
 

 

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 slope’s 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. 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright 2023 by Pegah Ghasemi 

All Rights Reserved



 

 

 

Field and Large-scale Implementation of Microbially Induced Carbonate Precipitation (MICP) to 

Reduce Erodibility of Coastal Deposits 

 

 

 

 

by 

Pegah Ghasemi 

 

 

 

 

A dissertation submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Doctor of Philosophy 

 

 

 

Civil Engineering 

 

 

 

Raleigh, North Carolina 

2023 

 

 

 

APPROVED BY: 

 

 

 

_______________________________                       _______________________________ 

               Dr. Brina M. Montoya                                                            Dr. Mo Gabr 

               Committee Chair 

 

_______________________________                       _______________________________ 

              Dr. T. Matthew Evans                                   Dr. Meagan Wengrove 

_______________________________                       _______________________________ 

              Dr. Roy Borden                                   Dr. Katherine Anarde 

  



 

ii 

 

DEDICATION 

In memory of my cousin Armin (January 1990-April 2013). 

  



 

iii 

 

 

BIOGRAPHY 

Pegah Ghasemi was born in February 1991 in Iran. She received her Bachelor’s and Master’s 

degrees in Engineering Science and Geotechnical Engineering in 2013 and 2017, respectively, 

from the University of Tehran and Sharif University of Technology, Iran. In January 2018, she 

became a Ph.D. student in the Department of Civil, Construction, and Environmental Engineering 

at North Carolina State University in Raleigh, North Carolina. Her research has focused on the 

field and large-scale implementation of microbially induced carbonate precipitation (MICP) to 

reduce erodibility of coastal deposits.  

 

 

 



 

iv 

 

ACKNOWLEDGMENTS 

 

During my Ph.D. I received the support of many people. Completion of this dissertation was not 

possible without their support. 

First, and foremost I am extremely grateful to my advisor, Dr. Brina Montoya for her invaluable 

advice, continuous support, and patience during my Ph.D. study. I am extremely fortunate to work 

with such a great mentor, role model, and friend. I could not have imagined having a better advisor 

for my Ph.D. study. 

Furthermore, I would like to thank my thesis committee member: Dr. Mo Gabr, Dr. T. Matthew 

Evans, Dr. Meagan Wengrove, Dr. Roy Borden, and Dr. Katherine Anarde, for their 

encouragement and insightful comments. 

Throughout my Ph.D. program at North Carolina State, I was honored and fortunate to learn from 

Dr. Montoya, Dr. Gabr, Dr. Cabas, Dr. Kittle Autry, Dr. Rahman, Dr. Anarde, Dr. Seracino, and 

Dr. Akin. 

My biggest thanks to my parents, Giti and Zhargham, and my sister and brother Ghazal and Parsa 

for their unconditional love and support. Special thanks to my husband Mojtaba Sardarmehni, who 

has always encouraged me, believed in me, and supported all of my ideas. I would like to thank 

my friend Reyhane for her encouragement and support.  

I would like to thank my friends from Oregon State University Ali Dadashiserej, Hailey Bond, 

Jordan Converse, Seok-Bong Lee, Elizabeth Holzenthal, Jeremy Smith, and Mahrooz Abed who 

supported and helped me with the flume experiments during my time at Corvallis. 

Last but not the least, I would like to thank my amazing friends at the geotechnical engineering 

group at NCSU Jinung Do, Atefeh Zamani, Qianwen Liu, Ashkan Nafisi, Thomas Na, Amin Rafie, 

Rowshan Jadid, Zahra Faeli, Marlee Reed, Jacob Harris, Jennifer Vaughn, Sultan Alhomeir, Long 

Vo, Chunyang Ji, Azmayeen Shahriar, Conor O'Toole, Ishika Chowdhury, Cristina Lorenzo-

Velazquez, Cassie Gann, Nancy Ingabire Abayo, Kelly Flanagan, Sophia Andanje, Neda 

Jamaleddin, Mustafa Demir, Alishan Ahmad, Sera Tirkes, Faria Ahmed, and Hannah Hiscott. 



 

v 

 

TABLE OF CONTENTS 

LIST OF TABLES ....................................................................................................................... viii 

LIST OF FIGURES ....................................................................................................................... ix 

1 Overview Of Dissertation ....................................................................................................... 1 

1.1 Introduction ......................................................................................................................... 1 

1.2 Dissertation Organization ................................................................................................... 4 

1.3 References ........................................................................................................................... 7 

2 Field Implementation Of Microbially Induced Calcium Carbonate Precipitation For Surface 

Erosion Reduction Of A Coastal Plain Sandy Slope ...................................................................... 9 

2.1 Introduction ......................................................................................................................... 9 

2.2 Site Characteristics And Soil Type ................................................................................... 12 

2.3 Bacterial Inoculate ............................................................................................................ 13 

2.4 Preparation For Field Application .................................................................................... 13 

2.4.1 Laboratory Tests ....................................................................................................... 13 

2.4.2 Specimen Preparation ............................................................................................... 14 

2.4.3 Treatment Processes.................................................................................................. 14 

2.4.4 Unconfined Compressive Strength Tests .................................................................. 15 

2.4.5 Impinging Jet Tests ................................................................................................... 16 

2.4.6 Shear Wave Velocity Measurement.......................................................................... 17 

2.4.7 Mass Of Calcium Carbonate Measurement .............................................................. 17 

2.5 Implications For Field Design .......................................................................................... 18 

2.6 Field Application .............................................................................................................. 18 

2.6.1 Surface Spraying Application Method...................................................................... 20 

2.6.2 Pvd Method ............................................................................................................... 21 

2.6.3 Trenches Method ...................................................................................................... 24 

2.6.4 Solution Preparation And Treatment Processes ........................................................ 24 

2.7 Field Assessment .............................................................................................................. 27 

2.8 Results And Discussion .................................................................................................... 30 

2.8.1 Visual Observations .................................................................................................. 30 

2.8.2 Dcp Results ............................................................................................................... 30 

2.8.3 Precipitation Pattern .................................................................................................. 35 

2.8.4 Erodibility Parameters .............................................................................................. 40 



 

vi 

 

2.8.5 Pocket Penetrometer Measurements ......................................................................... 42 

2.8.6 Permanence Of Micp-Treatment............................................................................... 43 

2.9 Sensitivity Analysis And Design Implications For The Surface Spraying Application ... 44 

2.10 Conclusions ................................................................................................................... 48 

2.11 References ..................................................................................................................... 51 

3 Effect Of Treatment Solution Chemistry And Soil Engineering Properties Due To Micp 

Treatments On Vegetation Health And Growth ........................................................................... 57 

3.1 Introduction ....................................................................................................................... 57 

3.2 Materials And Methods..................................................................................................... 60 

3.2.1 Properties Of Tested Soil .......................................................................................... 60 

3.2.2 Vegetation Type ........................................................................................................ 60 

3.2.3 Bio-Cementation Treatment Process ........................................................................ 60 

3.2.4 Soil Strength Assessment .......................................................................................... 61 

3.2.5 Visual Minteq Analysis............................................................................................. 61 

3.2.6 Column Tests ............................................................................................................ 62 

3.2.7 Microscale Evaluation .............................................................................................. 63 

