated until the optical density 

(i.e., OD600) of 0.8-1 (corresponds to 107 cells/mL) was obtained (Mortensen et al., 2011). For 

laboratory tests, the bacterial culture was centrifuged at 4000g for 15 min. The supernatant was 

substituted by fresh growth media and centrifuged for the second time and was kept at 4°C for 

about 7 days. Please note for field application, the culture was neither centrifuged nor stored, but 

directly transported to the field to be used immediately or in the subsequent treatment. 

2.4 Preparation for Field Application  

2.4.1 Laboratory Tests 

Prior to the field application, impinging jet and unconfined compressive strength (UCS) 

tests were performed on columns with different cementation levels. The results were used to design 

the improvement level, treatment plan, and number of treatments for the field application. The 
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laboratory methods and results are presented in this section, leading into a discussion on 

implications for field design of MICP.  

2.4.2 Specimen Preparation 

Air pluviation was used to prepare specimens for impinging jet and UCS tests. Specimens 

were prepared in free-draining acrylic columns with approximate 2 to 1 height to diameter ratios 

and with a diameter of 50.8 mm for UCS and 101.6 mm for impinging jet tests. During treatment, 

specimens were kept under 30 kPa confinement. Shear wave velocity improvement was 

continuously monitored by a pair of bender elements placed in the opposite sides of the columns. 

2.4.3 Treatment Processes 

A two-stage process with the chemical recipes presented in Table 2.1 was used to treat the 

soil columns. Agricultural grade urea and calcium chloride (Alpha chemicals) were used instead 

of reagent grade chemicals to reduce the operational costs of field-scale MICP application. 

Solutions were applied to the specimens by surface percolation to replicate the unsaturated field 

condition. First, bacteria was introduced to the soil with two pore volumes of biological solution 

that contained 300 mM urea. Calcium chloride was not included in the biological solution to avoid 

sudden precipitation and clogging. Cementation treatments were applied in 6-6-12 hour intervals 

until the desired improvement level was obtained. The solution consisted of both urea and calcium 

chloride with a ratio of 3:1 which was previously demonstrated to be the preferred chemical ratio 

(Ghasemi et al., 2019). The effluent pH was regularly assessed to monitor the alkalinity of the 

media as an indication of consumed urea and bacterial activity for the recipe used (Table 2.1). The 

additional bacterial suspension was added to the specimens approximately once every four 

treatments, to preserve bacterial activity during the treatments (Ghasemi et al., 2019). 
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Table 2.1. Chemical recipe for biological and cementation solutions. 

Chemicals 

 Stage 1  Stage 2 

 Biological solution 

concentration 

 Cementation solution 

concentration 

Urea  300 (mM)  300 (mM) 

CaCl2  -  100 (mM) 

S. pastuerii  Ḑ107 cells/mL  - 

 

2.4.4 Unconfined Compressive Strength Tests 

The UCS tests were used to assess the strength increase of the MICP-treated soil. Prior to 

the field trial, compatibility of agricultural grade chemicals and pond water with MICP process 

was evaluated via UCS tests. Tests were conducted on different cementation levels to determine 

the target shear wave velocity and soil improvement level and associated number of the treatments 

for field implementation. Table 2.2 presents the characteristics of the UCS columns. In this table 

ñLò, ñMò and ñHò denote the lightly, moderately, and heavily cemented specimens. The UCS tests 

were completed in duplicate and in accordance with the ASTM standard (ASTM D2166, 2016) 

with an axial strain rate of 1% per min. Samples were collected from the top and bottom of the 

specimens for calcium carbonate content measurements after shear tests.  

Table 2.2. Characteristics of the UCS columns.  

Test  
Void 

ratio 
 

No. of 

cementation 

treatments 

 

Total 

added 

CaCl2 (g) 

 
(Vs)initial 

(m/s) 
 

(Vs)final 

(m/s) 
 

Avg. 

CaCO3 

content (%) 

L-1  0.68  8  10.1  128  254  1.81 

L-2  0.67  8  10.1  116  291  1.03 

M-1  0.70  14  17.6  137  791  3.88 

M-2  0.69  13  16.4  126  615  2.62 

H-1  0.70  19  23.9  135  904  4.73 

H-2  0.70  20  25.2  148  1136  5.71 

Pond water-1  0.69  14  17.6  124  763  4.01 

Pond water-2  0.70  14  17.6  143  733  4.25 
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2.4.5 Impinging Jet Tests  

An impinging jet device was used to quantify the surficial erodibility of the soil in both 

laboratory and field tests. In this setup, a submerged water jet induces shear stress on soil surface 

and erodibility parameters are calculated based on the increase in eroded depth over time (Hanson 

and Cook, 2004; Montoya et al., 2018). Applied shear stress t( ) is a function of the nozzle 

diameter and nozzle distance from the soil surface and can be calculated using Eq.1 (Al -Madhhachi 

et al., 2013): 

2

2 0( 2 ) d
f

C d
C C gh

J
t r

å õ
= æ ö

ç ÷
                                                                                                Eq. 1 

0.00416=fC (dimensionless) is a coefficient of friction, ris the water density (1000 kg/m3), C 

is the coefficient of the discharge, h is the pressure head at the nozzle, g is the gravitational constant 

and the term 2C gh is velocity of the fluid at the orifice. The parameter d0 is the diameter of the 

orifice, 6.3=dC (dimensionless) is a diffusion coefficient, and J is the nozzle distance from the 

soil surface. The test begins by applying a low pressure head that increased until scour was 

initiated. Then the pressure head was kept constant and the application time gradually increased 

until no more changes in scour depth was observed (J. Do et al., 2019; Khanal et al., 2016). The 

shear stress corresponding to this equilibrium state is equal to the critical shear stress ( )ct . 

(Hanson, 1990) used the erosion equation for open channels (Eq. 2) to evaluate the erosion 

parameters from impinging jet setup: 

 ( )r d ck ae t t= -                                                                                                                      Eq. 2  

er (mm/hr) is an erosion rate and was determined by scour depth changes with time. dk  

(mm/(hr.Pa)) is an erodibility coefficient and a(dimensionless) is an empirical exponent; both 
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values were obtained by least-square curve fitting. The erodibility parameters dk  and tc were used 

to evaluate the soil erosion resistance. Similar to the UCS, impinging jet tests were performed on 

varying cementation levels to estimate the erodibility parameters that correspond with different 

improvement levels. Table 2.3 presents the characteristics of the tested impinging jet specimens. 

Table 2.3. Characteristics of the impinging jet columns.  

Test  
Void 

ratio 
 

Number of 

cementation 

treatments 

 

Total 

added 

CaCl2 (g) 

 
(Vs)initial 

(m/s) 
 

(Vs)final 

(m/s) 
 

Surficial 

CaCO3 

content (%) 

L-1  0.70  8  108  124  315  2.36 

L-2  0.69  8  108  133  342  2.43 

M-1  0.70  14  189  127  546  3.02 

M-2  0.68  14  189  141  695  5.54 

H-1  0.70  20  270  149  997  7.14 

H-2  0.70  20  270  135  863  6.38 

 

2.4.6 Shear Wave Velocity Measurement 

Shear wave velocity measurements were conducted as a non-destructive method for 

continuous monitoring of soil improvement in the laboratory. A pair of bender elements (Piezo 

Systems, Woburn, Massachusetts) was installed at the midpoint of the UCS specimen and 3 cm 

below the soil surface of the impinging jet columns. A signal generator (Agilent 33522A) was used 

to create a 10 V sinusoidal wave with 10 kHz frequency in a source bender. The transmitted wave 

was detected by a receiving bender element and recorded with an oscilloscope (Agilent 

MSO6014A). Shear wave velocity through the soil was calculated by dividing the known tip to tip 

distance between the bender elements over the measured travel time of the wave. 

2.4.7 Mass of Calcium Carbonate Measurement 

In all tests, the mass of calcium carbonate was evaluated by gravimetric acid washing to 

have an estimation of the cementation levels. Oven-dried soil samples were soaked in 1 M HCl 

and left for 24 hours to dissolve precipitation and allow the settlement of the fine particles. The 
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supernatant liquid was removed and replaced with fresh acid until no more bubbles were observed. 

The soil was then rinsed with water and oven-dried. Calcium carbonate content was calculated as 

mass loss during the acid washing over the dry mass of uncemented soil (Mortensen et al., 2011). 

Baseline acid washing tests were performed on the untreated soil, untreated soil treated with urea 

(no bacteria added), and untreated soil treated with urea and bacteria. Results indicated no 

significant mass loss in all three specimens, suggesting the untreated soil initially did not contain 

carbonate minerals or other digestible compounds that may influence the mass of carbonate 

measurements.    

2.5 Implications for Field Design 

Performed laboratory tests were used to design the treatment plan for the field. Moderately 

cemented soil demonstrated sufficient shear wave velocity, cementation content, and surficial 

improvement when uncemented soil was treated with MICP-solutions prepared with pond water 

and agricultural grade chemicals (e.g., results presented in Tables 2 and 3). Therefore, the field 

treatment schedule was developed to mimic the moderately cemented sand in the laboratory 

program (e.g., number of treatments). Laboratory results were also used as a benchmark to 

compare the obtained improvement level in the field as discussed in subsequent sections.  

2.6 Field Application 

Prior to setup installation, the slope surface was cleared of vegetation. Three 1 m³8 m 

testing plots with 0.5 m spacing were marked on the slope surface. Created plots were treated with 

three methods known as surface spraying, PVDs, and surface trenches as shown in Figure 2.1. The 

pond water was used as a water source. The pumped water was temporarily stored in a 4164 L tank 

(the largest tank shown in Figure 2.1). A battery-powered rotary pump (Wayne Inc.) with a 

discharge rate of 22.08 L/min was used to distribute water from the tank to three 1041 L tanks to 
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prepare solutions during the treatment process. In each test plot, a battery-powered pump was used 

to transfer the solution to the top of slope. Details of the treatment setups and procedures that were 

used in each case will be discussed subsequently. A schematic of the treatment system utilized to 

apply solutions to the surface spraying plot is illustrated in Figure 2.2. 

 
Figure 2.1. Overall view of the field and test setups with the surface trenches, PVDs, and surface 

spraying from left to right in the foreground of the image. 
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Figure 2.2. Solution preparation and treatment systems for surface spraying method. 

2.6.1 Surface Spraying Application Method 

The surface spraying method was used as one of the MICP-treatment implementation 

techniques (demonstrated by green flags on the right-hand side of  Figure 2.1). The spray setup 

was an irrigation system consisting of 25 spray nozzles with 32 cm spacing connected to a main 

hose. During treatment, the hose and sprayers were supplied with solution by a pump connected 

to one of the 1041 L tanks (Figure 2.2). The treatment solution was transferred from top to bottom 

of the slope and recirculated back into the tank. Immediately after the pump, a control valve 

recirculated the excess water back into the tank. The valve was used to relieve the excess water 

pressure, prevent pump damage, and provided continuous solution mixing in the tank. Calibration 

tests performed on a single sprayer indicated a maximum discharge rate of 32.55 L/hr when 

connected to 138 kPa inlet pressure. Calibration tests with colored water demonstrated that the 

majority of the water was received in locations within 26 to 34 cm of the center of sprayer. Lower 

volumes were received inside and beyond this ring-shaped wetting zone. Accordingly, 32 cm 

spacing between the two nozzles was chosen to ensure an overlap between the wetting zones of 

sprayers. Two control valves, one on the midpoint of the hose and the other one at the end of the 
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main hose, were used to adjust the pressure distribution along the slope and to achieve a more 

uniform solution distribution. 

2.6.2 PVD Method  

PVDs, commonly known as wick drains, was used as a solution delivery method for MICP-

treatment within the middle test plot in Figure 2.1. PVDs have been widely used as an efficient 

and cost-effective method to facilitate consolidation and depth-specific contamination removal 

from low permeability soils (Gabr et al., 1999, 1996; Schaefer et al., 2017; Warren et al., 2006). 

The PVD used in this study (Nilex Corporation) is a band-shaped element with 10 cm width and 

1 cm thickness consisting of an inner core wrapped in an outer fabric jacket. The core is a 

corrugated polypropylene with drainage channels on both sides to accelerate the in-plane flow. 

The solution flows into the channels and enters the soil by passing through the nonwoven 

geotextile fabric which is in contact with the surrounding soil. PVDs were cut in 33 cm lengths 

and were inserted into a plastic adaptor from the top. The bottom section was sealed with a 1 cm 

impermeable sleeve to distribute the solution along the 30 cm exposed PVD length. The 30 cm 

length was chosen to ensure that the treated zone does not exceed the studyôs purpose of surficial 

treatment. A metal plate with dimensions similar to the PVDôs was used to install the elements 

into the soil along the slope. The plate was pushed into the soil and pulled out carefully. Each PVD 

was slid to the opening that preserved its shape temporarily due to strength increase caused by 

soilôs natural moisture and matric suction (Lu and Likos, 2004). The PVDs were installed in two 

lines as shown in the middle section of Figure 2.1. The PVDs spacing was determined by 

performing both calibration experiments and numerical analysis as will be explained subsequently.  

Previous researchers have demonstrated that in a MICP-treated soil model, precipitations 

were only formed along the seepage zone of injected solutions and no precipitation was generated 
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beyond the flow paths (van Paassen et al., 2010). Therefore, seepage and transport analysis were 

performed using SEEP/W and CTRAN/W (GeoStudio 2012, Alberta, Canada) software packages 

to gain an understanding of the influence zones around the PVDs. SEEP/W determines the solution 

seepage pattern and distribution of equipotential lines through the soil. CTRAN/W uses the 

seepage results to perform advection-dispersion analysis and develop chemical distribution 

patterns. The model does not account for the reactive transport analysis and is more similar to 

tracer tests often used to understand chemical seepage through the soil. Therefore, we assumed all 

calcium concentrations were consumed during precipitation. A single PVD was modeled as a 

cylinder with an equivalent diameter of 0.04 m and 0.3 m length (Hansbo, 1979). The 

axisymmetric domain was modeled as a 4 m diameter and 2 m length to eliminate the boundary 

condition effects. A mesh size of about 0.01 m was used for the numerical analysis. Soil-Water 

Characteristic Curve (SWCC) and Hydraulic Conductivity Function (HCF) of a sand with similar 

grain size distribution adopted from UNSODA database were used to perform the analysis in 

unsaturated soil conditions (Leij et al., 1996). The simulations used two treatments per day 

consisting of the chemical recipes and concentrations shown in Table 2.1. Table 2.4 presents a 

summary of input parameters used for the analysis. 

Table 2.4. Input parameters for the analysis. 