3.2.8 Batch Tests On Grown Plants (Effect Of Treatment Solution Chemistry On Plant 

Health)63 

3.2.9 Batch Tests On Plant Seeds (Post Treatment Effects On Seed Germination) .......... 65 

3.3 Results And Discussions ................................................................................................... 66 

3.3.1 The Effect Of Phosphorus On Precipitation Mineralogy .......................................... 66 

3.3.2 Effect Of Treatment Solution Chemistry On Existing Plants ................................... 72 

3.3.3 The Effect Of Varying Cementation Levels On Seed Growth ................................. 78 

3.4 Conclusions ....................................................................................................................... 81 

3.5 References ......................................................................................................................... 84 

4 Compressibility Behavior Of Micp-Treated Sand Treated Under Unsaturated Conditions . 88 

4.1 Introduction ....................................................................................................................... 88 

4.2 Materials And Methods..................................................................................................... 89 

4.2.1 Tested Material And Specimen Preparation ............................................................. 89 

4.2.2 Treatment Process ..................................................................................................... 90 

4.2.3 Shear Wave Velocity Measurement.......................................................................... 91 

4.2.4 Mass Of Caco3 Measurement ................................................................................... 91 

4.3 Results And Discussion .................................................................................................... 92 



 

vii 

 

4.3.1 Effect Of Bio-Cementation On Compressibility Behavior Of Soil .......................... 92 

4.3.2 Effect Of Loading/Unloading And Collapse Behavior ............................................. 94 

4.4 Conclusion ........................................................................................................................ 98 

4.5 References ......................................................................................................................... 99 

5 Geotechnical Properties And Performance Of Large-Scale Coastal Dunes Reinforced By 

Bio-Cementation Under Hurricane Wave Conditions ................................................................ 102 

5.1 Introduction ..................................................................................................................... 102 

5.2 Materials And Methods................................................................................................... 107 

5.2.1 Tested Materials And Dune Construction............................................................... 107 

5.2.2 Bacteria Preparation And Treatment Processes ...................................................... 110 

5.2.3 Wave Running Conditions ...................................................................................... 114 

5.2.4 In-Situ Soil Testing ................................................................................................. 115 

5.2.5 Laboratory Soil Testing .......................................................................................... 117 

5.3 Results And Discussion .................................................................................................. 118 

5.3.1 Visual Observations And Morphology Of Dunes ................................................... 118 

5.3.2 Strength Properties Of The Micp-Treated Soil ....................................................... 121 

5.3.3 Performance Of Micp-Treated Dunes Under The Wave Action ............................ 130 

5.4 Conclusions ..................................................................................................................... 135 

5.5 References ....................................................................................................................... 138 

6 Contributions And Future Works........................................................................................ 144 

6.1 Contributions................................................................................................................... 144 

6.2 Future Work .................................................................................................................... 145 

Appendices .................................................................................................................................. 147 

A Appendix A ......................................................................................................................... 148 

 

 



 

viii 

 

LIST OF TABLES 

Table 2.1    Chemical recipe for biological and cementation solutions. ....................................... 15 

Table 2.2.    Characteristics of the UCS columns. ........................................................................ 15 

Table 2.3.    Characteristics of the impinging jet columns. .......................................................... 17 

Table 2.4.    Input parameters for the analysis. ............................................................................. 22 

Table 2.5.    Treatment schedule for all three methods. ................................................................ 27 

Table 3.1    Chemicals and concentrations used as input parameters for MINTEQ analyses. ..... 62 

Table 3.2    Chemical concentrations in cementation solution used to treat the column tests. ..... 63 

Table 3.3    Chemical concentrations applied to the plants. ......................................................... 65 

Table 3.4    Summary of the effects of solution chemistry and concentration on the plant.......... 75 

Table 4.1    Physical of the Tested Sand. ...................................................................................... 90 

Table 4.2    Characteristics of the Tested Specimens. .................................................................. 91 

Table 5.1    Summary of the applied treatment methods ............................................................ 114 

Table 5.2    Summary of the sensor instability trials for the tested sections. .............................. 134 

Table A.1    Effluent pH measured from specimens treated by urea solutions with varying urea 

concentrations (i.e. batch 1). ................................................................................... 152 

Table A.2    Effluent pH measured from specimens treated by ammonium solutions with varying 

ammonium concentrations (i.e. batch 2). ............................................................... 152 

Table A.3    Effluent pH measured from specimens treated by CaCl2 solutions with varying 

concentrations (i.e. batch 3). ................................................................................... 153 

Table A.4    Effluent pH measured from specimens treated by Na2HPO4 solutions with varying 

concentrations (i.e. batch 4). ................................................................................... 153 

 



 

ix 

 

LIST OF FIGURES 

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. ........................ 19 

Figure 2.2     Solution preparation and treatment systems for surface spraying method. ............. 20 

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. ........................................... 23 

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. ........................................................................ 28 

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

(d) trenches method. ................................................................................................ 31 

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

test plots. .................................................................................................................. 32 

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

plot: (a) Lower half and (b) top half of the slope. ................................................... 36 

Figure 2.8     (a) Location of precipitation tests and (b) measured values with depth. ................. 37 

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. ..................................................................................... 38 

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. ................... 39 

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

trenches and outside within 15 cm distance from the trenches’ walls and (b) 

schematic of the tested area. .................................................................................... 40 

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

precipitation. ............................................................................................................ 41 

Figure 2.13   Comparison of field pocket penetrometer measurements with experimental UCS. 

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

measurements. ......................................................................................................... 43 

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

 ................................................................................................................................. 44 



 

x 

 

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). ............................................................................................ 47 

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. ......................................................................................... 69 

Figure 3.2     XRD results for Column 4 treated with 300 mM urea, 100 mM CaCl2, and 0.59 

mM Na2HPO4. ......................................................................................................... 70 

Figure 3.3     SEM image for Column 1 and SEM/EDS scanning on samples from Column 4. .. 71 

Figure 3.4     Concentration of generated precipitation in particle-particle contact points in 

Column 3. ................................................................................................................ 71 

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. ......... 76 

Figure 3.6     The effect of washing and phosphorus addition to MICP solution on grown plants’ 

health. ...................................................................................................................... 77 

Figure 3.7     Above-ground leaf growth ratios of plants treated with varying concentrations of a) 

urea and b) ammonium. ........................................................................................... 78 

Figure 3.8     Seed growth and coverage in specimens treated to different cementation levels. .. 80 

Figure 3.9     Developed root sizes for seeds planted in soils with different cementation levels. 80 

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). ............................... 81 

Figure 4.1     Treatment and consolidation setup sketch. .............................................................. 92 

Figure 4.2     The Stress-strain behavior of specimens with varying cementation levels. ............ 94 

Figure 4.3     Treatment and consolidation for different cementation levels. ............................... 95 

Figure 4.4     Shear wave velocity and void ratio measurements during loading/unloading paths 

for specimens treated to varying cementation levels. ............................................. 97 

Figure 5.1     The initial untreated dune profile, courtesy of Hailey Bond. ................................ 108 

Figure 5.2     Heavily Cemented dune treated with right) surface spraying method, middle) 

untreated section, and c) PVD-treated section. ..................................................... 109 



 

xi 

 

Figure 5.3     Moderately cemented dune (right section of flume). ............................................ 110 

Figure 5.4     Treatment process schematic for surface spraying method in the heavily cemented 

dune. ...................................................................................................................... 113 

Figure 5.5     Treatment process schematic for PVD method in the heavily cemented dune. .... 113 

Figure 5.6     Untreated dune profile at the end of trial 19, courtesy of Hailey Bond. ............... 119 

Figure 5.7     Different morphologies in (a) heavily cemented dune treated with surface spraying 

method, (b) heavily cemented dune treated with PVDs, and (c) moderately 

cemented dune. ...................................................................................................... 120 

Figure 5.8     (a) Map of performed tests in surface treated section and CPT results performed on 

(b) untreated sand and (c) surface spraying section of the moderately cemented 

dune. ...................................................................................................................... 122 

Figure 5.9     Cone penetration (a) locations in PVD-treated section, (b) results in cross-shore and 

(c) results in long-shore directions. ....................................................................... 125 

Figure 5.10   Average cementation contents with depth measured in surface spray-treated and 

PVD’s overlapped area .......................................................................................... 126 

Figure 5.11   Comparison of obtained G0/qc-qc1N with results of previous studies on MICP-

treated soils. ........................................................................................................... 128 

Figure 5.12   Results of (a) CPT measurements, (b) laboratory UCS tests, and (c) estimated Su 

values from the best-fitted Nkt. .............................................................................. 130 

Figure 5.13   Changes in morphologies of and sensor erosion timeline (a-b) untreated dune, (c-

d)heavily cemented treated with PVD method, (e-f) heavily cemented dune treated 

with surface spraying, and (g-h) moderately cemented dunes .............................. 133 

Figure 5.14   The eroded soil areas in mid-plot cross-sections of untreated and MICP-stabilized 

dunes ...................................................................................................................... 134 

Figure A.1    XRD results for columns treated with varying chemicals and concentrations. 

Detected SiO2 and CaCO3 are shown with Si and Ca, respectively. ..................... 148 

Figure A.2    SEM results for samples from columns treated with different treatment recipes. 149 

Figure A.3    SEM/EDS results for columns treated with [urea]=150 mM, [CaCl2]=50 mM, and 

[Na2HPO4]=0.295 mM. ......................................................................................... 150 

Figure A.4    SEM/EDS results for columns treated with [urea]=300 mM, [CaCl2]=100 mM, and 

[Na2HPO4]=0.59 mM. ........................................................................................... 151 

 



   

1 

 

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 “Field 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 project’s 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 
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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 Transportation’s (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 



   

13 

 

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 1 10-3 to 2 10-2 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  ∼107 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 

“L”, “M” and “H” 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 ( ) 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
 

 
  

 
                                                                                                Eq. 1 

0.00416fC (dimensionless) is a coefficient of friction,  is 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, 6.3dC (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 ( )c . 

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

parameters from impinging jet setup: 

 ( )r d ck                                                                                                                          Eq. 2  

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

(mm/(hr.Pa)) is an erodibility coefficient and  (dimensionless) is an empirical exponent; both 
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values were obtained by least-square curve fitting. The erodibility parameters dk  and  c 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 m8 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 



   

19 

 

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 study’s purpose of surficial 

treatment. A metal plate with dimensions similar to the PVD’s 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 

soil’s 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 (ρ) 1528 kg/m3 Nuclear gage measurement 

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

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

to 100 m (Anderson, 1984) 

Transversal dispersivity (αT) 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 



   

24 

 

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 plots’ 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 sprayer’s 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 soil’s resistance to an indicator ring on 

the device’s 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. 



   

32 

 

 
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 soil’s 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 depths’ 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 plot’s 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 

soil’s 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 “L” or 

“R” and “M” 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 PVDs’ 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 depths–emphasizing 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 trenches’ 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 trenches’ 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  (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. 



   

44 

 

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 soil’s grain size distribution parameters (Wang et 

al., 2017). The air-entry suction is a function of the pore’s 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 Genuchten’s model parameters using Eq.3 and to establish 

HCFs (Mualem, 1976; van Genuchten, 1980).  
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Eq.3 

In this equation, is the soil suction andSe is the effective saturation.is the volumetric 

water content, and “r” and “s” denote residual and saturated conditions, respectively. Fitting 

parameters  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 soil’s 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.  

Data Availability Statement 

Some or all data, models, or codes that support the findings of this study are available from 

the corresponding author upon reasonable request. 

Acknowledgments 

Funding from the North Carolina Department of Transportation (NCDOT) is appreciated. 

Any opinions, findings, and conclusions or recommendations expressed are those of the authors 



   

50 

 

and do not necessarily reflect the views of NCDOT. The field work discussed herein was 

conducted with help from many research group members, namely Jinung Do, Qianwen Liu, 

Ashkan Nafisi, Thomas Na, Rowshon Jadid, and Azmayeen Shahriar. Their dedication to this work 

allowed for a successful field project. Additionally, Dr. Mo. Gabr’s insight throughout the project 

was invaluable. We would like to thank Dr. Atefeh Zamani’s support during treatment recipe 

development. Finally, we would like to thank Dr. Matt Evans for his expertise in unsaturated soil 

behavior.  

  



   

51 

 

2.11 References 

Amin, M., Zomorodian, S. M. A., and O’Kelly, B. C. (2017). “Reducing the hydraulic erosion of 

sand using microbial-induced carbonate precipitation.” Proceedings of the Institution of Civil 

Engineers: Ground Improvement, 170(2), 112–122. 

Anderson, M. P. (1984). “Movement of Contaminants in Groundwater: Groundwater Transport- 

Advection and Dispersion.” Groundwater Contamination, National Academy Press, 

Washington DC. February 1984. p 37-45, 5 fig, 47 ref. 

ASTM. (2005). “Standard Guide for Selection of Soil and Rock Sampling Devices Used With 

Drill Rigs for Environmental Investigations.” ASTM D6169-09, 98(2005), 1–19. 

ASTM. (2009). “Standard test method for use of the dynamic cone penetrometer in shallow 

pavement applications.” ASTM D6951-09, West Conshohocken, PA, USA. 

ASTM D2166, A. (2016). “Standard test method for unconfined compressive strength of cohesive 

soil.” ASTM international West Conshohocken, PA. 

Benson, C. H., Chiang, I., Chalermyanont, T., and Sawangsuriya, A. (2014). “Estimating van 

Genuchten parameters α and n for clean sands from particle size distribution data.” From Soil 

Behavior Fundamentals to Innovations in Geotechnical Engineering: Honoring Roy E. Olson, 

410–427. 

Briaud, J.-L. (2013). Geotechnical Engineering: Unsaturated and Saturated Soils. John Wiley & 

Sons. 

Burbank, M., Weaver, T., Lewis, R., … T. W.-… of G. and, and 2012, U. (2012). “Geotechnical 

tests of sands following bioinduced calcite precipitation catalyzed by indigenous bacteria.” 

Journal of Geotechnical and Geoenvironmental Engineering, 139(6), 928–936. 