Parameter Value Note 

Geometry of domain 2 m height × 4 m diameter None 

Density (ɟ) 1528 kg/m3 Nuclear gage measurement 

Saturated hydraulic conductivity 4.2×10-5 (m/s) Lab measurements 

Longitudinal dispersivity (ŬL) 0.3 m 
Typically, 0.1< ŬL < 10 for distance 1 

to 100 m (Anderson, 1984) 

Transversal dispersivity (ŬT) 0.3 m (Jinung Do et al., 2019a) 

Initial concentration (Ci) 36 kg/m3 Urea 0.3 M / CaCl2 0.1 M 

Diffusion coefficient (D*) 0.0001 (cm2/s) 
Typically, 10-4< D* <10-5 in (cm2/s) 

(Hall et al., 1953) 

Adsorption (KD) None No organic content 

Decay half-life None No radioactive source 
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The analysis for soil surface and depth of 30 cm (Figure 2.3(a) and (b)) indicates that PVDs 

tend to treat soil more in an axial direction rather than a radial direction. At 30 cm depth (Figure 

2.3(b)), all points within the 20 cm distance from the PVD receive solution with 100% of the 

initially applied concentration. However, on the soil surface (Figure 2.3(a)) by the end of day 1 

only a small percentage of initial concentration is received even within the 20 cm distance and 

beyond that no significant chemical concentration was received. Calibration tests performed on a 

single PVD prior to the field application also indicated a wetting zone of about 10 cm radius in 

front of PVD and about 3 cm close to edges on the soil surface. At 30 cm depth, the influence zone 

was extended to 15 cm in front and 10 cm in the edge direction. Based on the numerical analysis 

and calibration tests, to overlap the influence zones, a center-to-center and edge-to-edge spacing 

of 15 cm was chosen between the PVDs along the slope surface and in the perpendicular direction. 

 
Figure 2.3. Normalized concentration at different distances from the PVD at the end of each day 

(a) On soil surface and (b) At the depth of 30 cm. 

As shown in this Figure 2.1, the number of PVDs in the two sets are not identical; one line 

consists of 25 PVDs and the other has 19. Such configuration was chosen to assess the precipitation 

pattern around a single PVD by reducing the effect of overlapping PVDs. During treatment, the 

solution from the 1041 L tank was pumped to the top of the slope. The solution was then divided 
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into two streams and flowed downhill into the PVDs with the excess amounts recirculated back 

into the tank. Each PVD was fed with the solution by a 0.43 cm inner diameter tube connected to 

the adaptor and a main tube. A control valve was installed immediately after the pump to avoid 

excess pressure build-up in the pump and to adjust the flow pressure within the system. 

2.6.3 Trenches Method 

Sixteen 60 cm long shallow trenches that were 20 cm wide and 15 cm deep with a center-

to-center spacing of 50 cm were used to treat the third test plot (shown with blue flags on the left- 

side of Figure 2.1). Each trench was covered with approximately 3 cm of pea gravel to avoid local 

erosion of the trench surface during treatment and to provide a uniform solution distribution within 

the trench. A geotextile layer was placed between the pea gravel layer and the trench surface for 

separation purposes and to avoid the aggregates from bonding to the surrounding soil as a result 

of MICP-treatment. Narrow drainage channels were formed between the trenches to connect the 

trenches to each other. During the treatment, the solution was pumped to the top of the slope to fill 

the first trench and then flowed through the channels to the downhill. A regulating valve was 

installed after the pump to keep a balance between the discharge rate and soil hydraulic 

conductivity to avoid solution runoff. 

2.6.4 Solution Preparation and Treatment Processes  

As it was mentioned earlier the use of lower-grade chemicals can reduce MICP field 

application costs. Therefore, agricultural-grade urea and calcium chloride were used for treatment 

solution preparation. During treatment, separate 1041 L tanks and pumps were used to apply 

solutions to each test plot. Treatment was started with an application of biological solution and 

followed by cementation treatments. Solutions were prepared with chemical concentrations shown 

in Table 2.1. Bacteria were grown in the laboratory with an optical density (i.e., OD600 0.8 to 1) 
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and transported to the field. The bacteria solution was then diluted 15 times and was applied in the 

subsequent biological treatment. Green food coloring was added to solutions to track the solution 

path within each test plot. Test plotsô dimensions and an assumed shallow influence depth (e.g. 0.5 

m) were used to determine the total volume of the treated soil. Void ratio and volume of the pores 

were then calculated by collecting saturated soil samples from the site before the MICP field 

application. Finally, treatment volumes were designed to occupy 30% of pore space to resemble 

unsaturated soil conditions and to obtain a more efficient precipitation pattern (Cheng et al., 2013). 

For the surface spraying and trenches methods volume was determined as 500 L. Since 

PVDs did not fully cover the test plot (e.g., Figure 2.4), the solution volume was modified 

proportionally to about 170 L. The treatment schedule for all three delivery methods is presented 

in Table 2.5. In Table 2.5, Bi and Ci denote biological and cementation treatment, respectively. As 

demonstrated in Table 2.5, setup installations and treatments did not start at the same time in all 

three test plots.  

However, all test plots received 3 biological and 14 cementation treatments in total. 

Solutions were applied two times a day and at least 3 hours of retention time was maintained 

between treatments. Due to the delivery schedule for the bacteria suspensions, the first biological 

treatment was followed by four cementation treatments. The second and third biological treatments 

were followed by five cementation treatments. With the application of treatments and carbonate 

formation, a gradual decline in permeability of MICP-treated soil and an increase in time required 

to perform treatments was observed. Therefore, treatment volumes were decreased to avoid 

solution runoff and to keep pace with the designed schedule. However, the total applied solution 

volumes/chemical masses were adjusted based on the treated plot area in all three tested methods. 

In addition, the missing treatment data in Table 2.5 correspond to treatments that were postponed 
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because of inclement weather events (e.g. heavy rain). During these two rainy days (e.g. days 3 

and 9), daily precipitations of about 7.4 mm and 22.9 mm were reported by North Carolina State 

Climate Office collected at the Peanut Belt Research Station (27.4 km to the southwest of the field 

site). A 35.5 mm recorded rainfall for the 13-day treatment duration highlights the feasibility of 

MICP-treatment application in case of less severe rainfall conditions. Additionally, the relative 

humidity and temperature were recorded during the 13 days of treatment. The average relative 

humidity was 66% (with a minimum of 24% and a maximum of 90%), and the average temperature 

was 15°C (with a minimum of 0°C and a maximum of 29°C). The relative humidity and 

temperature generally remained in this range for at least one-month post-treatment. 
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Table 2.5. Treatment schedule for all three methods. 

 Surface spraying method Trenches method PVD method 

Day 
Solution 

type 

Solution 

volume 

(L) 

CaCl2 

mass 

(kg) 

Solution 

type 

Solution 

volume 

(L) 

CaCl2 

mass 

(kg) 

Solution 

type 

Solution 

volume 

(L) 

CaCl2 

mass 

(kg) 

1 
- - - - - -    

B1 500 9 B1 500 9    

2 
C1 500 9 C1 500 9    

C2 500 9 C2 500 9    

3 
C3 500 9 C3 500 9    

- - - - - -    

4 
C4 500 9 C4 500 9    

B2 500 9 B2 500 9    

5 
C5 500 9 C5 500 9 B1 170 3 

C6 150 2.7 C6 300 5.4 C1 170 3 

6 
C7

* 350 6.3 C7 200 3.6 C2 170 3 

C8 50 0.9 C8 150 2.7 C3 170 3 

7 
C9 450 8.1 C9 350 6.3 C4 170 3 

B3 200 3.6 B3 200 3.6 B2 170 3 

8 
C10 200 3.6 C10 200 3.6 C5 170 3 

C11 200 3.6 C11 200 3.6 C6 170 3 

9 
C12 200 3.6 C12 200 3.6 - - - 

C13 200 3.6 C13 200 3.6 C7 100 1.8 

10 
C14 200 3.6 C14 200 3.6 C8 50 1 

      C9 50 1 

11 
      B3 50 1 

      C10 50 1 

12 
      C11 50 1 

      C12 50 1 

13 
      C13 50 1 

      C14 50 1 

Sum  5700 102.6  5700 102.6  1860 33.8 

 

2.7 Field Assessment 

At the end of the treatment processes, on day 14, several tests were performed in locations 

shown in Figure 2.4 to evaluate the improvement of the MICP-treated soil. DCP, a common device 

to assess the in-situ soil strength, was used in accordance with ASTM D6951 (ASTM, 2009). DCP 

tests were performed due to calibration test results and to obtain a broad coverage of varying 

cementation levels. In the surface spraying plot, an approximately 44 cm radial wetting zone 

around a single sprayer was expected. Based on sprayerôs configuration, the area confined within 
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26 to 34 cm from the center was anticipated to yield the highest improvement level (Figure 2.4). 

The soil within a 26 cm and 34-44 cm radius seemed to receive less solution volume and is 

displayed in grey. Tests performed in locations further than the 44 cm radius were considered to 

be barely treated and shown in white.  In the PVD section, points within the proximity of a PVD 

element are presented in black. Tests performed near the edges and beyond the anticipated 

influence zone are shown in grey and white, respectively. In the plot treated with trenches method, 

test results for points inside the trenches where treatments were directly applied to the soil are 

shown in black. Tests performed in spacing between the two successive trenches are displayed in 

grey. Points located in distances further than 15 cm from the trenches wall are shown in white. 

 
Figure 2.4. Locations of performed DCP and impinging jet tests in (a) Surface spraying, (b) PVDs, 

and (c) Trenches plots. Different colors indicate the varying levels of treatment received in each 

location. 
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A Gilson SF-20 dynamic cone penetrometer with a dual mass hammer was used to perform 

the tests. The setup consists of two connected 111 cm and 57.5 cm vertical shafts and a 60-degree 

cone attached to the tip of the lower shaft (111 cm). An 8 kg sliding donut hammer was dropped 

repeatedly from 57.5 cm height on an anvil attached to the lower shaft and drove the shaft tip into 

the soil. Penetration index (PI) was calculated by recording the penetration depth and the number 

of drops and expressed as cm/blow.  

Impinging jet tests were used to quantify improvements of soil surficial erodibility 

resistance. Tests were performed on untreated soil and also 8 locations after the treatment as 

indicated in Figure 2.4. Pond water and one of the pumps were used to provide pressurized water 

to perform the impinging jet tests. The erodibility parameters were determined following the same 

procedure as previously stated. It is noteworthy to mention that the setup was placed on the soil 

surface and contrary to the lab tests where soil was inside the cylinder, the water jet was not 

completely in submerged condition. Therefore, the lower jet energy dissipation led to a more 

conservative measurement of erodibility parameters.  

An HM-500 Gilson company Inc. pocket penetrometer with a range of 0 to 4.5 kg/cm2 was 

used to perform surficial strength tests in random locations in all test plots. According to ASTM 

D6169 (ASTM, 2005), the measurements can yield a crude approximation to UCS of soils. The 

setup consists of a piston that is pushed into the soil surface up to 6.4 mm to a marked groove. A 

calibrated spring converts the required stress to overcome soilôs resistance to an indicator ring on 

the deviceôs body. Values are measured in kg/cm2 and can be directly converted to kPa. Discrete 

calcium carbonate sampling was carried out at different locations and depths following the 

procedure previously discussed to measure the cementation levels and spatial distribution of 

precipitation. 
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2.8 Results and Discussion 

2.8.1 Visual Observations 

At the end of the treatment process, crusts with varying cementation levels were detected 

in all test plots. In the surface spraying test plot, crust thickness measurements indicated a 

minimum thickness of about 2.5 cm at the top and a maximum of 14.5 cm at the toe of the slope. 

In the PVDs section, a surficial cemented crust only formed near the slope toe; the PVDs near the 

top of the slope did not create a significant surficial crust. PVDs removed from the soil indicated 

no sign of clogging nor precipitation on the fabric jacket, verifying the compatibility of the MICP 

application with these elements. The trenches method generated crusts inside the trenches and in 

walls of the channels connecting the trenches to each other.  

2.8.2 DCP Results 

DCP tests were performed on random locations prior to the field application and on all test 

plots after the treatment completion. Figure 2.5(a-d) shows the variation of PI values with depth 

for untreated soil and three test plots treated with different solution delivery systems. Variation of 

the measured PIs with depth in untreated soil and test plots treated with different treatment methods 

are presented in Figure 2.6(a-d). PI is a measure of penetration resistivity of soil and a lower PI 

value indicates the higher soil resistance. As shown in Figure 2.5(a), PI values of the untreated soil 

varied from 6 to 13 cm/blow for the surficial depths and decreased to 4 to 6 cm/blow for the depths 

of 30 cm. These values correspond to loose/very loose sand (Look, 2014). Such decrease in PI 

values and increased resistivity with depth is a result of the increased confinement. In general, 

untreated soil DCP results indicate a higher mean PIs with a higher scatter in surficial depths 

(shown in Figure 2.6(a)). As shown in Figure 2.5(a), PI measurements for untreated soil do not 
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start exactly from 0 cm, the result of insufficient soil surface strength to resist the weight of DCP 

setup.  

 
Figure 2.5. DCP results for (a) untreated soil, treated with (b) surface spraying, (c) PVDs, and (d) 

trenches method. 
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Figure 2.6. Mean PIs (points) and standard deviations (bars) for untreated and MICP-treated test 

plots.  

DCP test results for the surface spraying method were divided into three groups according 

to the results of the calibration tests performed on a single sprayer described earlier. Points 26-34 

cm from the closest spray nozzle received the maximum biological and cementation solution 

volume during the treatment (shown in black); points located within 26 cm radius or 34-44 cm 

from the center of spray shown in grey and points further than 44 cm represented by white (Figure 

2.5(b)). The black data points are mostly located on the left side of Figure 2.5(b) and demonstrate 

the lowest PI values and maximum improvement. Conversely, the white points, representing 

locations receiving minimal treatment, indicate a similar trend and PI values as untreated soil. 

Locations shown in grey received lower solution volumes during treatment compared to the 

locations represented by black; therefore, these points demonstrate slightly higher PI values. 
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However, both black and grey data sets follow a similar PI trend with depth. Contrary to the 

untreated soil, with the cementation crust formation and a surficial strength increase, PI values 

measurement started from the depth 0 cm similar to the observations reported by (Gomez et al., 

2015). The measured PI values for the surface spraying treated soil ranged between 1.25 to 6 

cm/blow for the upper 10 cm and 3.1 to 6 cm/blow for deeper depths. These results indicate the 

surficial soilôs PI has enhanced up to that corresponding to medium dense sand or stiff clay (Look 

2014) due to the densification and particles bonding from the MICP-treatment (DeJong et al., 

2010; Look, 2014). The average PIs demonstrated 62% and 24% reduction in surficial and deeper 

depth values compared to the untreated soil. A significant reduction in shallow depthsô mean PI 

values and a relatively narrow scatter (shown in Figure 2.6(b)), implies this solution delivery 

method is more suited for surface mitigation applications (e.g., surficial erosion, dust control, sand 

dune stabilization).  

Similar to the spraying method and based on the calibration tests performed on a single 

PVD, points around the PVDs were categorized into three zones. Measured PIs for each zone are 

shown in Figure 2.5(c). Points about 4.5-20.5 cm from the centerline of the test plot received 

treatment through the entire depth of the soil (shown in black). Points from 0-4.5 cm or 20.5-27.5 

cm from the plotôs centerline located close to the edges of the hypothesized influence zone are 

shown as grey data points. Results of the tests performed on locations outside the hypothesized 

area (farther than 15 cm from the center of the closest PVD) are shown as white. The lowest PI 

values and maximum improvement was obtained in the locations close to PVDs (black data 

points). The white points indicate a similar pattern as the untreated soil PIs. Grey points follow the 

same trend as the blacks and are located between the two data sets. In the grey data set, the larger 

PI values were associated with the points affected only by the left- or right-side PVDs. However, 
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in the locations close to the plot centerline, in depths deeper than about 15 cm, PI values became 

smaller and approached values of the black data set. This observation likely results from 

overlapping treated zones of PVDs and larger cementation zones with depth. Moreover, in this test 

plot, a surficial cemented crust was only detected adjacent to the PVDs at the toe of the slope. In 

these locations, PVDs received larger solution volumes due to the hydraulic head difference 

between the top and bottom of the slope. As it was also noticed during the treatments, the excess 

amounts of solution found a way to the shallow depths and cementation progressed up to the soil 

surface and formed a crust. Therefore, except for the PVDs in the slope toe, most PI measurements 

start from depths below 0 cm as shown in Figure 2.5(c). PIs for the PVD method ranged between 

1.85 to 8 cm/blow in the upper 10 cm and between 0.87 to 2.52 cm/blow to depths of 30 cm where 

PVDs terminate. Values at 30 cm depth reached the PIs corresponding to very stiff clay and rock 

(Look, 2014). The average PI values decreased 48% and 72% on the surface and at 30 cm depth 

compared to the untreated soil. Mean PIs demonstrate minimum values and narrow scatter at 

depths around 30 cm (Figure 2.6(c)). This general trend implies a relatively uniform and greater 

improvement in deeper depths; suggesting this method lends itself well to deeper soil treatment 

applications. 

Measured PIs within the trenches test plot were divided into three zones due to the location 

of the tested points relative to the closest trench (Figure 2.5(d)). Points inside the trenches indicated 

the smallest PIs and maximum improvement (shown in black). Points located between the two 

trenches in the treatment flow direction are shown in grey. Grey points indicate a similar trend as 

the untreated soil with lower PIs in deeper depths. The lower PI values in depths deeper than 20 

cm could be the results of the solution seepage and deeper depth treatment. The remaining points 

located outside the trenches exhibit a similar trend and PIs as the untreated soil (shown in white). 
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PI measurements appeared from the 0 cm depth only for the tests performed inside the trenches as 

cementation crust formation increased surficial soil strength. PIs in the trenches test plot vary from 

1 to 4.06 cm/blow for surface and 2.28 to 5.60 cm/blow in the deeper depths. The average PI values 

of the tests performed inside trenches exhibited 73% and 34% reduction in surface and depth 

compared to the untreated soil. Results demonstrated a surficial improvement level greater than 

the surface spraying method but in a more localized area while less improvement was observed in 

deeper depths compared to PVD method. However, considering all points in the plot, mean PI 

values demonstrated high variability in shallow depths (shown in Figure 2.6(d)). The resulting 

cementation within the trenches indicates that similar treatment implementation (e.g., channelize 

treatment flooding) has the potential to stabilize drainage systems such as canals, ditches, and 

perimeter ditches in landfills. 

2.8.3 Precipitation Pattern 

Calcium carbonate measurements were completed along the depth in different locations to 

evaluate cementation patterns on the slope surface, around treatment sources, and to verify the 

observed trends for the DCP results. Please note that the baseline mass of carbonate measurements 

for the untreated soil was measured to be 0%. Figure 2.7 presents precipitation results for points 

located at approximately equal distances from the center of the sprayers in surface spraying test 

plot. The mean mass of calcium carbonate values for three points located on the lower half of the 

slope surface is shown in Figure 2.7(a). The maximum values were achieved on the surface and 

were followed by a decrease in depth. Conversely, at the top half of the slope, precipitation became 

more distributed along the depth and the location of maximum precipitation shifted towards the 

deeper depths [Figure 2.7(b)]. The two distinct trends corroborate with the results of percolation 

tests performed prior to the field application on the untreated slope that indicated the slope toe had 
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a lower hydraulic conductivity compared to the top (Ghasemi and Montoya, 2020). Generally, a 

lower hydraulic conductivity could result in higher concentrations of cementation on the soil 

surface (closer to the point of treatment application) (Mahawish et al., 2018; Rowshanbakht et al., 

2016). With the application of additional MICP treatments and the progression of cementation, the 

soilôs hydraulic conductivity can be further decreased. In such circumstances, chemicals and 

bacteria from the added cementation and biological solutions tend to accumulate and reside in 

shallower depths. Consequently, due to the combined effect of the lower seepage velocity, the 

higher chemical concentrations, and the bacterial population, the majority of required nutrients and 

chemicals for crystal formation are consumed in surficial soils instead of deeper depths (Cheng 

and Cord-Ruwisch, 2014; Van Paassen, 2009; Van Paassen et al., 2009).  

 
Figure 2.7. Mean precipitation (points) and standard deviations (bars) for spraying method plot: 

(a) Lower half and (b) top half of the slope. 

The precipitation pattern around a single sprayer was assessed by selecting the second 

sprayer from the top, which experienced limited influence from adjacent sprayer runoff. Discrete 

mass of precipitation measurements with depth were performed on three locations (SP1, SP2, and 

SP3 in Figure 2.4) with varying distances from the center of sprayer. These points are in zones 

suggested by the results of calibration tests as shown in Figure 2.8(a and b). Results indicated an 

approximately 1% higher precipitation for point SP2 located in the black area compared to the 
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points in the grey area for the depth 4-10 cm. This observation is in line with DCP test results that 

indicated a generally higher improvement for the tests performed in the black areas Figure 2.5(a). 

The higher penetration resistance and mass of precipitation can be attributed to the greater 

biological and cementation solution volumes received in this region.  

 
Figure 2.8. (a) Location of precipitation tests and (b) measured values with depth. 

Figure 2.9 presents mean calcium carbonate contents with depth for ten points along the 

PVD test plot. Figure 2.9(a), indicates mean values for tests performed in points located in 

midpoint of the two successive PVD rows in the top half (points 15-16-R, 23-24-L, and 24-25-L 

in Figure 2.4) and lower half of the test plot (points 2-3-R, 4-5-R, 8-9-R, and 9-10-R). Figure 2.9(b) 

presents mean results for points 3-M, 5-M, 8-M, and 17-M (shown in Figure 2.4) located within 3 

cm horizontal distance from PVDs edge (distances farther than 4.5 cm from PVD section 

centerline) of the test plot. Point numbers indicate the closest PVDs to the tested point and ñLò or 

ñRò and ñMò denote whether the point belongs to the left/right side PVD sets or is located in the 

middle of the test plot. For example, 2-3-R is a point located between the second and third PVDs 

belonging to the right PVD set as shown in (Figure 2.4(b)). The precipitation pattern in both Figs. 
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9(a and b) demonstrates a contrasting trend compared to the surface spraying method results. 

Calcium carbonate content started with a minimum value on the surface and increased with depth. 

In the PVD method, solution moves gravitationally through the channels to deeper depths as fluid 

tends to choose the easiest flow path. Therefore, precipitation formation mainly occurred in deeper 

depths, and a limited amount progressed to the soil surface. For the same reason, results for 

different locations along the slope indicate a generally greater mass of carbonate with depth for 

points near the toe compared to the top of the slope (Figure 2.9(a)). Toe PVDs received higher 

solution volumes due to the solution tendency to move through the main delivery tube towards the 

lower heads. Points in  Figure 2.9(a) have about 7.5 cm distance from PVDsô front and  Figure 

2.9(b) presents results for points located within 3 cm from PVDs edge. Higher carbonate contents 

in Figure 2.9(a) indicate that cementation progress is greater in the front direction of PVD 

compared to the edge.  Figure 2.10(a-d) better illustrate this observed behavior.  

 
Figure 2.9. Mean precipitation values (points) with depth for PVD method and standard deviations 

(bars) for (a) points in the midpoint of the two successive PVDs and (b) points within 3 cm 

horizontal distance from PVDs edge. Detailed locations are demonstrated in Figure 2.4. 

 

Precipitation patterns along the depth around four groups of PVDs are shown in Figure 

2.10(a-d). Numbers in parenthesis demonstrate the horizontal distances from the PVDs edge. 

Within each group, precipitation contents follow a relatively similar shape and pattern with depth. 
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Generally, points in the midpoint of the successive PVDs that were located in overlapped areas of 

cementation zones demonstrated a higher mass of precipitation. Among these points, the ones 

located relatively lower on the slope surface (points 2-3-R, 8-9-R, and 23-24-L in Figure 2.10(a, b 

and d)) exhibited the highest values. The minimum calcium carbonate contents belong to the points 

located in PVDs edge direction (points 2-M and 24-M). With increasing distance, precipitation 

contents decreased especially in the surficial depths as in PVD method precipitation tends to treat 

the soil mainly in deeper depths (Figure 2.10(a and c)). However, even in these locations, calcium 

carbonate contents started to slightly grow in deeper depthsïemphasizing the deep soil 

improvement potential of this method. 

 
Figure 2.10. Precipitation pattern around PVDs (a) 2 and 3 left, (b) 8 and 9, (c) 15 and 16 right, 

and (d) 23 and 24 left. Detailed locations are demonstrated in Fig. 4. 
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 Figure 2.11(a) presents mean calcium carbonate contents with depth for points located 

inside trenches and outside trenches within a 15 cm distance from the trenchesô walls. Figure 

2.11(b) presents the relative location of the tested points. Test results demonstrate a noticeable 

difference between the observed trends (Figure 2.11 (a)). For samples that were taken from inside 

the trenches, similar to the surface spraying method and contrary to the PVD results the maximum 

calcium carbonate is observed on the surface and decreases with depth increase. For tests 

performed outside the trenches in all depths, a minimal mass of calcium carbonate (less than 1%) 

was detected. These trends confirm the observed trends for DCP test results (Figure 2.5(d)). 

 
Figure 2.11. Mean (points) calcium carbonate content for samples collected from inside the 

trenches and outside within 15 cm distance from the trenchesô walls and (b) schematic of the tested 

area. 

2.8.4 Erodibility Parameters 

Impinging jet tests were performed on untreated soil and on eight locations along the 

treated slope (shown in Figure 2.4) to assess the erosion resistance of the MICP-treated soil. Eq.1 

was used to determine the applied shear stress on the soil surface for a given jet velocity. The 

erodibility coefficient is a measure of how fast the erosion process takes place. The erosion process 

for untreated soil was completed rapidly, within 30 seconds. The measured critical shear stress 
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was about 0.22 Pa for untreated soil and increased up to three orders of magnitude after the MICP-

application (Figure 2.12 (a)). As shown in Figure 2.12(b), the erodibility coefficient of sand is on 

the order of 105 mm/(hr.Pa) and decreased exponentially down to 0.57 mm/(hr.Pa) with increasing 

cementation levels. Observed values are in the similar range of erodibility parameters as gravel 

and rip rap materials (Briaud, 2013). The exponent a(Eq. 2) ranged from 0.72 to 2.68 for the 

tested points with no clear correlation between the mass of precipitation for the limited tests 

performed. At lightly cemented levels, a slight improvement of the erodibility parameters is a 

result of increased surface roughness reported by several researchers (DeJong et al., 2006; 

Montoya and DeJong, 2015). With further progress of cementation and formation of stronger 

bonds, erodibility parameters significantly improved (J. Do et al., 2019; Shafii et al., 2019). 

Comparing results with the previous studies also exhibit a slightly lower mass of calcium carbonate 

with similar improvements compared to the tests treated under submerged conditions (Amin et al., 

2017; J. Do et al., 2019; Jiang et al., 2017). The same improvement level despite a lower mass of 

carbonate also has been observed by other researchers that studied mechanical properties of soils 

treated under saturated and unsaturated conditions (Cheng et al., 2013; Shanahan and Montoya, 

2016). 

 
Figure 2.12. Critical shear stress and (b) erodibility coefficient with the varying mass of 

precipitation. 
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As soil drains, pore solution tends to move towards the smaller pore throats until fluid only 

exists in the form of water menisci and thin films coating the particles (Lu and Likos, 2004). 

Therefore, the concentration of generated cementation in particle contact points results in more 

efficient cementation bonds between soil grains compared to the saturated treatment where 

cementation could also be formed in unnecessary and inefficient locations (Cheng et al., 2013). 

2.8.5 Pocket Penetrometer Measurements 

Surficial soil strength measurements were completed by pocket penetrometer tests on 55 

random locations along the three test plots. For each pocket penetrometer measurement, a soil 

sample was collected immediately from the tested location to determine cementation content in 

the laboratory. Results were then compared to the UCS measurements from the laboratory section 

(Figure 2.13). Mass of calcium carbonate for UCS columns was determined by dividing the tested 

specimens into three segments. The cementation content of each sample was determined and the 

average measured values are shown in. No significant difference was observed between the 

columns treated with tap and pond water; therefore, all data points are shown together. For both 

field and lab tests, shear strength increased with an increase in calcium carbonate content. The 

maximum field value was about 450 kPa and equal to the upper limit of the pocket penetrometer 

setup measurement. A general agreement between UCS and field pocket penetrometer 

measurements implies that this setup can be used as a quick measurement tool for the unconfined 

compressive strength of MICP-cemented soils. The results within the PVD plot demonstrated low 

surficial strength as this method tends to treat soil mainly at deeper depths. As expected, surface 

spraying and trench methods exhibited a higher mass of precipitation and surficial strength. 
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Figure 2.13. Comparison of field pocket penetrometer measurements with experimental UCS. 

Mean precipitation values (points) and standard deviations (bars) for UCS measurements. 

2.8.6 Permanence of MICP-treatment 

Treated plots were monitored over time to assess the permanence of MICP-improvement 

and monitor potential degradations caused by seasonal weather phenomena. DCP tests were 

performed on all plots at the end of treatments and 70, 158, and 331 days after. During each visit, 

at least three DCP tests were performed per test plot. Tests were performed inside the trenches, 

midpoint of the successive PVDs, and in random locations along the slope surface for surface 

spraying plot. During the monitoring window, the area received total precipitation of 738 mm 

according to North Carolina Climate Office. The site experienced a maximum and minimum 

temperature of approximately 35 and -8°C, respectively. The field site was also subjected to the 

maximum average daily wind velocity of 6.57 m.s-1 during the monitoring window which is higher 

than a 5.3 m.s-1 required velocity to initiate wind erosion of sand dunes (Maleki et al., 2016). The 

third monitoring visit (day 158) was performed after Hurricane Dorian passed over the field site 

with a 189 km distance as a category 1 hurricane. The fourth monitoring visit (day 331) was 

conducted after the winter season to assess freeze/thaw and cold weather's effect on cementation 

durability. During the last two visits, trenches were completely covered with air-blown soil. 
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Deposited soils were excavated from the trenches until the crust was exposed and then tests were 

performed. Measured PIs are located close to the maximum improvement range in the left-hand 

side of Figure 2.14(a-c) exhibiting a minimal change in penetration resistance for any of the test 

plots. Results indicated that no significant degradation occurred in MICP-treated soil with time 

and in environmental conditions such as extreme wind, temperature fluctuation, and heavy rainfall. 