Chek, A., Crowley, R., Asce, M., Ellis, T. N., Durnin, M., and Wingender, B. (2021). “Evaluation 

of Factors Affecting Erodibility Improvement for MICP-Treated Beach Sand.” 147(3). 

Cheng, L., and Cord-Ruwisch, R. (2014). “Upscaling effects of soil improvement by microbially 

induced calcite precipitation by surface percolation.” Geomicrobiology Journal, Taylor & 

Francis, 31(5), 396–406. 

Cheng, L., Cord-Ruwisch, R., and Shahin, M. A. (2013). “Cementation of sand soil by microbially 

induced calcite precipitation at various degrees of saturation.” Canadian Geotechnical Journal, 

50(1), 81–90. 

Choi, S. G., Wang, K., and Chu, J. (2016). “Properties of biocemented, fiber reinforced sand.” 

Construction and Building Materials, Elsevier Ltd, 120, 623–629. 

Chou, C. W., Seagren, E. A., Aydilek, A. H., and Lai, M. (2011). “Biocalcification of sand through 

ureolysis.” Journal of Geotechnical and Geoenvironmental Engineering, 137(12), 1179–1189. 



   

52 

 

DeJong, J. T., Fritzges, M. B., and Nüsslein, K. (2006). “Microbially Induced Cementation to 

Control Sand Response to Undrained Shear.” Journal of Geotechnical and Geoenvironmental 

Engineering, 132(11), 1381–1392. 

DeJong, J. T., Mortensen, B. M., Martinez, B. C., and Nelson, D. C. (2010). “Bio-mediated soil 

improvement.” Ecological Engineering, 36(2), 197–210. 

Do, J., Montoya, B. M., and Gabr, M. A. (2019a). “Debonding of Microbially Induced Carbonate 

Precipitation-Stabilized Sand by Shearing and Erosion.” Geomechanics and Engineering, An 

International Journal, 17(5), 429–438. 

Do, J., Montoya, B. M., and Gabr, M. A. (2019b). “Simulated implementation approach for 

microbially induced carbonate precipitation improvement of soil adjacent to piles.” 

Geotechnical Special Publication, 2019-March(GSP 309), 280–288. 

Do, J., Montoya, B. M., and Gabr, M. A. (2020). “Scour mitigation and erodibility improvement 

using microbially induced carbonate precipitation.” Geotechnical Testing Journal, 44(5). 

Feng, K., and Montoya, B. M. (2015). “Influence of confinement and cementation level on the 

behavior of microbial-induced calcite precipitated Sands under monotonic drained loading.” 

Journal of Geotech. and Geoenviron. Eng., 2(Atcc 11859), 04015057. 

Gabr, M. A., Bowders, J. J., Wang, J., and Quaranta, J. (1996). “in situ soil flushing using 

prefabricated vertical drains.” Canadian Geotechnical Journal, 33(1), 97–105. 

Gabr, M. A., Sabodish, M., Williamson, A., and Bowders, J. J. (1999). “S Oil C Lassification U 

Sing Ga Tree.” Journal of geotechnical and geoenvironmental engineering, 125(7), 615–618. 

van Genuchten, M. T. (1980). “A closed‐form equation for predicting the hydraulic conductivity 

of unsaturated soils.” Soil science society of America journal, Wiley Online Library, 44(5), 

892–898. 

Ghasemi, P., and Montoya, B. M. (2020). “Field Application of the Microbially Induced Calcium 

Carbonate Precipitation on a[1] P. Ghasemi and B. M. Montoya, ‘Field Application of the 

Microbially Induced Calcium Carbonate Precipitation on a Coastal Sandy Slope,’ in Geo-

Congress 2020, Feb. 2020, vo.” Geo-Congress 2020, American Society of Civil Engineers, 

Reston, VA, 141–149. 

Ghasemi, P., Zamani, A., and Montoya, B. (2019). “The Effect of Chemical Concentration on the 

Strength and Erodibility of MICP Treated Sands.” Geo-Congress 2019, American Society of 

Civil Engineers, Reston, VA, 241–249. 

Gomez, M. G., Anderson, C. M., Dejong, J. T., Nelson, D. C., and Lau, X. H. (2014). “Stimulating 

in situ soil bacteria for bio-cementation of sands.” Geotechnical Special Publication, (234 

GSP), 1674–1682. 

Gomez, M. G., Anderson, C. M., Graddy, C. M. R., DeJong, J. T., Nelson, D. C., and Ginn, T. R. 

(2017). “Large-Scale Comparison of Bioaugmentation and Biostimulation Approaches for 



   

53 

 

Biocementation of Sands.” Journal of Geotechnical and Geoenvironmental Engineering, 

143(5), 04016124. 

Gomez, M. G., Graddy, C. M. R., DeJong, J. T., and Nelson, D. C. (2019). “Biogeochemical 

Changes During Bio-cementation Mediated by Stimulated and Augmented Ureolytic 

Microorganisms.” Scientific Reports, Springer US, 9(1), 1–15. 

Gomez, M. G., Martinez, B. C., DeJong, J. T., Hunt, C. E., DeVlaming, L. A., Major, D. W., and 

Dworatzek, S. M. (2015). “Field-scale bio-cementation tests to improve sands.” Proceedings 

of the Institution of Civil Engineers - Ground Improvement, 168(3), 206–216. 

Hall, J. R., Wishaw, B. F., and Stokes, R. H. (1953). “The diffusion coefficients of calcium chloride 

and ammonium chloride in concentrated aqueous solutions at 25.” Journal of the American 

Chemical Society, ACS Publications, 75(7), 1556–1560. 

Hansbo, S. (1979). “Consolidation of clay by bandshaped prefabricated drains.” Ground 

Engineering, 12(5). 

Hanson, G. J. (1989). “Part Ii - Developing an in Situ Testing Device.” Transaction in Agriculture, 

132–137. 

Hanson, G. J., and Cook, K. R. (2004). “Apparatus, test procedures, and analytical methods to 

measure soil erodibility in situ.” Applied Engineering in Agriculture, 20(4), 455–462. 

Hanson, G. J., Fox, G. A., Tyagi, A. K., and Bulut, R. (2013). “M s e u l ‘m ’ jet.” 56(3), 901–910. 

Hodges, T. M., and Lingwall, B. N. (2020). “Case Histories of Full-Scale Microbial Bio-Cement 

Application for Surface Erosion Control.” Geo-Congress 2020: Biogeotechnics, American 

Society of Civil Engineers Reston, VA, 9–19. 

Ivanov, V., and Chu, J. (2008). “Applications of microorganisms to geotechnical engineering for 

bioclogging and biocementation of soil in situ.” Reviews in Environmental Science and 

Biotechnology, 7(2), 139–153. 

Jiang, N.-J., Tang, C.-S., Yin, L.-Y., Xie, Y.-H., and Shi, B. (2019). “Applicability of Microbial 

Calcification Method for Sandy-Slope Surface Erosion Control.” Journal of Materials in Civil 

Engineering, 31(11), 04019250. 

Jiang, N. J., Soga, K., and Kuo, M. (2017). “Microbially induced carbonate precipitation for 

seepage-induced internal erosion control in sand-clay mixtures.” Journal of Geotechnical and 

Geoenvironmental Engineering, 143(3), 1–14. 

Jing, X., Chen, Y., Pan, C., Yin, T., Wang, W., and Fan, X. (2019). “Erosion failure of a soil slope 

by heavy rain: Laboratory investigation and modified GA model of soil slope failure.” 

International Journal of Environmental Research and Public Health, 16(6), 1075. 

Khanal, A., Fox, G. A., and Al-Madhhachi, A. T. (2016). “Variability of erodibility parameters 

from laboratory mini jet erosion tests.” Journal of Hydrologic Engineering, 21(10), 1–17. 



   

54 

 

Leij, F. J., Alves, W. J., van Genuchten, M. T., and Williams, J. R. (1996). The UNSODA—

Unsaturated Soil Hydraulic Database: User’s manual version 1.0. Rep. EPA/600/R-96/095. 

USEPA Natl. Risk Manage. Res. Lab., Cincinnati, OH. 

Lin, H., Suleiman, M. T., Brown, D. G., and Kavazanjian, E. (2015). “Mechanical Behavior of 

Sands Treated by Microbially Induced Carbonate Precipitation.” Journal of Geotechnical and 

Geoenvironmental Engineering, 142(2), 04015066. 

Liu, K. W., Jiang, N. J., Qin, J. De, Wang, Y. J., Tang, C. S., and Han, X. Le. (2021). “An 

experimental study of mitigating coastal sand dune erosion by microbial- and enzymatic-

induced carbonate precipitation.” Acta Geotechnica, Springer Berlin Heidelberg, 16(2), 467–

480. 

Look, B. G. (2014). Handbook of geotechnical investigation and design tables. CRC Press. 

Lu, N., and Likos, W. J. (2004). Unsaturated Soil Mechanics. Wiley. 

Mahawish, A., Bouazza, A., and Gates, W. P. (2018). “Improvement of Coarse Sand Engineering 

Properties by Microbially Induced Calcite Precipitation.” Geomicrobiology Journal, 35(10), 

887–897. 

Maleki, M., Ebrahimi, S., Asadzadeh, F., and Emami Tabrizi, M. (2016). “Performance of 

microbial-induced carbonate precipitation on wind erosion control of sandy soil.” 

International Journal of Environmental Science and Technology, Springer Berlin Heidelberg, 

13(3), 937–944. 

Mitchell, J. K., and Santamarina, J. C. (2005). “Biological Considerations in Geotechnical 

Engineering.” Journal of Geotechnical and Geoenvironmental Engineering, 131(10), 1222–

1233. 

Montoya, B. M., and DeJong, J. T. (2015). “Stress-Strain Behavior of Sands Cemented by 

Microbially Induced Calcite Precipitation.” Journal of Geotechnical and Geoenvironmental 

Engineering, 141(16), 04015019. 

Montoya, B. M., Dejong, J. T., and Boulanger, R. W. (2013). “Dynamic response of liquefiable 

sand improved by microbial-induced calcite precipitation.” Géotechnique, 63(4), 302. 

Montoya, B. M., Do, J., and Gabr, M. M. (2018). “Erodibility of Microbial Induced Carbonate 

Precipitation-Stabilized Sand under Submerged Impinging Jet.” (Chiew 1992), 19–28. 

Montoya, B. M., Evans, T. M., Wengrove, M. E., Bond, H., Ghasemi, P., Yazdani, E., 

Dadashiserej, A., and Liu, Q. (2021). “Resisting Dune Erosion with Bio-cementation.” In 

Proc. 10th Int. Conf. on Scour and Erosion, Arlington, VA. 

Mortensen, B. M., Haber, M. J., Dejong, J. T., Caslake, L. F., and Nelson, D. C. (2011). “Effects 

of environmental factors on microbial induced calcium carbonate precipitation.” Journal of 

applied microbiology, 111(2), 338–349. 



   

55 

 

Mualem, Y. (1976). “A new model for predicting the hydraulic conductivity of unsaturated porous 

media.” Water resources research, Wiley Online Library, 12(3), 513–522. 

Nafisi, A., Montoya, B. M., and Evans, T. M. (2020). “Shear Strength Envelopes of Biocemented 

Sands with Varying Particle Size and Cementation Level.” Journal of Geotechnical and 

Geoenvironmental Engineering, 146(3), 04020002. 

Van Paassen, L. A. (2009). “Biogrout, ground improvement by microbial induced carbonate 

precipitation.” 

van Paassen, L. A., Ghose, R., van der Linden, T. J. M., van der Star, W. R. L., and van Loosdrecht, 

M. C. M. (2010). “Quantifying biomediated ground improvement by ureolysis: Large-scale 

biogrout experiment.” Journal of Geotechnical and Geoenvironmental Engineering, 136(12), 

1721–1728. 

Van Paassen, L. A., Harkes, M. P., Van Zwieten, G. A., Van Der Zon, W. H., Van Der Star, W. 

R. L., and Van Loosdrecht, M. C. M. (2009). “Scale up of BioGrout: a biological ground 

reinforcement method.” Proceedings of the 17th International Conference on Soil Mechanics 

and Geotechnical Engineering: The Academia and Practice of Geotechnical Engineering, 3, 

2328–2333. 

Al Qabany, A., Soga, K., and Santamarina, C. (2012). “Factors affecting efficiency of microbially 

induced calcite precipitation.” Journal of Geotechnical and Geoenvironmental Engineering, 

138(8), 992–1001. 

Rowshanbakht, K., Khamehchiyan, M., Sajedi, R. H., and Nikudel, M. R. (2016). “Effect of 

injected bacterial suspension volume and relative density on carbonate precipitation resulting 

from microbial treatment.” Ecological Engineering, Elsevier B.V., 89, 49–55. 

Salifu, E., MacLachlan, E., Iyer, K. R., Knapp, C. W., and Tarantino, A. (2016). “Application of 

microbially induced calcite precipitation in erosion mitigation and stabilisation of sandy soil 

foreshore slopes: A preliminary investigation.” Engineering Geology, Elsevier B.V., 201, 96–

105. 

Sasaki, T., and Kuwano, R. (2016). “Undrained cyclic triaxial testing on sand with non-plastic 

fines content cemented with microbially induced CaCO3.” Soils and Foundations, Elsevier, 

56(3), 485–495. 

Schaefer, V. R., Berg, R. R., Collin, J. G., Christopher, B. R., DiMaggio, J. A., Filz, G. M., Bruce, 

D. A., and Ayala, D. (2017). “Ground Modification Methods - Reference Manual - Volume 

II.” Washington, DC: Federal Highway Administration. 

Shafii, I., Shidlovskaya, A., and Briaud, J. L. (2019). “Investigation into the effect of enzymes on 

the erodibility of a low-plasticity silt and a silty sand by EFA testing.” Journal of Geotechnical 

and Geoenvironmental Engineering, 145(3), 1–10. 

Shanahan, C., and Montoya, B. M. (2016). “Erosion Reduction of Coastal Sands Using Microbial 

Induced Calcite Precipitation.” Geo-Chicago 2016, 458–466. 



   

56 

 

Sohn, J. (2006). “Evaluating the significance of highway network links under the flood damage: 

An accessibility approach.” Transportation Research Part A: Policy and Practice, 40(6), 491–

506. 