 
Figure 2.14. Field monitoring results for (a) Surface spray, (b) PVDs, and (c) Trenches method.  

2.9 Sensitivity Analysis and Design Implications for the Surface Spraying Application 

The primary objective of the MICP field application presented herein was to reduce the 

surface erosion of a sandy slope. Surface spraying application demonstrated the highest surficial 

improvement over the entire targeted treatment zone. For this reason, numerical analyses were 

performed to further assess the effect of changes in average particle size and pore arrangement on 
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the solution and precipitation distribution induced by the surface spraying method. Mass of 

carbonate measurements for samples collected from the bottom one-third cross-section of the 

surface spraying test plot was used as a baseline for the numerical modeling assessment. Numerical 

analyses were performed via SEEP/W and CTRAN/W software simulating solute transport in 

unsaturated soil conditions. A model with the same dimensions and soil properties as the surface 

spraying plot on the tested slope was developed. Treatment with solution concentrations and input 

parameters as shown in Tables 1 and 4, respectively were used for the analysis. The purpose of the 

analysis was to use the tested soil in this study as a baseline to assess the effect of changes in grains 

size distribution parameters (i.e. D50 and Cu) on calcium carbonate precipitation through the depth. 

One-time treatment was considered to simplify the analysis and to avoid the uncertainties 

associated with the gradual permeability changes caused by precipitation formation. A correlation 

was established between obtained carbonate contents with depth (measured from the field 

experiment) and simulated chemical concentrations for the baseline soil (obtained from the 

numerical modeling). The same correlation between the simulated concentrations and measured 

mass of carbonate was assumed for all modeled soils. It should be noted that analysis only accounts 

for the effect of grain size distribution parameters (D50 and Cu) on flow properties through the 

unsaturated soil domain; therefore, particle morphology, roughness, texture, and the effect of 

intergranular physicochemical forces were not considered for the analysis. The changes in D50 and 

Cu manifest themselves in the shape of the SWCC and HCF, the two key material variables of 

unsaturated soils which are mainly governed by soilôs grain size distribution parameters (Wang et 

al., 2017). The air-entry suction is a function of the poreôs throat size and, therefore, depends on 

the mean particle size (D50) of soil (Benson et al., 2014). The larger uniformity coefficient (Cu) 

values attribute to a wider range of particle sizes and a flatter SWCC/HCF slope. SWCCs of 50 
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soils from UNSODA database was used to simulate the expected precipitation pattern for soils 

with varying grain size distributions. Matric suctions and volumetric water contents presented for 

each soil were utilized to determine van Genuchtenôs model parameters using Eq.3 and to establish 

HCFs (Mualem, 1976; van Genuchten, 1980).  
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In this equation, y is the soil suction and Se is the effective saturation. q is the volumetric 

water content, and ñrò and ñsò denote residual and saturated conditions, respectively. Fitting 

parameters a and n are the van Genuchten parameters and control the air-entry suction and slope 

of the SWCCs, respectively (Lu and Likos, 2004).  

 Figure 2.15(a) demonstrates an example of the analysis results for each modeled soil. 

Influence depth was defined as a depth corresponding to a specific mass of carbonate (e.g. about 

0.2, 0.4, and 1%).  Figure 2.15(b-d) present influence depths predicted from the analysis performed 

on soils with varying D50 and Cu values. As shown in Figure 2.15(b) for a given cementation level 

with an increase in D50 values, the influence depth also increases. This implies that with an increase 

in pore sizes the influence depths also move deeper. Figure 2.15(a) better illustrates this 

observation comparing simulated cementation depths for two soils with the same Cu but varying 

D50 values. Soils have a Cu of about 2.6 one with a D50 of 0.65 mm, and the other has a D50 of 0.15 

mm. For the soil with a D50 of 0.65 mm, the influence depth to yield a mass of carbonate of 1% is 

about 0.11 m larger than its counterpart having a D50 of 0.15 mm. This means in soil with a D50 of 

0.65 mm, chemical concentration corresponding to 1% precipitation flows about 0.11 m deeper 

compared to the soil having a D50 of 0.15 mm. This difference between the influence depths 

increases to about 0.21 m for a carbonate content of about 0.2%. Figure 2.15(c-d) presents the 
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variation of influence depth with an increase in Cu values. Initially, with the growth in Cu values 

(e.g. Cu from 2.5 to 5), influence depth decreases. Beyond this point, no significant changes in 

influence depths are observed, and values remain relatively constant. The observed trend implies 

that soils with a uniform grain size distribution and pore sizes demonstrate a deeper influence depth 

compared to the soils with larger Cus (e.g. well-graded soils). 

 
Figure 2.15. Influence depth of the MICP-treatment on soils with; (a) similar Cu and varying 

D50s, (b) similar Cu and varying D50s, (c) a wide range of Cus; and (d) lower ranges of Cu (1.5 

to 6). 

Numerical analysis was performed to develop a preliminary basis for assessing 

cementation depth variation for soils properties other than the one tested here. Grain size 

distribution properties that manifest themselves in unsaturated soil flow processes were used to 

simulate the treatment solution distribution with depth. However, the actual influence depths are 
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highly dependent on the soilôs in-situ conditions (e.g. density, heterogeneity, preferential flow 

paths, etc.), soil fabric, and bacterial activity among other factors. Results of the analysis could 

assist future field designs and decisions on whether MICP is a proper soil stabilization approach 

for a given soil with known grain size distribution properties. 

2.10 Conclusions 

In this study, MICP was successfully implemented in the field targeting shallow soil 

improvement depths for surface erosion mitigation purposes. Treatments were applied to a coastal 

sandy slope through three solution delivery systems known as surface spraying, PVDs, and shallow 

trenches methods. Mechanical soil properties improvements were achieved with the use of lower-

grade chemicals and despite performing the treatment under inclement weather conditions. The 

pond water was used as a source of water for solution preparation during the treatment. Before the 

field experiment, a comparison of the improvements assessed by mass of carbonate and shear wave 

velocity indicated a minimal difference between the MICP-treated columns with solutions 

prepared by tap and pond water.  

The results of DCP tests performed along the soil profile demonstrated a significant 

penetration resistance improvement. The improvement level followed the overall trend of the 

precipitation pattern, assessed by measuring the mass of carbonate. Impinging jet tests and pocket 

penetrometer tests were completed to evaluate the surficial soil improvements and erodibility 

resistance. Surficial strength and erodibility parameters significantly improved with an increase in 

mass of calcium carbonate. A higher erosion resistance compared to the values reported in the 

literature for saturated soil treatment is likely the result of the unsaturated MICP-treatment and 

more efficient cementation bonds. Strength values measured with pocket penetrometer were 

consistent with laboratory UCS tests with varying cementation levels. 
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The surface spraying method created a wider treated zone with the maximum soil 

improvement on the surface. These observations imply that the method can be used as an easy and 

effective method for surficial improvement applications such as sand dune protection, dust control, 

erosion, and scour mitigation, among others. The PVD method is capable of providing a deeper 

treated zone from the surface to the depth of interest. The maximum improvement in the deeper 

depths suggested that this method is better suited for deep soil applications such as slope stability. 

The application of MICP with the PVD method can be a cost-effective technique in large-scale 

projects to create a large number of cemented columns in depth. The trenches method improved 

both surficial and deeper soil properties, however, in a more localized manner (applicable for 

ditches and canals). The permanence of the stabilized soil was evaluated by monitoring the treated 

soil with time and after extreme environmental conditions. Monitoring the field site indicated that 

severe weather conditions such as freeze and thaw, heavy rainfall, and a hurricane, had no 

significant adverse effect on the strength of MICP-treated soil. However, further studies are needed 

to delineate the long-term permanence of MICP-cemented soil treated to varying cementation 

levels. The performed numerical analysis indicated the surface spraying method is applicable to a 

wide range of soils. The influence depths for 0.2, 0.4, and 1% carbonate content are presented for 

the evaluated soils. Results demonstrated that with an increase in the mean particle size and soil 

uniformity, the influence depth of MICP-application increased.  
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3 Effect of Treatment Solution Chemistry and Soil Engineering Properties due to MICP 

Treatments on Vegetation Health and Growth 

3.1 INTRODUCTION  

Aging infrastructure and increasing energy demand caused by population growth have 

prompted researchers to seek alternative construction practices that address goals related to both 

sustainability and resilience. Microbially induced carbonate precipitation (MICP) is a natural 

process that results in the formation of calcium carbonate bonding soil particles together (Whiffin 

et al., 2007). During this process, ureolytic bacteria hydrolyze urea and release carbonate ions. If 

calcium ions are present and the concentration of carbonate ions exceeds the supersaturation limit, 

calcium carbonate precipitates on soil surfaces and inter-particle contacts. Resulted calcium 

carbonate precipitation enhances the mechanical properties of sand (e.g. shear strength, stiffness, 

among others) by bridging particles and densification of soil matrix (DeJong et al., 2010). The 

capability of MICP as an effective soil improvement method to mitigate a wide range of 

geotechnical problems has been proven over the past decades (DeJong et al., 2006; Gomez et al., 

2017; Jiang et al., 2017; Montoya et al., 2013; Mujah et al., 2017; Shanahan and Montoya, 2014; 

van Paassen et al., 2010; Whiffin et al., 2007; Zamani and Montoya, 2019). However, the adverse 

impacts of this method on the environment and ecosystem have remained widely unknown to this 

date.  

Vegetation is an integral part of the ecosystem and aside from the aesthetic qualities, aids 

in the mechanical performance of the soil system. Plants promote slope stability by providing an 

anchorage for soil or by water extraction through evapotranspiration processes (Chen et al., 2019; 

Wu et al., 2015). Resulted matric suction contributes to the generation of capillary forces and 
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apparent cohesion that enhance shear strength of soil (Lu and Likos, 2006). Vegetation can also 

reduce erosion by slowing down the water flow and increasing the drainage capacity of soil. 

Soil-vegetation system is an interrelated environment where changes in one component 

affects the others. Application of MICP technique could improve properties of cohesionless soil 

and generate a cementitious crust for surficial soil stabilization applications such as dust control, 

scour, and erosion mitigation (Ghasemi and Montoya, 2020; Gomez et al., 2015; Salifu et al., 2016; 

Zhan et al., 2016). A thin cemented crust could act as a temporary protective layer against external 

forces and promote vegetation reestablishment after soil disturbance events such as wildfire 

(Hodges and Lingwall, 2020b). Instead, vegetation coverage can protect a MICP-treated surface 

against erosive forces, particularly in the early stages of the treatment. As one of the first attempts 

to assess the compatibility of MICP with plant health, Hodges and Lingwall (Hodges and Lingwall, 

2020b) performed a one-time treatment using constituents of a regular MICP solution (e.g. urea, 

calcium chloride, and Sporosarcina pasteurii) on varying soil types and plant seeds. Results 

indicated that in general, seed germination was lowest for soils treated with solutions that 

contained all MICP treatment ingredients. Several researchers have reported that the application 

of excessive amounts of nitrogen sources (e.g. urea and ammonium) can result in phosphorus 

deficiency in plants (Dougherty et al., 1990; ten Harkel Matthijs and van der Meulen, 1996; Willis, 

1963). The addition of phosphorus to nitrogen-saturated phosphorus-limited soils can change the 

stoichiometry of the C: N: P and elevate the denitrification processes and gaseous nitrogen 

emission (Cheng et al., 2018; Wei et al., 2017). Such changes in the nitrogen cycle can promote 

plantsô health and growth (Ford et al., 2016). An increase in alkalinity of soil could also limit 

phosphorus uptake by plant roots (da Silva Cerozi and Fitzsimmons, 2016; White, 2012). In a high 

pH environment such as MICP-treated soil, phosphorus could bind with the available cations (e.g. 
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calcium) and leave less soluble phosphorus for plant roots to adsorb (da Silva Cerozi and 

Fitzsimmons, 2016). Therefore, further investigations are needed to identify the chemicals and 

concentrations that favor both plant health and soil improvement and also to determine the upper 

limit soil improvement level that supports the healthy growth of plants. With the current growing 

interest in using MICP in geotechnical soil stabilization projects, establishing a knowledge base 

providing recommendations for future field applications is essential.  

This paper presents the results of the first attempts to strategically investigate the 

interaction between MICP-process and vegetation health and growth. In this study, the effect of 

MICP-treatment chemistry and post-treatment soil properties on the health and growth of Bermuda 

grass was investigated. Bermuda grass was chosen as the vegetation of study due to its use and 

prevalence in erosion control of rights-of-way and slopes in North Carolina and its high salinity 

tolerance level (Dudeck, 1993; Taliaferro et al., 2004). In the first section, a series of batch tests 

were completed on grown Bermuda grass to identify the chemical(s) responsible for the observed 

dryness of MICP-treated plants. Phosphorus was added to the treatment solution to resolve the 

problem of plant dryness. Chemical equilibrium analyses with Visual MINTEQ 3.1 software, 

SEM/XRD imaging, and additional batch tests were performed to select the proper chemical 

concentrations and to confirm the compatibility of phosphorus addition with the MICP process 

and plant health. In the second part of the study, the effect of post-treatment changes and different 

soil improvement levels on seed growth was also investigated.  
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3.2 MATERIALS AND METHODS  

3.2.1 Properties of Tested Soil  

North Carolinian silica sand with a D50 of 0.2 mm, a Gs of 2.65, and a Cu of 2.8 was used 

for specimen preparation. The soil contained 4% fines and was classified as poorly graded sand 

(SP). All specimens were prepared with the air-pluviation method and a void ratio of 0.7. 

3.2.2 Vegetation Type  

Cynodon dactylon (L.) Pers. Known as Bermuda grass a perennial species native to tropical 

and subtropical areas commonly used for erosion control purposes was chosen as the model 

vegetation. This species is known to have a good tolerance to salinity and has been reported to 

show 50% root growth reduction at salinity levels of 24 and 33 dS/m (Dudeck, 1993). Where 1 

dS/m (deci Siemen) has an electrical conductivity equal to 640 mg/L of NaCl solution. 

Additionally, Bermuda grass requires low maintenance and can tolerate pH ranges of about 5.0 to 

8.5 and slightly higher alkalinity.  

3.2.3 Bio-Cementation Treatment Process  

Sporosarcina pasteurii, a urease-producing soil bacterium, was used to catalyze the 

hydrolysis of urea and trigger the MICP reaction. Bacteria were cultivated with an optical density 

(OD600) of 0.8 to 1.0 (Mortensen et al., 2011). In all MICP-treated specimens, bacteria with 107 

cell/mL concentration were introduced to the soil through a biological solution contained 300 mM 

urea. Subsequently, four cementation treatments were applied after each biological treatment. The 

process was repeated until 14 cementations were received. This number of treatments was selected 

to be compatible with previous field implementation of MICP performed to reduce surface erosion 

of a slope consisting of the same soil (Ghasemi and Montoya, 2022). The cementation solution 

consisted of 300 mM urea and 100 Mm CaCl2 that was successfully applied in previous laboratory 
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studies and field trials (Ghasemi et al., 2019; Ghasemi and Montoya, 2022, 2020; Brina M 

Montoya et al., 2021). A minimum retention time of about 4 hours was maintained between the 

treatments to ensure that the majority of urea is hydrolyzed (Mortensen et al., 2011; Safavizadeh 

et al., 2019b).  