Terzis, D., Laloui, L., Dornberger, S., and Harran, R. (2020). “Full-Scale Application of Slope 

Stabilization via Calcite Bio-Mineralization Followed by Long-Term GIS Surveillance.” Geo-

Congress 2020: Biogeotechnics, 65–73. 

Wang, J., Hu, N., François, B., and Lambert, P. (2017). “Estimating water retention curves and 

strength properties of unsaturated sandy soils from basic soil gradation parameters.” Water 

Resources Research, Wiley Online Library, 53(7), 6069–6088. 

Warren, K. A., Gabr, M. A., and Quaranta, J. D. (2006). “Field Study to Investigate WIDE 

Technology for TCE Extraction.” Journal of Geotechnical and Geoenvironmental 

Engineering, 132(9), 1111–1120. 

Whiffin, V. S., van Paassen, L. A., and Harkes, M. P. (2007). “Microbial carbonate precipitation 

as a soil improvement technique.” Geomicrobiology Journal, 24(5), 417–423. 

Xiao, Y., He, X., Evans, T. M., Stuedlein, A. W., and Liu, H. (2019). “Unconfined Compressive 

and Splitting Tensile Strength of Basalt Fiber-Reinforced Biocemented Sand.” Journal of 

Geotechnical and Geoenvironmental Engineering, 145(9), 1–11. 

Zamani, A., and Montoya, B. M. (2018). “Undrained Monotonic Shear Response of MICP-Treated 

Silty Sands.” Journal of Geotechnical and Geoenvironmental Engineering, 144(6), 1–12. 

Zhan, Q., Qian, C., and Yi, H. (2016). “Microbial-induced mineralization and cementation of 

fugitive dust and engineering application.” Construction and Building Materials, Elsevier Ltd, 

121, 437–444. 

Zhang, G., Wang, R., Qian, J., Zhang, J. M., and Qian, J. (2012). “Effect study of cracks on 

behavior of soil slope under rainfall conditions.” Soils and Foundations, 52(4), 634–643. 

  

 

 

 

  



   

57 

 

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 

plants’ 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 MINTEQ 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, “U” and “Ca” 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 chemicals’ 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 – 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, Ca₁₀(PO₄)₆(OH)₂) 

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 plants’ 

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 “U”, “L”, “M”, and “H”, 

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 matrix’s 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 sand’s 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 

matrix’s 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 soil’s 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. 

ACKNOWLEDGMENTS 

Funding from the National Science Foundation (NSF) Cooperative Agreement No. EEC-

1449501 and as a Payload Project under NSF Grant No. CMMI-1933350 is appreciated. Any 

opinions, findings, and conclusions or recommendations expressed in this material are those of the 

authors and do not necessarily reflect the views of the National Science Foundation. 



   

99 

 

4.5 REFERENCES 

Cheng, L., Cord-Ruwisch, R., and Shahin, M. A. (2013). “Cementation of sand soil by microbially 

induced calcite precipitation at various degrees of saturation.” Canadian Geotechnical Journal, 

50(1), 81–90. 

DeJong, J. T., Fritzges, M. B., and Nüsslein, K. (2006). “Microbially Induced Cementation to 

Control Sand Response to Undrained Shear.” Journal of Geotechnical and Geoenvironmental 

Engineering, 132(11), 1381–1392. 

DeJong, J. T., Mortensen, B. M., Martinez, B. C., and Nelson, D. C. (2010). “Bio-mediated soil 

improvement.” Ecological Engineering, 36(2), 197–210. 

Do, J., Montoya, B. M., and Gabr, M. A. (2019). “Debonding of Microbially Induced Carbonate 

Precipitation-Stabilized Sand by Shearing and Erosion Debonding of microbially induced 

carbonate precipitation - stabilized sand by shearing and erosion.” Geomechanics and 

Engineering, An International Journal, 17(April), 429–438. 

Do, J., Montoya, B. M., and Gabr, M. A. (2020). “Scour mitigation and erodibility improvement 

using microbially induced carbonate precipitation.” Geotechnical Testing Journal, 44(5). 

Faeli, Z., Montoya, B. M., and Gabr, M. (2022). “Reactive Transport Modeling of Microbial 

Induced Calcium Carbonate Precipitation Utilizing Various Configurations of Injection 

Wells.” Geo-Congress, Charlotte, NC, ASCE. 

Feng, K., and Montoya, B. M. (2014). “Behavior of Bio-Mediated Soil in k0 Loading.” In New 

Frontiers in Geotechnical Engineering, 1–10. 

Feng, K., and Montoya, B. M. (2015). “Influence of confinement and cementation level on the 

behavior of microbial-induced calcite precipitated Sands under monotonic drained loading.” 

Journal of Geotech. and Geoenviron. Eng., 2(Atcc 11859), 04015057. 

Ghasemi, P., and Montoya, B. M. (2020). “Field Application of the Microbially Induced Calcium 

Carbonate Precipitation on a[1] P. Ghasemi and B. M. Montoya, ‘Field Application of the 

Microbially Induced Calcium Carbonate Precipitation on a Coastal Sandy Slope,’ in Geo-

Congress 2020, Feb. 2020, vo.” Geo-Congress 2020, American Society of Civil Engineers, 

Reston, VA, 141–149. 

Ghasemi, P., Zamani, A., and Montoya, B. (2019). “The Effect of Chemical Concentration on the 

Strength and Erodibility of MICP Treated Sands.” Geo-Congress 2019, American Society of 

Civil Engineers, Reston, VA, 241–249. 

Gomez, M. G., Anderson, C. M., Graddy, C. M. R., DeJong, J. T., Nelson, D. C., and Ginn, T. R. 

(2017). “Large-Scale Comparison of Bioaugmentation and Biostimulation Approaches for 

Biocementation of Sands.” Journal of Geotechnical and Geoenvironmental Engineering, 

143(5), 04016124. 



   

100 

 

Gomez, M. G., Martinez, B. C., DeJong, J. T., Hunt, C. E., DeVlaming, L. A., Major, D. W., and 

Dworatzek, S. M. (2015). “Field-scale bio-cementation tests to improve sands.” Proceedings 

of the Institution of Civil Engineers - Ground Improvement, 168(3), 206–216. 

Khodadadi, H. T., Kavazanjian, E., van Paassen, L., and DeJong, J. (2017). “Bio-Grout Materials: 

A Review.” Grouting 2017, American Society of Civil Engineers, Reston, VA, 1–12. 

Lee, M., Gomez, M. G., San Pablo, A. C. M., Kolbus, C. M., Graddy, C. M. R., DeJong, J. T., and 

Nelson, D. C. (2019). “Investigating Ammonium By-product Removal for Ureolytic Bio-

cementation Using Meter-scale Experiments.” Scientific reports, Springer US, 9(1), 18313. 

Lin, H., Suleiman, M. T., Brown, D. G., and Kavazanjian, E. (2016). “Mechanical Behavior of 

Sands Treated by Microbially Induced Carbonate Precipitation.” Journal of Geotechnical and 

Geoenvironmental Engineering, 142(2), 04015066. 

Montoya, B. M., and DeJong, J. T. (2015). “Stress-Strain Behavior of Sands Cemented by 

Microbially Induced Calcite Precipitation.” Journal of Geotechnical and Geoenvironmental 

Engineering, 141(16), 04015019. 

Montoya, B. M., Evans, T. M., Wengrove, M. E., Bond, H., Ghasemi, P., Yazdani, E., 

Dadashiserej, A., and Liu, Q. (2021). “Resisting Dune Erosion with Bio-cementation.” In 

Proc. 10th Int. Conf. on Scour and Erosion, Arlington, VA. 

Montoya, B. M., Gerhard, R., DeJong, J. T., Wilson, D. W., Weil, M. H., Martinez, B. C., and 

Pederson, L. (2012). “Fabrication, operation, and health monitoring of bender elements for 

aggressive environments.” Geotechnical Testing Journal, 35(5), 1–15. 

Montoya, B. M., Safavizadeh, S., and Gabr, M. A. (2019). “Enhancement of Coal Ash 

Compressibility Parameters Using Microbial-Induced Carbonate Precipitation.” Journal of 

Geotechnical and Geoenvironmental Engineering, 145(5), 1–14. 

Mortensen, B. M., Haber, M. J., Dejong, J. T., Caslake, L. F., and Nelson, D. C. (2011). “Effects 

of environmental factors on microbial induced calcium carbonate precipitation.” Journal of 

applied microbiology, 111(2), 338–349. 

van Paassen, L. A., Ghose, R., van der Linden, T. J. M., van der Star, W. R. L., and van Loosdrecht, 

M. C. M. (2010). “Quantifying biomediated ground improvement by ureolysis: Large-scale 

biogrout experiment.” Journal of Geotechnical and Geoenvironmental Engineering, 136(12), 

1721–1728. 

San Pablo, A. C. M., Lee, M., Graddy, C. M. R., Kolbus, C. M., Khan, M., Zamani, A., Martin, 

N., Acuff, C., DeJong, J. T., Gomez, M. G., and Nelson, D. C. (2020). “Meter-Scale 

Biocementation Experiments to Advance Process Control and Reduce Impacts: Examining 

Spatial Control, Ammonium By-Product Removal, and Chemical Reductions.” Journal of 

Geotechnical and Geoenvironmental Engineering, 146(11), 04020125. 



   

101 

 

Terzis, D., Laloui, L., Dornberger, S., and Harran, R. (2020). “Full-Scale Application of Slope 

Stabilization via Calcite Bio-Mineralization Followed by Long-Term GIS Surveillance.” Geo-

Congress 2020: Biogeotechnics, 65–73. 

Yun, T. S., and Santamarina, J. C. (2005). “in Small-Strain Shear Stiffness in k 0 Loading.” Journal 

of Geotechnical and Geoenvironmental Engineering, 131(March), 350–358. 

 

  



   

102 

 

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 tourists’ 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/nor’easters) immediate action may be necessary through the addition of ex-situ 

bacteria to accelerate urea hydrolysis –similar 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 10, 20, and 35). 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 m1.22 m) 



   

108 

 

plywood walls were placed on the dune along the cross-shore direction. The dividing walls created 

three (7.4 m1.22 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 m1.83 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. 



   

110 

 

 
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 



   

112 

 

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. 
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In the second dune, a moderate cementation level and a shallower treatment depth were 

targeted. The purpose was to investigate the effect of varying cementation levels on the 

performance of MICP-treated dunes. Cementation treatments were applied using a combination of 

surface spraying and PVD methods to a 7.4 m1.83 m test plot. In this experiment, half the width 

of the flume (shown in Figure 5.3) was stabilized with MICP treatments. The remaining section 

was treated by the EICP method and results are not presented in this study. The toe of the treated 

zone of the MICP dune was treated by eighteen 0.3 m long PVDs arranged in two rows with an 

edge-to-edge and front-to-front spacing of about 10 and 20 cm, respectively. As shown in Figure 

5.3, 66 sprayers were installed in three lines along the slope surface with cross- and long-shore 

spacing of about 30 cm and 59.5 cm, respectively. Separate systems including pumps and solution 

mixing tanks were used to supply treatments to surface spraying and PVD methods. Table 5.1 

summarizes the characteristics of the applied treatment methods in both moderately and heavily 

cemented dunes. 

Table 5.1. Summary of the applied treatment methods  

Dune 

cementation level 
 

characteristics 

Treatment method 
 Total added CaCl2 (kg)  

Target treatment   

depth (m) 

Heavily   Surface spraying  48.6  0.5 

Heavily  PVD  69.1  1 

Moderately   Surface spraying +PVD  43.2 (Spray)+ 8 (PVD)  0.1 (Spray)+ 0.3 (PVD) 

 

5.2.3 Wave Running Conditions 

After the completion of treatments, each dune was subjected to extreme wave action 

replicating Hurricane Sandy wave conditions recorded in October 2012 in New Jersey. The 

hurricane wave conditions were scaled down to fit the size of the flume using the scaling method 

developed for beach and dune erosion processes by (Van Rijn et al., 2011). The waves were applied 

to the dune models in 19 wave running trials attributed to the water depth and wave height of the 
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hurricane peak. A piston-type wave maker capable of creating a maximum wave height of about 

1.7 m was used to create approximately 300 irregular waves in each trial. The trials started with a 

2.25 m water depth, a wave spectrum with a 0.85 m significant wave height, and a wave period of 

5.77 sec. The wave conditions were intensified in subsequent trials until reached the maximum 

wave height, wave period, and water level (i.e. strongest wave). At the final trial, dune models 

were subjected to a water depth of about 2.74 m, a wave spectrum with a significant wave height 

of 0.97 m, and a period of 7.20 sec. Each trial consisted of 300 waves. Wave running trials started 

with a 32 minutes duration and were increased gradually until reached the maximum of 39 minutes 

at the final trial. In total, each dune experienced about 11.3-hour episodes of wave attack. 

5.2.4 In-situ Soil Testing  

A series of in-situ measurements and tests were performed in the flume to monitor the soil 

improvement with time and assess the post-treatment strength and performance of the MICP-

treated dune. 

Piezoelectric bender element (Piezo Systems, Woburn, Massachusetts) pairs were 

fabricated and waterproofed to be used as a shear wave velocity measurement of soil improvement 

during treatments (Montoya et al., 2012). Shear wave velocity measurement with this method 

induces very small strains and causes no disturbance in the soil structure (Santamarina et al., 2001). 

Such geophysical measurements are among the most invaluable monitoring tool as they provide a 

direct measurement of the changes in microscale properties of soil (DeJong et al., 2010). During 

the dune construction, bender element sensors were installed at the depth of 10 cm in paper frames 

with a tip-to-tip distance of 15 cm. Bender elements were placed in moderately and heavily 

cemented dunes to provide broad coverage across the treated areas. A sine voltage pulse was 

generated and sent to the sending sensor. The signal transmitted through the soil was recorded in 
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the receiving bender element. Shear wave velocity was then calculated using the first peak arrival 

time and distance between the bender elements.  