3.2.4 Soil Strength Assessment  

Pocket penetrometer measurements were performed on untreated soil, and on specimens 

that were treated to reach light, moderate, and heavy cementation levels. Tests were performed 

using an HM-500 Gilson pocket penetrometer and following ASTM D6169 (ASTM, 2005). Pocket 

penetrometer measurements were used as a quick tool to assess soil improvement levels and to 

approximate the unconfined compression strength (UCS) of MICP-treated soil (Ghasemi and 

Montoya, 2022). The pocket penetrometer device consists of a spring that transforms the applied 

stresses into strength measurements. The soil strength values are measured in kilograms per square 

centimeter and can be converted to kilopascals. The obtained results were used to assess the 

relationship between seed germination ability and the soil strength obtained from cementation 

formation.  

3.2.5 Visual MIN TEQ Analysis  

Chemical equilibrium modeling was completed with Visual MINTEQ version 3.1 software 

(Gustafsson, 2013). The analyses were conducted to assess the possible precipitations if 

phosphorus is added to MICP treatments. The software determines the most thermodynamically 

favorable precipitation by calculating the saturation indexes. The program uses the equilibrium 

constants from the software database to calculate the ions concentration and predict the 

precipitation. The analyses were run for varying concentrations of urea, CaCl2, and Na2HPO4 as 

shown in Table 3.1. In Table 3.1, ñUò and ñCaò denote urea and CaCl2 respectively. Three 
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cementation solution concentrations were selected for the analyses (i.e. U300-Ca100, U150-Ca50, 

and U75-Ca25). Additionally, the effect of change in phosphorus source concentration was 

assessed. A closed system at 25°C and pH=9 corresponds to a concentration of about 10-6 mM 

hydrolyzed urea resulted from the MICP process was considered. Reactant chemicals were 

introduced to the program as free ions (e.g. Ca2+, Cl-, Na+, H+, PO4
3-, NH4

+, and CO3
2- shown in 

Table 3.1). In each analysis, for a given Na2HPO4 concentration, the concentration of the 

hydrolyzed urea was incrementally increased to simulate the urea hydrolysis with time. In addition, 

the hydrolyses of 1 mol urea was assumed to result in the formation of 2 mol of NH4
+ and 1 mol 

of CO3
2- (Eq.1) (Mortensen et al., 2011): 

2

2 2 2 4 3( ) 2 2 + -+ ­ +CO NH H O NH CO                                                                        (Eq.1) 

Table 3.1. Chemicals and concentrations used as input parameters for MINTEQ analyses. 

Test 
 CaCl2 [mM]  Na2HPO4 [mM]  

Titrate 

components 

[mM] 

 Ca2+ Cl-  Na+ H+ PO4
3-  NH4

+ CO3
2- 

U300-Ca100  100 200  

0.4-0.6-1.2-

2-4-8-12-

20-36 

0.2-0.3-0.6-

1-2-4-6-10-

18 

0.2-0.3-0.6-

1-2-4-6-10-

18 

 600 300 

           

U150-Ca50  50 100  
0.4-0.6-1.2-

2-6-12-18 

0.2-0.3-0.6-

1-3-6-9 

0.2-0.3-0.6-

1-3-6-9 
 300 150 

           

U75-Ca25  25 50  
0.4-1-2-4-

10 

0.2-0.5-1-2-

5 

0.2-0.5-1-2-

5 
 150 75 

3.2.6 Column Tests  

The effect of phosphorus on the MICP treatment and resulting precipitation was assessed 

through a set of column tests. Eight soil columns were prepared with a diameter and height of 

about 2.62 and 10.50 cm. Cementation solution recipes to treat the soil columns were chosen 

according to the MINTEQ analysis results performed on chemicals shown in Table 3.1. As such 

duplicate specimens were MICP-treated with cementation solutions comprised of chemicals and 
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concentrations shown in Table 3.2. In each case, the biological treatment contained bacteria, and 

urea with the same concentration as that corresponding cementation solution was applied to the 

specimen. Treatments were applied to specimens by percolation and in unsaturated soil conditions. 

After 14 cementation treatments, samples were taken from the columns for microscopy imaging. 

Table 3.2. Chemical concentrations in cementation solution used to treat the column tests. 

Column 
 Chemical concentration [Mm] 

 Urea  CaCl2  Na2HPO4 

1 and 2  300  100   0 

3 and 4  300  100   0.59 

5 and 6  150  50  0 

7 and 8  150  50  0.295 

 

3.2.7 Microscale Evaluation  

Samples from MICP-treated columns were collected for microscopy imaging. Scanning 

electron microscopy (SEM) equipped with energy-dispersive X-ray spectroscopy (EDS) was used 

to understand the morphology and characterize the elemental composition of the precipitations. 

Samples were sputter-coated with Au/Pd to reduce the charging effect. X-ray diffraction imaging 

(XRD) was also used to identify any crystalline phase changes caused by the addition of 

phosphorus to MICP solutions. 

3.2.8 Batch Tests on Grown Plants (Effect of Treatment Solution Chemistry on Plant 

Health)  

A series of batch tests were performed on duplicate specimens to assess the compatibility 

of plants with the MICP technique and to identify the chemicals responsible for plant mortality. 

Plants were grown from seeds for at least two weeks in 532 ml containers. Pairs with relatively 

similar seedling coverage and growth condition were selected to ensure result reproducibility. In 

each treatment, 50 ml solution was percolated on free-draining specimens. In total 14 treatments 
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were performed, twice a day for one week, on each plant container. Preliminary batch tests and 

experience of the previous field trials indicated that plants died in the early stages of application 

of a regular MICP-treatment solution (Ghasemi and Montoya, 2022) (i.e. 300 mM urea and 100 

mM CaCl2). Therefore, plant batches were treated with components (e.g. urea and CaCl2) and 

byproducts (e.g. ammonium) of a typical MICP solution to assess the chemicals and concentrations 

responsible for plant death. Table 3.3 presents chemicals and concentrations applied to the plant 

batches. In the first set, plants were treated with 0, 5, 10, 15, 20, 50, and 100 mM of urea. Similarly, 

varying concentrations of ammonium chloride were used to treat the second set of plants. In the 

third set, plants were treated with 0, 50, and 100 mM CaCl2 solutions. In all treatments, after a 

retention time of about 4 hours, plants were rinsed with water to wash the unconsumed chemicals 

and reduce soil salinity. An assumption was made that in a MICP reaction, bacteria hydrolyze the 

majority of applied urea within the first few hours. Such an assumption was made based on the 

results of previous studies on the variation of hydrolyzed urea concentration with time 

(Safavizadeh et al., 2019b). Therefore, rinsing batches aims to provide plants a rest period to 

partially recover from the exposure to chemicals until the next treatment. The effluent pH and 

health conditions of the plants were monitored after each treatment. The final above-ground leaf 

growth was also used as a proxy for chemicalsô effects on plant health.  

The effect of phosphorus on the health of the MICP-treated plants was also investigated 

via batch tests, following the same procedure outlined above. The application of 0.295 and 0.59 

mM Na2HPO4 solutions was evaluated in the fourth set of batch treatments to observe the effects 

Na2HPO4 has on plant health. Finally, the effectiveness of phosphorus included within the 

cementation solution to resolve the problem of dryness of MICP-treated plants was investigated 

via a fifth batch test. In this batch, the MICP cementation solution was kept constant (300 mM 
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urea and 100 mM CaCl2), and the effect of the addition of phosphorus and rinsing the specimens 

with water 4 hours after the treatment application was investigated. The performed five batch tests 

are summarized in Table 3.3. 

Table 3.3. Chemical concentrations applied to the plants. 

Batch Test  Chemistry Concentration (mM) 

1  Urea 0, 5, 10, 15, 20, 50, and 100  
    

2  NH4Cl 0, 5, 10, 15, 20, 50, and 100  
    

3  CaCl2 0, 50 and 100  
    

4  Na2HPO4 0, 0.259, and 0.59 
    

5  

 

 

 

MICP 

MICP+W 

MICP+P 

MICP+W+P 

MICP: 300 mM urea and 100 Mm CaCl2 

W: rinsed with water after 4 hours 

P: 0.59 mM Na2HPO4 

 

3.2.9 Batch Tests on Plant Seeds (Post Treatment Effects on Seed Germination) 

A set of batch tests were performed on MICP-treated soil specimens to assess the effect of 

changes in mechanical properties of soil on seed germination and growth. MICP treatments were 

conducted without the addition of phosphorus and following the chemical concentrations and 

procedure described previously in the bio-cementation treatment process section. Each time 50 mL 

treatment solution was percolated on free-draining 532 mL soil containers prepared in duplicate. 

Specimens were treated with 8, 14, and 17 cementation treatments to denote lightly (L), moderately 

(M), and heavily (H) cemented levels, respectively. Equal masses of Bermuda grass seeds (2g) 

were planted in untreated (baseline soil) and cemented specimens. In each specimen, the MICP-

treated surface was slightly scratched to plant the seeds and then backfilled with about 4 mm of 

untreated soil.  
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3.3 RESULTS AND DISCUSSIONS 

3.3.1 The Effect of Phosphorus on Precipitation Mineralogy   

MINTEQ calculates saturation index in the term of log IAP ï log Ks, where Ks is the 

solubility constant and IAP is the ion activity product of solid phases that may be precipitated from 

the solution. IAP is the same as Ks included in the thermodynamic database and corrected for 

temperature effects. An IAP larger than Ks indicates the solution is oversaturated and a solid is 

able to be formed. Obtained MINTEQ analyses results indicated that with the presence of 

phosphorus in cementation treatment, calcite (CaCO3) and Hydroxyapatite (HA, Ca (PO ) (OH) ) 

are the most possible precipitations. Analysis results for 300 mM urea, 100 mM CaCl2, and 0.59 

mM Na2HPO4 are shown as an example in Figure 3.1a. Figure 3.1a demonstrates the evolution of 

both precipitation forms with the progress of hydrolyzed urea concentration. At the initial stages 

of urea hydrolysis, and up to 100 mM concentration, 100% of the added Na2HPO4 is converted to 

HA precipitation. However, an opposite trend is observed for the calcite formation with an increase 

in hydrolyzed urea concentration. Beyond 100 mM concentration, the formation of HA 

significantly decreased while 100% of the added [Ca+2] is precipitated as calcite. A similar trend 

is observed for all cementation solution concentrations as shown in Figure 3.1(b-d). 

Plants are mainly able to adsorb phosphorus in soluble orthophosphate forms (e.g. HPO4
-2 

and H2PO4
-) (Becquer et al., 2014). The soluble orthophosphate was defined as the soluble 

percentage of the input phosphorus source that did not precipitate as HA and remained 

unconsumed. Higher concentrations of precipitated calcite and soluble orthophosphate were 

considered as criteria for a treatment recipe that favors mechanical soil improvement and plant 

growth, respectively. Figure 3.1(a-d) present analysis results in terms of the percentage of calcium 

ions precipitated as calcite and the unconsumed soluble Na2HPO4 percentage/concentration.  
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As shown in  Figure 3.1 b and c, at constant urea and CaCl2 concentrations, lower 

concentrations of Na2HPO4 contribute to the higher efficiency of calcite formation and higher 

soluble percentage of Na2HPO4 ions (i.e. lower HA precipitation). It should be noted that a higher 

percentage of soluble ions at low input Na2HPO4 concentrations does not necessarily mean a 

higher concentration. For instance, as shown in Figure 3.1d, the application of 1 and 10 mM 

Na2HPO4 with a cementation solution comprised of 300 mM urea and 100 Mm CaCl2 may result 

in 0.39 Mm (39.47%) and 0.45 mM (4.57%) of free ions respectively. In addition, for a given 

amount of phosphorus source, with an increase in urea and CaCl2 concentration, the percentage of 

precipitated calcite is increased as shown in Figure 3.1b. For example, for about 5 mM of added 

Na2HPO4, about 67% of the added [Ca+2] is precipitated as calcite when the cementation solution 

contains 75 mM urea and 25 mM CaCl2. While for a cementation solution comprised of 300 mM 

urea and 100 mM CaCl2 about 95% of added [Ca+2] is precipitated. Similarly, as shown in Figure 

3.1c, for a given amount of phosphorus source, with an increase in urea and CaCl2 concentration, 

the percentage of unconsumed Na2HPO4 is increased (precipitated HA decreased). For example, 

for about 5 mM of added Na2HPO4, about 1% of the added Na2HPO4 is in soluble form when the 

cementation solution contains 75 mM urea and 25 mM CaCl2. While for a cementation solution 

comprised of 300 mM urea and 100 mM CaCl2 about 9% of added Na2HPO4 remains free for plant 

roots to uptake. 

The aforementioned results imply that for a treatment recipe that ensures maximum calcite 

precipitation and soluble orthophosphate concentrations, urea and CaCl2 concentrations should be 

maximum. Therefore, cementation solution concentration the same as the one used in MICP-field 

implementation (Ghasemi and Montoya, 2022) (i.e. 300 mM urea and CaCl2 100 mM) was selected 

in this study. To determine input Na2HPO4 concentration for selected urea and CaCl2 solution, the 
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soluble orthophosphate concentrations were plotted with Na2HPO4 in Figure 3.1d. With an 

increase in concentration up to about 0.6 mM, the majority of the added Na2HPO4 remained in 

soluble ion form. Beyond this point, with an increase in Na2HPO4 concentrations, the conversion 

efficiency of input to soluble ions slightly declined. Although higher Na2HPO4 concentrations 

favor the availability of soluble Na2HPO4 ions, it also results in lower calcite precipitations (Figure 

3.1b). Therefore, 0.59 mM Na2HPO4 was chosen as a balanced concentration that results in a high 

percentage of precipitated calcite (i.e. 99.6%) and at the same time ensures a high efficiency to 

produce soluble Na2HPO4 ion concentrations (i.e. 0.59 mM added Na2HPO4 result in about 0.4 

mM soluble ions). As such, a cementation solution with 300 mM urea, 100 mM CaCl2, and 0.59 

mM Na2HPO4 was selected for MICP-treatment of soil columns (shown in Table 3.2). Additional 

columns were treated with the solution containing the same chemicals but with half concentrations 

as the first set to confirm the reproducibility of the results. 
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Figure 3.1. MINTEQ analysis results for a) 300 Mm urea, 100 mM CaCl2, and 0.59 mM Na2HPO4, 

b) calcite formation percentage with varying solution concentrations, c) aqueous Na2HPO4 

percentage with varying solution concentrations, and d) aqueous Na2HPO4 ion concentrations 
using 300 Mm urea, 100 mM CaCl2, and varying input Na2HPO4 concentrations. 

XRD analyses performed on cemented columns indicated no differences in soil samples 

treated with or without phosphorus source. Results confirmed the precipitation of calcite in all soil 

specimens and no phosphorus element was detected in any of the columns. XRD results for 

Column 4 are shown in Figure 3.2 as an example. Additional results are presented in Figure A.1(a-

d) of the Supporting Information (SI). The lack of observed precipitated phosphorus may be due 

to: i) the percentage of phosphorus in precipitation was negligible and therefore imperceptible, or 

ii) the precipitation that contained phosphorus was not well crystallized or was smaller than 9-10 

nm, so they could not be detected.  
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Figure 3.2. XRD results for Column 4 treated with 300 mM urea, 100 mM CaCl2, and 0.59 mM 

Na2HPO4. 

SEM microscopy indicated that the addition of phosphorus to the treatment solution did 

not affect the morphology of the generated precipitations. Figure 3.3 presents the SEM images for 

Columns 1 and 4 with 1000× and 350× magnifications, respectively. Similar precipitation shapes 

and crystal structures were observed in both specimens regardless of the addition of phosphorus 

to the cementation solution. SEM results obtained from columns treated with all four MICP-

treatment recipes are shown in Figure A.2 (a-d). Similarly, EDS analyses performed in random 

locations on different samples confirmed no presence of phosphorus in precipitations generated 

among any of the specimens. Therefore, the assumption of negligible or no phosphorus element in 

precipitation seems reasonable. EDS results for Column 4 are shown as examples in Figure 3.3. 

Additional EDS test results for MICP-treated columns treated with different phosphorus 

concentrations are presented in Figure A.2 and Figure A.3.  

In both specimens in Figure 3.3, precipitations were mainly formed on particle-particle 

contact points and grain roughnesses instead of smooth soil particle surfaces. After each treatment 

application, the solution starts to drain gravitationally through the specimen. As such, the soil 

transitions into an unsaturated condition where the solution is mainly localized in particle contact 
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points and water meniscus between the particles. Figure 3.4 better illustrates this behavior. Such 

precipitation arrangement in unsaturated MICP treatment conditions could provide greater support 

in load-bearing contact points and may result in a more efficient form of MICP stabilization 

(Cheng et al., 2013). 

 

Figure 3.3. SEM image for Column 1 and SEM/EDS scanning on samples from Column 4. 

 

Figure 3.4. Concentration of generated precipitation in particle-particle contact points in Column 

3. 
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3.3.2 Effect of Treatment Solution Chemistry on Existing Plants  

Summary of the results of batch tests on grown plants treated with different chemicals and 

concentrations are shown in Table 3.4, Figure 3.5, and  Figure 3.6. Grown plants were treated 14 

times with water (baseline), components (e.g. urea and calcium chloride), and byproducts (e.g 

ammonium) of MICP treatment. As expected, water-treated specimens resulted in healthy grown 

plants. In both urea-treated and ammonium-treated specimens 14 times application of low 

concentration solutions (e.g. 5 to 20 mM) did not undermine plants' health but granted the growth 

of new seedlings. Treatment of specimens with higher concentrations (e.g. 50 and 100 mM) of 

both urea and ammonium solutions resulted in dryness of smaller and weaker seedlings. However, 

the stronger leaves only slightly turned yellow or showed tip dryness by the end of the 14th 

treatment when either urea, calcium chloride, and ammonium solutions were applied. Although 

the response of plants to high concentrations of cementation solution components and byproducts 

seems to be relatively similar at the end of the 14th treatment, the adverse effects of excessive urea 

and calcium chloride were perceived more rapidly compared to the ammonium solution. Signs of 

stress in specimens treated with urea or calcium chloride appeared at about the 5th treatment, 

whereas the plant health in ammonium-treated specimens started to decline after the 12th treatment. 

Figure 3.5 demonstrates the effect of maximum concentrations of applied cementation solution 

constituents or by-products on plant health and growth. In Figure 3.7a and b, the maximum above-

ground leaf growth ratio was defined as the length growth of the longest leaves over the initial 

length. Values larger than zero are an indication of plant leaf growth. In both urea- and ammonium-

treated batches, the growth ratio followed an up-and-down trend with chemical concentration 

increase. As shown in Figure 3.6, contrary to the negative effects that the higher concentrations of 

urea and ammonium exerted on plant health, treatment with concentrations less than or about 20 
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mM promoted plant growth. Such observation seems to be more pronounced in urea-treated 

specimens compared to the ammonium-treated plants. However, it should be noted that since not 

all the plant leaves had naturally the same initial length drawing conclusions based on the observed 

trends might be more reliable rather than making quantitative judgments. 

Comparing the measured effluent pH after treatment with urea, ammonium, and calcium 

chloride solutions indicated that only the addition of the higher urea concentrations significantly 

increased the soil pH (5 to a maximum of about 9). Ammonium on the other hand, only slightly 

increased the pH (i.e. to maximum pH of about 6.5) even when applied in high concentrations (e.g. 

50 and 100 mM). The observed pH increase in the case of urea-treated specimens most likely was 

the result of biological activities and urea-hydrolysis of indigenous microorganisms. This 

observation suggests that the detrimental effects of cementation solution on plant health are only 

partly due to the pH increase that MICP process induces in the soil system. Meaning ammonium 

and calcium chloride can harm plant health without increasing the soil pH. The added 

concentrations of Na2HPO4 demonstrated no signs of pH increase nor induced stress on plants. 

Therefore, the addition of Na2HPO4 seemed to be a harmless choice. The detailed pH 

measurements for batch tests 1 to 4 are presented in Tables A1-A4. 

Figure 3.6 and Table 3.4 demonstrate that the addition of Na2HPO4 to cementation solution 

and also rinsing specimens with water approximately 4 hours after the treatment application 

slightly mitigated the negative effects of MICP-treatment on plants. This observation and results 

of the plant batches treated with varying chemical concentrations demonstrated the possibility of 

solution optimization to minimize the adverse effects of MICP treatment on vegetation coverage. 

As such, based on the observed results the application of urea, calcium chloride, and ammonium 

solutions with concentrations equal to or higher than 50 mM is not compatible with the health of 
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the plant tested in this study. However, determination of the maximum allowable concentration 

that ensures no detrimental effects on plant health requires additional batch tests, with chemical 

concentrations ranging between 20 to 50 mM.  
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Table 3.4. Summary of the effects of solution chemistry and concentration on the plant. 

Batch Chemicals  Observations 

1 Urea 
 ¶ 5 to 20 mM: no negative visual changes in plants was observed. New 

seedlings were germinated. The pH was initially about 5 and reached 

6.5-7 by the end of the 14th treatment. 

¶ 50 and 100 mM: after the 5th treatment, grass leaves exhibited signs 

of stress. By the end of the 14th treatment, all smaller and weaker 

seedlings were dead. Stronger leaves turned yellow and showed tip 

dryness. Effluent pH started from 5 and increased to 7 after the 2nd 

treatment and reached about 9 at the end of the 14th treatment. 
    

2 NH4Cl  ¶ 5 to 20 mM: No visual changes were observed in specimens. pH 

ranged from 5 to 6.  

¶ New seedlings grew in plants treated with 5 to 50 mM solutions. 

¶ 50 and 100 mM: Effluent pH ranged between 5 to 6.5. After the 12th 

treatment, plants that were treated with 100 Mm exhibited tip 

dryness, and the ones that were treated with 50 mM solution slightly 

turned yellow with no signs of dryness. 
    

3 CaCl2  ¶ Effluent pH was about 5 after all treatments. Plants started to dry 

after 5th treatment. At the end of the 14th treatment, only strong and 

healthy seedlings survived. New sprouts started to grow in one of 

the cups 
    

4 Na2HPO4  ¶ After all treatments, the effluent pH was about 5. No stress signs 

were observed in plants at the end of treatments. 
    

5 MICP 

MICP+W*  

MICP+P**  

MICP+P+W 

 ¶ MICP-treated plants started to dry after the 4th treatment and 

completely died after the 7th solution application.  

¶ Rinsing specimens with water 4 hours after the MICP-treatment 

application, slightly delayed and reduced the dryness of plants. Tip 

dryness in leaves appeared after the 8th treatment. However, after the 

treatment 14th, only the resilient seedlings survived. 

¶ With the addition of Na2HPO4 to MICP-treatment, plant tips started 

to dry after the 6th treatment and only small quantities of seedlings 

survived after the 14th treatment. 

¶ The addition of Na2HPO4 and rinsing plants, slightly delayed and 

reduced the dryness of plants. Plants turned yellow at the end of the 

8th treatment. However, after the treatment 14th, only stronger 

seedlings survived. 

W*: Rinsed with water after 4 hours 

P** : Na2HPO4 
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Figure 3.5. The initial and final health conditions of plants treated with different chemicals. All 

specimens were rinsed with water 4 hours after each treatment application. 
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Figure 3.6. The effect of washing and phosphorus addition to MICP solution on grown plantsô 

health. 
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Figure 3.7. Above-ground leaf growth ratios of plants treated with varying concentrations of a) 

urea and b) ammonium. 

3.3.3 The Effect of Varying Cementation Levels on Seed Growth   

Seeds planted in untreated and lightly cemented specimens began to germinate after two 

days. In moderately and heavily cemented soils, germination started later on days 5 and 8, 

respectively. By the end of day 19, the nearly full surface coverage of healthy plants in untreated, 

lightly, and moderately cemented specimens was observed (shown in Figure 3.8). On the contrary, 

only a few seedlings grew in heavily cemented specimens.  

Plant roots representative of the average seedling sizes were carefully removed from all 

specimens. As shown in Figure 3.9, untreated and lightly cemented specimens exhibited the 

longest root length. In moderately cemented soil, roots penetrated slightly into the cemented soil. 

However, in heavily cemented cases, roots only grew in the surficial 4 mm untreated soil and did 

not penetrate the underlying stiffer soil. These observations are in line with the results of studies 

on soils with different penetration resistances (Whitmore and Whalley, 2009). Soil strength 

significantly affects the plant root's required penetration stress (Bengough et al., 2011). An 

increase in soil strength caused by compaction, unsaturated soil conditions, presence of cementing 

agents, among others constrain the ability of plant root growth and results in shorter root length 
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(Tracy et al., 2011). If the pores and fractures in the soil are not large enough roots need a higher 

pressure to rearrange and push the particles aside (Bengough et al., 2011). Lightly, moderately and 

heavily cemented specimens demonstrated surficial calcium carbonate consents of about 2.0, 4.3, 

and 7.1%, respectively. With the progress of cementation, particle bonds become stronger, and 

more calcium carbonate precipitates on the soil particles (DeJong et al., 2010). Figure 3.10 

demonstrates the improvement of UCS values from the pocket penetrometer measurements 

performed on soils with varying levels of calcium carbonate precipitation. In Figure 3.10, pocket 

penetrometer measurements are compared with the results obtained from previous MICP field 

implementation performed on the same soil (Ghasemi and Montoya, 2022). An increase in soil 

strength and density particularly in heavy cementation levels limits root penetration in soil. 

Therefore, results imply that for the tested soil in this study, up to about 4.3% calcium carbonate 

content, mechanical soil improvement and vegetation coverage can coexist. However, beyond this 

point, root penetration and plant growth in cemented soil get very difficult. 
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Figure 3.8. Seed growth and coverage in specimens treated to different cementation levels. 

 

 

Figure 3.9. Developed root sizes for seeds planted in soils with different cementation levels. 
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Figure 3.10. Comparison of pocket penetrometer measurements on specimens treated to varying 

cementation levels with the predictions obtained from previous MICP-field experiments on the 

same soil (Ghasemi and Montoya, 2022). 

3.4 CONCLUSIONS 

The effect of MICP processes and post-treatment changes in soil properties on Bermuda 

grass health and establishment was investigated. Plant batches were treated with ingredients and 

byproducts of MICP-treatment to assess the interaction between the chemicals and concentrations 

and plant health. Results indicated that urea, ammonium, and CaCl2 concentrations corresponding 

to a regular MICP treatment are higher than the tolerable range of plants.  Lower concentrations 

of urea and ammonium (e.g. 0 to 20 Mm) promoted plants' health and growth. However, the 

application of 50 mM or higher concentrations of urea, ammonium, and CaCl2, adversely affected 

the plant health and by the end of the 14th treatment only stronger seedlings survived. As such, 

whenever the purpose of the MICP treatment is to develop a cemented soil profile and preserve 

vegetation coverage at the same time it is recommended that chemicals in treatment solutions 

should not reach and exceed 50 mM. 

The effect of the addition of phosphorus to the cementation solution to neutralize the 

negative effects of chemicals was also investigated. The optimum recipe that benefits both the 

calcite precipitation and plant health was determined using Visual MINTEQ version 3.1 software. 
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It was shown that the added concentrations of phosphorus exerted no changes to the mineralogy 

and morphology of the precipitated calcite. The batch tests on grown plants demonstrated that the 

inclusion of phosphorus in cementation solution and also rinsing specimens with water four hours 

after the treatment slightly alleviated the negative effects of the treatment chemicals. Therefore, 

for the tested vegetation, a combination of reducing chemical concentrations, the addition of a 

phosphorus source, and ringing plants four hours after the treatment application would minimize 

the adverse effects of MICP treatment on existing plants.  

The effect of post-treatment changes in soil properties on seed germination and plant 

growth was also investigated. After 19 days, seeds planted in untreated, lightly, and moderately 

cemented soil specimens indicated similar seedling growth and coverage. Contrarily, sparse 

seedlings grew in heavily cemented soil. This observation indicates that up to a certain cementation 

level, soil improvement could be achieved without inhibiting seed germination and plant growth, 

and beyond that establishment of vegetation would be challenging.  

Results of this study on the coexistence of MICP-treated soil and vegetation have the 

potential to be used in wildlife crossing bridges, landfill covers, dune protection, and retaining 

walls, among others. The results can be used as a baseline for future research and eco-friendly field 

application designs of MICP. However, it should be noted that the observed results in this study 

are plant-specific and similar tests are required to identify the upper limit chemical concentrations 

and improvements tolerable for other plant species. Similarly, incorporating additional 

amendments to support plant health (e.g., carbon sources) is also warranted.  
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SUPPORTING INFORMATION  

The Supporting Information is available in Appendix A. XRD scanning results for columns 

treated with varying solution concentrations, EDS/SEM results for columns treated with varying 

solution concentrations, and detailed effluent pH measurements for batch tests.  
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4 Compressibility Behavior of MICP-treated Sand Treated under Unsaturated 

Conditions 

4.1 INTRODUCTION  

Geotechnical structures such as tunnels, deep foundations, dams, retaining walls are among 

the infrastructures that provide support for urban development. These systems aim to support 

communities, reduce natural disaster casualties, and protect transportation and energy 

infrastructures. In recent years, aging structures and growing construction demands have prompted 

researchers to seek more versatile and environmental-friendly soil stabilization alternatives. 

Microbially induced calcium carbonate precipitation (MICP) has the potential to be a more 

sustainable and eco-friendly approach compared to the traditional soil improvement measures 

(e.g., application of Portland cement) (DeJong et al., 2010). 

MICP is a natural biochemical process that results in the formation of CaCO3 at particle-

particle contacts (DeJong et al., 2006). In this method, either stimulated or augmented bacteria 

hydrolyze urea as a source of energy for metabolic activities and produce ammonium and 

carbonate ions (Khodadadi et al., 2017). Resulting carbonate ions bond with soluble calcium 

present in the soil system and precipitate CaCO3. Precipitation may be formed on both soil grain 

surfaces and particle contact points (Feng and Montoya, 2016). As a result, mechanical soil 

properties are enhanced by densification and cementation formation in soil matrix (DeJong et al., 

2006). 

The application of MICP as a soil stabilization technique has confirmed significant 

improvement of mechanical soil properties in laboratory settings (Lin et al., 2016; Montoya and 

DeJong, 2015). Numerical models have been developed to optimize treatment strategies for field 

implementations (Faeli et al., 2022). In addition, successful meter-scale and field trials have 
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demonstrated that the technique is moving towards being an accepted practice in construction 

industry (Do et al., 2020; Ghasemi and Montoya, 2020; Gomez et al., 2017, 2015; Lee et al., 2019; 

Brina M Montoya et al., 2021; San Pablo et al., 2020; Terzis et al., 2020; van Paassen et al., 2010). 

In actual field conditions, a soil element may likely undergo a k0 loading path. Therefore, to 

perform settlement analyses, gaining an understanding of the deformation and oedometric 

behavior of MICP-treated soil is essential. Previous researchers have studied the effect of initial 

density and different cementation levels on the compressibility response of saturated MICP-treated 

sands (Feng and Montoya, 2014; Lin et al., 2016). Results of the tests on specimens treated under 

saturated conditions exhibited lower deformations and compressibilities compared to the untreated 

sand. However, in many field implementations soil is not under saturated conditions and 

unsaturated conditions prevail. Therefore, it is necessary to have a clear understanding of the 

properties of the bio-cemented soil treated under unsaturated conditions.  

In the study presented herein, a set of consolidation tests was performed on untreated and 

MICP-treated sand specimens. Specimens were treated with percolation under unsaturated 

conditions. During the treatment and consolidation phases, shear wave velocity measurements 

were carried out to assess the changes in stiffness due to cementation generation or degradation. 

Deformations and shear wave velocities were recorded with incremental loading and unloading. 

Results were then compared to the available data for specimens treated under saturated conditions. 

4.2 MATERIALS AND METHODS  

4.2.1 Tested material and specimen preparation 

Specimens were prepared from silica sand excavated and transported from the South Jetty 

in Newport, OR. Soil comprised of subrounded and subangular particles and was classified as 

poorly graded sand (SP). The physical properties of the tested sand are shown in Table 4.1. All  
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specimens were prepared by air-pluviation technique to a relative density of about 39%. 

Cylindrical columns were used to perform consolidation tests with a diameter and height of about 

6.4 cm and 3.0 cm, respectively. Columns consisted of stainless steel walls and acrylic bottom and 

top caps equipped with a pair of bender elements. The use of stainless steel minimizes the lateral 

deformations of the specimens during loading. All specimens were kept under 30 kPa overburden 

during the MICP-treatments. 

Table 4.1. Physical of the Tested Sand. 

D50 (mm) emin emax Gs Cc Cu 

0.18 0.57 0.78 2.67 1.03 1.32 

 

4.2.2 Treatment Process 

Sporosarcina pasteurii, a common ureolytic soil bacterium, was used to catalyze MICP 

reactions. Bacteria culture was prepared using the procedure described by (Montoya et al., 2019). 

An ammonium-yeast extract medium was used to cultivate bacteria. Ingredients of the medium 

were autoclaved and sterilized separately and then mixed with the microbial stock culture. The 

solution was then incubated at 30°C with a 200 rpm speed for about 20 hours to achieve an optical 

density (OD600) of 0.8 to 1.2. The resulted culture was centrifuged in 15 ml vials at 4000 g for 15 

min. The supernatant was then substituted with the fresh growth medium. Vials were centrifuged 

one more time and refrigerated at 4  for a maximum of 14 days. 

Treatment solutions were applied using percolation on free-draining specimens, allowing 

soil to experience unsaturated conditions during treatment. A two-phased solution application 

procedure was used to treat the specimens. Treatments started with an introduction of biological 

solution and followed by four cementation treatments. This procedure was repeated until a target 

improvement level was obtained. Treatments were completed three times a day with 6-6-12 hour 

intervals. The biological solution consisted of 0.3 M urea and 107 cells/mL bacteria, and the 
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cementation solution included 0.3 M urea and 0.1 M CaCl2. These recipes have been successfully 

implemented in the previous laboratory and field-scale MICP experiments (Ghasemi et al., 2019; 

Ghasemi and Montoya, 2020). Cementation cycles were repeated 24, 16, and 8 times to reach 

heavy, moderate, and light cementation levels, respectively. Initial and final shear wave velocities 

and carbonate contents are shown in Table 4.2. All specimens were saturated by passing 10 times 

pore volumes of deaired water using a pump. A burette filled with water was connected to the 

bottom of the specimens to ensure saturation during consolidation stages (Figure 4.1). Specimens 

were consolidated under 30, 60, 120, 240, 480, 960, and 1920 kPa vertical loads and were subjected 

to subsequent loading and unloading increments. 

Table 4.2. Characteristics of the Tested Specimens. 

Specimen 
Cementation (Vs)initial  (Vs)final  Number of CaCO3 

level (m/s) (m/s) treatments content (%) 

U Untreated 134 - 0 0 

L Light 127 236 8 0.8 

M Moderate 125 598 16 1.4 

H Heavy 138 986 24 4.3 

 

4.2.3 Shear Wave Velocity Measurement 

Shear wave velocity was measured during treatments and consolidation loading/unloading 

increments. A pair of bender elements was placed in the top and bottom caps of a consolidation 

setup. Bender elements were fabricated following the approach presented by (Montoya et al., 

2012). One of the benders was used to send a sine wave pulse (e.g., 10 kV, 10 Hz) through the 

specimen. The arrival time of the shear wave at the other bender element was used to calculate the 

shear wave velocity of the soil specimen.  

4.2.4 Mass of CaCO3 Measurement 

Upon completion of the consolidation, acid washing was performed on specimens to 

determine the mass of carbonate associated with each cementation level. Soil samples were oven-
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dried for about 24 hours and then were soaked in 1 M HCl. After settlement of the sand particles, 

solution was substituted with fresh acid. This process was repeated until no more bubbles were 

observed in the specimens. Samples were then rinsed and oven-dried for 24 h. Mass of CaCO3 was 

expressed as the weight loss during acid washing divided by the dry weight of untreated soil 

(Mortensen et al., 2011).   

 
Figure 4.1. Treatment and consolidation setup sketch. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Effect of Bio-cementation on Compressibility Behavior of Soil 

The change in vertical strain with applied loading/unloading sequences for specimens 

treated to varying cementation levels is shown in Figure 4.2. In this figure, untreated, lightly, 

moderately, and heavily cemented specimens are shown with ñUò, ñLò, ñMò, and ñHò, 

respectively. Untreated soil indicated a stress-strain behavior similar to that of disturbed clay with 

no clear point of maximum curvature. However, with the progress of cementation, the transition 
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between compression and recompression paths became more pronounced. In addition, a gradual 

increase in measured preconsolidation stresses with cementation development was observed.  

Under a similar loading, the maximum strain values were highest for untreated soil and 

decreased with an increase in cementation level. The observed behavior is a result of cementation 

bond formation that decreased the compressibility of the soil matrix. Densification and void ratio 

reduction resulting from the MICP-treatment further contribute to this behavior. Similar behavior 

has been reported by previous researchers (Feng and Montoya, 2014; Lin et al., 2016). 

With load removal during unloading, lower strain values were observed in all tests. The 

difference between strain during loading and unloading is an indication of the soil matrixôs ability 

to recover the imposed strain. A narrower stress-strain curve at higher cementation levels 

demonstrates a greater ability to recover the strain during unloading. After several 

loading/unloading cycles, curves still exhibit a similar trend and values as the first unloading path. 

Such observations may imply that the majority of weaker cementation bonds have been degraded 

during the first loading/unloading path and the additional cycles have marginal effects on 

decementation of cemented bonds.  
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Figure 4.2. The Stress-strain behavior of specimens with varying cementation levels. 

4.3.2 Effect of Loading/Unloading and Collapse Behavior 

Shear wave velocity measurements during loading/unloading stress paths for various 

cementation levels are shown in Figure 4.3. The untreated specimen demonstrated the lowest shear 

wave velocity and values increased for other specimens with an increase in cementation level. The 

untreated soil exhibited shear wave velocity increase during loading. At given stress, unloading 

shear wave velocities were slightly higher than their loading counterparts. This observation is in 

accordance with the uncemented sandôs behavior reported by previous researchers (Jinung Do et 

al., 2019b; Lin et al., 2016; Yun and Santamarina, 2005).  
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Figure 4.3. Treatment and consolidation for different cementation levels. 

Unlike the untreated soil, cemented specimens initially exhibited relatively constant shear 

wave velocities with stress increase. At low levels of confinements, cementation governs the soil 

matrixôs stiffness (Yun and Santamarina, 2005). Therefore, low levels of applied stresses were not 

sufficient to induce cementation bond degradation and shear wave velocity changes. In the 

moderately cemented specimen, a sudden stiffness loss (collapse behavior) at vertical stress of 

about 240 kPa was observed. Such observation could be a result of local bond degradation. With 

the further application of stress and beyond 480 kPa vertical load, shear wave velocity started to 

increase again. At higher load increments soilôs behaviors becomes stress-controlled and shear 

wave velocities increased with loading increments. The collapse behavior was not pronounced in 

the lightly cemented specimen; the observed behavior could be the result of weaker and fewer 

cementation bonds that allows particle rearrangement and more ductile behavior compared to the 
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moderately cemented specimen. In addition, the collapse in shear wave velocity might have 

happened around 120 kPa confinement (yield stress from the stress-strain curve) and rebounded 

quickly with load increase, therefore it is not perceivable with the applied load increments. This 

could be further investigated by performing tests with smaller load increments. No clear collapse 

behavior was detected for the case of the heavily cemented specimen where greater coordination 

numbers and stronger bonds linked soil particles together. This is relatively similar to the saturated 

MICP-treatment condition where collapse behavior was not identified by previous researchers (Lin 

et al., 2016; Montoya et al., 2019). 

Cementation bond degradation and volume change behavior during consolidation tests 

could be assessed through Vs-e plot (Figure 4.4). The untreated soil presents a linear relationship 

between the increase in shear wave velocity and void ratio reduction. The concave upward path of 

moderately cemented soil indicates an initial bond degradation and softening followed by a 

hardening behavior. Unlike the moderately cemented soil, no clear concave path was observed for 

the case of lightly and heavily cemented specimens. 
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Figure 4.4. Shear wave velocity and void ratio measurements during loading/unloading paths for 

specimens treated to varying cementation levels. 

The behavior of a cemented soil matrix depends on curing stress, amount and cementation 

type, stress history, and density (Yun and Santamarina, 2005). During unsaturated treatment and 

percolation, biological and cementation solution primarily exists in the form of menisci around the 

particle-particle contacts (Cheng et al., 2013). As a result of unsaturated MICP-treatment, 

cementation is mainly formed around the particle contacts. At light cementation levels, only small 

amounts of cementation are formed. However, the generated precipitations are not strong enough 

to prevent rearrangement of particles at yield stress. Therefore, no distinct collapse behavior in 

lightly cemented soils is observed. Conversely, in heavily cemented specimens, with the 

progression of cementation, more substantial precipitation is formed (e.g., Table 4.2). Therefore, 
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formation of stronger cemented bonds prevents stiffness loss and collapse potential of the soil 

matrix. 

4.4 CONCLUSION 

This study presents the results of consolidation tests performed on unsaturated MICP-

treated specimens with varying cementation levels. Similar to artificially cemented and MICP-

treated soils under saturated conditions, specimens exhibited a significant decrease in 

compressibility behavior with an increase in cementation level. Compared to the untreated soil, 

preconsolidation stress increased and the peak strain significantly decreased as cementation 

increased. In addition, cemented specimens exhibited higher recoverable strain as cementation 

levels progressed. 

In MICP-treated specimens measured shear wave velocities during consolidation tests 

initially exhibited a constant trend up to the yield stress value. With a further increase in applied 

stress, moderately cemented specimens experienced a drop in shear wave velocities. Shear wave 

velocity values increased again at higher levels of load application. The observed drop was less 

pronounced for lightly and heavily cemented soil specimens. Possible explanations for the 

observed behavior were discussed. Lightly cemented lacked sufficient cementation bonds between 

the particles allowing the immediate rearrangement of particles. Conversely, in heavily cemented 

specimens stronger cemented bonds prevented sudden stiffness loss of soil matrix. Further 

consolidation tests on different cementation levels are needed to verify the proposed hypothesis. 
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5 Geotechnical Properties and Performance of Large-scale Coastal Dunes Reinforced by 

Bio-cementation under Hurricane Wave Conditions  

5.1 Introduction  

Sand dunes protect coastal communities, transportation and energy infrastructures, and 

shorelines by buffering wave energy during severe storm surges and hurricanes. These natural 

barriers are dynamic systems that provide diverse habitats for wildlife and recreation areas for 

humans. Over the past years, the ongoing global climate changes have increased the frequency and 

intensity of extreme storm events. Accelerating sea-level rise, waves and winds increase erosion 

frequency and alter the coastline morphology. Erosion, flooding, and coastal slope failure may 

result in extensive and expensive damage to coastal infrastructures and newly reclaimed areas. 

However, shore strengthening can protect on-land structures and reduce the reconstruction and 

restoration costs and lifeline downtime period after severe surge events. 

Shoreline defense techniques generally fall under two categories: hard (i.e. coastal 

structures) and soft (i.e. natural) erosion prevention techniques (Bosboom and Stive, 2012; 

Ciarmiello et al., 2016). Hard structures such as revetments, bulkheads, seawalls, groins, and 

offshore structures are examples of human-made structures that are designed to prevent and reduce 

wave-induced erosion (Liew et al., 2020). Conversely, softer options such as beach nourishment 

and planting vegetation that minimize changes in current sediment transport processes are 

considered more natural approaches. Hard erosion prevention solutions could exert morphological 

changes to the beach, cause disturbance in natural habitats, and limit touristsô and visitors' access. 

In addition, such structures can suffer from increased erosion and scour in the base and lee side 

which may lead to their damage and failure (Rangel-Buitrago et al., 2018). Beach nourishment, 

one of the primary soft protection measures is a process of dredging and adding sand from a borrow 
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source to a specific site. The application of this technique widens beaches and preserves the natural 

morphology of coastlines. However, the effectiveness of the method is highly dependent on the 

availability of a compatible sand source in relatively short proximity (Hudspeth, 2019). In addition, 

the continual soil filling to counteract soil loss may pose environmental and economic challenges 

(Bosboom and Stive, 2012; Liew et al., 2020).  The effectiveness of the vegetation technique is 

also highly variable from site to site and this approach functions best in low-intensity wave 

conditions (Ciarmiello et al., 2016). In recent years, the possibility of utilizing the potential 

benefits of bio-inspired or bio-mediated techniques in construction and soil improvement projects 

has drawn many researchers' attention (Martinez et al., 2021; Stachew et al., 2021).  

Microbially induced calcium carbonate precipitation (MICP) is a bio-mediated soil 

improvement measure that has the potential to be an environmentally, economically, and 

operationally superior technique compared to conventional methods (e.g. use of Portland cement 

for stabilization) (DeJong et al., 2010; Mitchell and Santamarina, 2005a; Mujah et al., 2017). 

MICP is the result of a sequence of metabolic activities and chemical reactions that lead to the 

biomineralization of calcium carbonate among soil particles (Al Qabany and Soga, 2013; DeJong 

et al., 2006; Van Paassen et al., 2009; Whiffin et al., 2007). Microbial precipitates can be induced 

through the addition of electron acceptor nutrients to stimulate bacterial activities (bio-stimulation) 

or by inoculation of a concentrated population of the active microorganisms (bio-augmentation) 

as presented herein (Burbank et al., 2012; DeJong et al., 2010; Michael G. Gomez et al., 2018). In 

both cases, bacteria consume urea generate ammonium and carbonate ions. Carbonate ions bond 

with the available soluble calcium and becomes precipitated in the form of calcium carbonate. 

Deposition of calcium carbonate at inter-particle contact points and on soil grains generates a 

bonded soil structure that enhances the mechanical properties of soil (Chou et al., 2011; Lee et al., 
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2013; Montoya et al., 2013). Some researchers associate bio-augmentation with bacterial culture 

preparation and transportation challenges, and generally a higher cost compared to the stimulation 

approach (San Pablo et al., 2020; Su and Yang, 2021). However, in cases of extreme erosion events 

(e.g., hurricanes/norôeasters) immediate action may be necessary through the addition of ex-situ 

bacteria to accelerate urea hydrolysis ïsimilar to the study presented herein- which may in turn 

significantly reduce the risk of damage in such extreme events.     

Over the past two decades, several researchers have investigated the effect of treatment 

solution concentration, soil fabric and composition, confinement, cementation level, and other 

factors on the mechanical properties of MICP-treated soil in the laboratory setting (Al Qabany et 

al., 2012; Chek et al., 2021; Cheng and Cord-Ruwisch, 2014; Feng and Montoya, 2016; Ghasemi 

et al., 2019; Lin et al., 2015; Martinez et al., 2014; Mujah et al., 2019; Safavizadeh et al., 2019a; 

Terzis et al., 2016; Terzis and Laloui, 2019; Xiao et al., 2019b; Zamani and Montoya, 2019). More 

recently, meter-scale and field trials have also demonstrated the efficacy of MICP as a soil 

stabilization technique for numerous geotechnical applications (Do et al., 2020; Ghasemi and 

Montoya, 2022, 2020; Gomez et al., 2017, 2015; Brina M Montoya et al., 2021; San Pablo et al., 

2020; Shanahan and Montoya, 2016; Terzis et al., 2020; van Paassen et al., 2010). The application 

of MICP as a technique to reduce soil scour and erosion susceptibility against the wind, seepage, 

water flow, and wave action have been the subject of study by various researchers (Amin et al., 

2017; Chek et al., 2021; Clarà Saracho et al., 2020; Fattahi et al., 2020; Ghasemi et al., 2019; Jiang 

et al., 2017; Maleki et al., 2016; Salifu et al., 2016; Shanahan and Montoya, 2014; Wang et al., 

2020). In addition, some researchers have conducted flume tests to simulate MICP application to 

mitigate coastal erosion and flood hazards (Clarà Saracho et al., 2020; Kou et al., 2020; Liu et al., 

2021; Salifu et al., 2016; Shahin et al., 2020; Shanahan and Montoya, 2016). As one of the first 
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attempts, Shanahan and Montoya (2016) performed a flume study on untreated and moderately 

cemented dune models. When subjected to a storm wave spectrum for a short time, the moderately 

cemented dune demonstrated an eroded mass of about one-third of the untreated case. Salifu et al. 

(2016) constructed untreated and MICP-treated sandy slopes with different inclination angles in 

0.2 m cubical boxes. The response of the tested models to tidal currents indicated that the MICP 

application significantly reduced the observed slope flattening. In another flume study, sandy 

slopes with varying steepness were treated with different numbers of treatments (Kou et al., 2020). 

Steeper slopes required higher cementation levels to reduce erosion susceptibility. For the tested 

wave spectrum, in higher cementation levels no significant differences in erodibility were observed 

between the slopes with varying inclination angles (i.e 10̄, 20̄ , and 35̄). In a study performed by 

Shahin et al. (2020), slopes with varying cementation levels were subjected to a broader wave 

spectrum (comprised of both erosional and accretional waves) for two hours. As expected, the 

accretional waveform resulted in less sediment yield. Liu et al. (2021) performed a set of small-

scale tests on untreated, MICP-, and (enzyme induced carbonate precipitation) EICP-treated dune 

models. At the initial stages of low to moderate-intensity wave application, regardless of slope 

angle, both types of bio-cemented dune functioned better than the untreated case. However, none 

of the reinforced dunes resisted the mass loss in case of steeper slopes, intense wave action, and 

longer wave exposure duration. In such severe conditions, the MICP-treated dunes performed less 

effectively compared to their EICP-treated counterparts. This response was stated to be a 

consequence of a shallower cemented zone caused by the simultaneous percolation of biological 

and cementation solutions to MICP-treated dunes (e.g. immediate precipitation). Perhaps the 

application of lower volumes of treatment solution for the MICP-treated tests, compared to the 

EICP-treated cases, may have further contributed to the formation of precipitation in shallower 
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depths and exacerbated this condition.  Nevertheless, the aforementioned studies are mainly 

focused on demonstrating the potential of relatively small-scale bio-cemented models to reduce 

erosion against wave and tide actions. However, there is still a growing need to quantify the 

engineering properties of a reinforced near-prototype dune system and resulting changes in beach 

morphology caused by the extreme storm events in a more realistic time scale. Such studies are 

required to understand the physics of bio-cemented dune erosion for future real-life field 

applications on dune systems, barrier islands, coral reefs, and coastal sand bars.   

The study presented herein systematically investigates the effect of varying cementation 

levels and different solution delivery systems on changes in geotechnical properties, performance, 

and mass loss susceptibility of near-prototype MICP-treated dunes subjected to actual hurricane 

wave conditions. Three large-scale dunes were constructed with approximately 1000 m3 of sand 

in the largest wave flume in North America at the O.H. Hinsdale Wave Research Laboratory at 

Oregon State University. MICP-stabilized dunes were treated by surface spraying and 

prefabricated vertical drain (PVDs) methods that were previously implemented in the field in 

Ahoskie, NC (Ghasemi and Montoya, 2022). During treatments, improvement levels were tracked 

using shear wave velocity via bender element sensors placed in the soil. Flume experiments 

simulating Hurricane Sandy waves conditions were performed on untreated, moderately, and 

heavily cemented dunes. Dunes were subjected to 19 trials with an average of 30 minutes duration 

and each trial comprised approximately 300 waves. Lidar scanning was used to monitor the 

changes in morphology and to calculate the soil mass loss. After the 19th trial, mini CPT tests were 

performed in situ. In addition, cemented blocks were collected from the wave tank to quantify the 

strength properties of the cemented soil in the laboratory setting. Lidar scanning after each wave 

trial was used to monitor the morphology changes and assess the extent of erosion that occurred 
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in untreated and MICP-stabilized dunes. The obtained results of this study can be used for future 

shoreline protection projects and to provide further insights into the failure mechanism of beach-

bluff systems.   

5.2 Materials and Methods 

5.2.1 Tested Materials and Dune Construction 

The experiments were conducted in the Large Wave Flume (LWF), at the NHERI O.H. 

Hinsdale Wave Research Laboratory at Oregon State University. This facility is the largest coastal 

engineering laboratory in the U.S. and among the top 10 in the world. The LWF consists of a 104 

m long channel with a width and depth of about 3.7 m and 4.6 m, respectively. The larger flume 

size reduces the boundary effects on wave propagation. About 1000 m3 of soil (sixty-five dump 

trucks) was excavated and transported from the South Jetty in Newport, Oregon, and placed in the 

wave tank. The sand consists of rounded and sub-rounded particles with a D50 of about 0.18 mm. 

The poorly graded (SP) sand has an emin and emax of about 0.57 and 0.78, respectively. The sand 

was placed in 30 cm thickness lifts in the flume and compacted to the desired density of a prototype 

natural dune in Mantoloking, New Jersey. 

Three dunes were constructed as shown in Figure 5.1, Figure 5.2, and Figure 5.3. The 

untreated dune was used as a baseline for the analysis (shown in Figure 5.1). The other dunes were 

treated to moderate and heavy cementation levels. Bio-cemented dunes were treated with two 

MICP-implementation techniques known as surface spraying and perforated vertical drain (PVD) 

methods that were successfully applied in the field to reduce the surface erosion of a sandy slope 

in Ahoskie, NC (Ghasemi and Montoya, 2022). In the heavily cemented dune, changes in 

morphologies of bio-cemented sections treated with surface spraying and PVD methods were 

compared in a side-by-side experiment. As such, during the construction, two (7.4 m³1.22 m) 
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plywood walls were placed on the dune along the cross-shore direction. The dividing walls created 

three (7.4 m³1.22 m) test plots as shown in Figure 5.2. The sections on the right-and left-hand 

side of Figure 5.2 were treated with surface spraying and PVD methods, respectively. The middle 

section was left untreated to be used as a buffer between the two tested methods. In the third dune 

test, one plywood wall was used to divide the width of the flume into two 7.4 m³1.83 m sections. 

As shown in Figure 5.3, the right-side section was treated with both surface spraying and PVD 

methods to a moderate cementation level. 

 
Figure 5.1. The initial untreated dune profile, courtesy of Hailey Bond. 
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Figure 5.2. Heavily Cemented dune treated with right) surface spraying method, middle) untreated 

section, and c) PVD-treated section. 
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Figure 5.3. Moderately cemented dune (right section of flume). 

5.2.2 Bacteria Preparation and Treatment Processes 

Sporosarcina pasteurii (ATCC 11859) a non-pathogenic soil bacterium was cultivated and 

applied to the dunes. Bacteria were grown from a single colony to a 42 L bacterial solution through 

a four-step procedure described in detail by (Liu, 2021). An ammonium-yeast solution was used 

as the growth medium for bacteria. The solution constituents were autoclaved separately and then 

mixed. In steps one to three, bacteria were inoculated into the culture medium and incubated 

according to the procedure described by (Mortensen et al., 2011). At each step, bacteria were 

collected after reaching the optical density (OD600) of about 0.8 to 1. The collected medium was 

used to grow larger quantities of bacteria in the next steps. The maximum capacity of suspended 

bacteria was 42 L due to laboratory constraints. In step four prepared bacterial batches were transported 
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to the Wave Research Laboratory to grow an additional 30.1 L of bacteria at ambient temperature. 

The obtained 72.1 L was used in the subsequent biological treatment of the heavily cemented dune. 

Such large quantities of bacteria were cultivated by inoculation of the 42 L bacteria to ammonium-

yeast growth media. A 50 L/min air pump (EcoPlus) provided constant oxygen flow to accelerate 

bacterial reproduction and growth. The OD600 of the solution was continuously measured until the 

target range was achieved. A bacterial population of about 108 cells/mL was observed in the 

medium collected at the end of step four. For the moderately cemented dune where a shallower 

treated zone was targeted smaller solution volumes (i.e. about 12 L) were needed. Therefore, 

additional bacteria were not cultivated and the transported quantities were immediately consumed 

in the next biological treatment. 

A two-phase treatment protocol previously implemented by (Ghasemi et al., 2019; 

Ghasemi and Montoya, 2020) was used to perform MICP treatments. First, a biological solution 

comprised of 300 mM urea and 15 times diluted bacterial solution was introduced to the soil. The 

application of biological solution was followed by four cementation treatments that consisted of 

300 mM urea and 100 mM CaCl2 with no added bacteria. This cycle was repeated until the desired 

shear wave velocity was achieved in bender elements placed in the soil. A retention time of at least 

three hours was maintained between treatments to allow urea hydrolysis and cementation 

formation among the soil particle. In total 16 and 24 cementation treatments were applied to the 

moderately and heavily cemented dunes, respectively. The day after the final treatment, stabilized 

soil was rinsed with water to wash the unconsumed chemicals and terminate the further 

cementation reaction. 

Test plots in the heavily cemented dune were treated by different solution delivery 

methods. This enables a side-by-side comparison of the effect of surficial and deep soil 
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improvement on the erosion resistance of bio-cemented coastal dunes. The right-hand side test plot 

in Figure 5.2, was treated with 24 sprayers that applied MICP treatments on the dune surface. Each 

sprayer demonstrated a maximum discharge capacity of about 32.55 L/h when connected to the 

inlet pressure of about 138 kPa. A schematic of the surface spraying treatment process is presented 

in Figure 5.4. Spray nozzles were arranged with cross- and long-shore spacing of about 30 cm and 

58 cm from each other and in two lines on the soil surface. The main tube connected to a rotary 

pump (Wayne Inc.) with a maximum discharge rate of 53.63 L/min was used to transfer the 

solutions prepared in a 275 L tank to the nozzles. Solutions were pumped from the bottom to the 

top of the dune and were recirculated back into the mixing tank to provide constant fluid 

recirculation and mixing in the tank. A control valve on the pump output was used to adjust the 

flow pressure and provide a uniform solution distribution. The test plot on the left-hand side of 

Figure 5.2 was treated with 42 band-shaped PVD elements. A PVD consists of a polypropylene 

core with molded flow channels on both sides wrapped in a geotextile fabric. This geosynthetic 

product has been widely used for deep soil contamination removal and to expedite the 

consolidation of low permeability soils (Bowders et al., 2005; Warren et al., 2006). A recent field 

experiment conducted by Ghasemi and Montoya (2022) highlighted the potential of PVDs to create 

a MICP-treated zone in deeper depths. Here, 1-m long PVDs were arranged in three shore-parallel 

groups. Each group consisted of 12 PVDs placed in two rows, as shown in Figure 5.5. PVDs were 

installed in an edge-to-edge and front-to-front spacing of about 10 and 20 cm, respectively. Similar 

to the surface spraying method, treatment solutions were prepared in a 275 L tank and were 

transferred to PVD groups using a rotary pump. The solution flowed into each PVD element and 

the excess volumes recirculated back into the tank.  
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Figure 5.4. Treatment process schematic for surface spraying method in the heavily cemented 

dune. 

 

Figure 5.5. Treatment process schematic for PVD method in the heavily cemented dune. 


















































