Seabed instability and the progress of erosion during wave trials were assessed through soil 

moisture sensors. TEROS 10 moisture sensors (METER, Pullman, WA) were embedded at varying 

depths during dune constructions. An electromagnetic field is applied to the sensors. Subsequently, 

sensors generate an output voltage that is proportional to the dielectric permittivity of the 

surrounding soil. The measured voltages can be linked to volumetric water content through soil-

specific calibration relationships. Significant output fluctuations followed by a sudden decrease in 

values to the voltage corresponding to the air medium were assumed as the onset of the sensor 

erosion. 

A Leica ScanStation P40 and a Leica BLK360 imaging laser scanner were used to perform 

scanning. Dunes were scanned before the first trial to create reference point clouds. The reference 

point cloud was used as a baseline to compare the subsequent scanning. Scanning were completed 

after each trial to monitor changes in dune morphology and quantify the extent of soil erosion. 3D 

dune models were developed after each wave trial. In each dune, cross-sections from the middle 

of the test plots were selected for the analysis. As the width of the test plot varied in the three 

dunes, the changes in the cross-section area were used instead of the eroded volume to represent 

the soil erosion and mass loss in each test plot. 

A miniature cone penetrometer (Centre for Offshore Foundation Systems, The University 

of Western Australia) with a diameter of 1 cm was used for pre-treatment and post-treatment 

soundings. Measurements were performed in untreated dry sand and also after the completion of 

the wave trials on 14 locations in the moderately cemented dune. In the case of the heavily 

cemented dune, the high level of soil improvement prevented cone penetration into the cemented 
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sand. Therefore, as discussed later, cemented slabs were transported to the laboratory to perform 

unconfined compression strength (UCS) and mass of carbonate measurements to evaluate the level 

of soil improvements. A hydraulic jack (ENERPAC) was used to push the 25 cm long mini-CPT 

into the soil at a constant rate of about 0.3 cm/sec. Concrete blocks were placed on a reaction beam 

supported by the flume walls to provide enough dead load for cone penetration. A guide plate and 

rod were connected to the cone to prevent spinning and ensure the cone's verticality during the 

penetration. A linear transducer (SP2-25, Measurement Specialties Inc., Virginia) mounted on the 

guide plate was used to monitor the displacement of the penetrometer into the ground. cone tip 

resistance and displacement values were collected with a data acquisition system (System 7000 

StrainSmart, Vishay Precision Group Inc., Pennsylvania) at a rate of 10 points per second. 

5.2.5 Laboratory Soil Testing  

After the final wave trial, cemented blocks and soil samples were collected from both 

MICP-treated dunes to perform additional tests in the laboratory. UCS and carbonate content 

measurement tests were completed on samples with varying cementation levels. 

The UCS tests were completed on cemented blocks collected from the tank to assess the 

achieved strength improvement level. UCS test results were used to draw a comparison between 

the strength measurements achieved from CPT measurements. Hand-carved cylindrical samples 

were taken from the cemented blocks to minimize the disturbances associated with the use of 

conventional coring methods (Collins and Sitar, 2009). Tests were performed with an axial strain 

rate of about 1% per min following the ASTM D2166/D2166M (ASTM, 2016). At the end of the 

compression tests, specimens were divided into 1-cm segments for calcium carbonate content 

measurements.  
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After the completion of the tests, gravimetric acid washing was performed on the soil 

samples to quantify cementation levels. In addition to the collected blocks, soil samples were 

obtained using thin-walled copper tubes. Tubes were driven into the moderately cemented dune 

using the hydraulic jack in similar locations as the performed CPT and shear wave velocity 

measurements. Tubes had a diameter and a thickness of about 50.8 and 1.83 mm, respectively. The 

recovered cores samples were then carefully cut into segments to perform the UCS tests and mass 

of carbonate measurements. Oven-dried soil samples were soaked in 1 mM HCl solutions. The 

solution was replaced with fresh acid multiple times until no more bubbles were observed. This 

process required about 3-4 days for each sample to be completed. Next, the acid solution was 

rinsed with water and samples were oven-dried. The oven-dried mass change before and after acid 

washing over the initial untreated soil mass expressed in percentage as calcium carbonate content. 

Baseline acid washing tests were performed on untreated soil to ensure the mass loss was due to 

the precipitation dissolution and not inherit sand minerals. 

5.3 Results and Discussion 

5.3.1 Visual Observations and Morphology of Dunes 

During and at the end of the wave running episodes, distinct equilibrium morphologies 

were observed in the untreated and dunes stabilized with different treatment implementation 

methods and varying cementation levels. In untreated dune, a scrap started to develop at the 12th  

trial and progressed landward in the subsequent trials. Figure 5.6 presents the final profile of 

untreated dune subjected to Hurricane Sandy wave action.   
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Figure 5.6. Untreated dune profile at the end of trial 19, courtesy of Hailey Bond. 

In the surface spraying section of the heavily cemented dune, a large cemented slab with 

the same dimensions as the test plot became exposed (shown in Figure 5.7(a)). Crust depth 

measurements in 10 points indicated a thickness range from 19 to 43 cm with an average of about 

29 cm. In trial 13, hairline tension cracks appeared perpendicular to the direction of waves and 

became wider with an increase in wave intensity in subsequent trials. By the end of the 19th trial, 

cracks reached the maximum width, and cemented blocks rotated slightly. Such morphology is 

consistent with the observed failure mode previously reported for cemented coastal bluffs having 

materials with UCS between 100 and 400 kPa (Collins and Sitar, 2009). Unlike the surface 

spraying plot, no surficial cemented crust was observed in the PVD-treated section of the heavily 

cemented dune. However, cemented columns were formed in the longshore direction and 

perpendicular to the waves (shown in Figure 5.7(b)). Wave action in the 8th trial started to uncover 

the first PVD row (i.e. the closest one to the swash zone). The first row of the cemented columns 

became fully emerged at the end of the 10th trial. In subsequent trials, the second PVD row got 
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fully exposed in the 16th trial. However, even in the following trials, erosion did not reach the third 

set and PVDs remained buried through the 19th wave trial. Visual observations indicated that 

precipitation mainly occurred in the front/back sides rather than the edge direction of PVDs as also 

previously noted by (Ghasemi and Montoya, 2022). In addition, a more significant overlap in 

columns closer to the source of treatment application was observed. Similar behaviors have been 

observed in the previous element- and large-scale applications of MICP (Martinez et al., 2014; van 

Paassen et al., 2010). 

 
Figure 5.7. Different morphologies in (a) heavily cemented dune treated with surface spraying 

method, (b) heavily cemented dune treated with PVDs, and (c) moderately cemented dune. 

In the moderately cemented experiment, similar to the surface spraying section of the 

heavily cemented dune a cementitious crust was formed on the soil surface. However, the final 
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dune morphology was more similar to that of the untreated dune rather than its heavily cemented 

counterpart (shown in Figure 5.7(c)). Crust thickness measurements on 17 randomly collected 

blocks demonstrated a min, max, and average thickness of about 5, 20, and 11 cm, respectively.  

5.3.2 Strength Properties of the MICP-treated Soil 

The Effect of Cementation Pattern on Cone Tip Resistance 

CPT soundings were performed on untreated soil and the moderately cemented dune. 

However, in the heavily cemented dune, CPT measurements were not possible due to the high 

penetration resistance of the MICP-treated soil. Baseline measurements were completed at 3 

random locations in untreated soil. After the completion of the wave trials, 9 and 5 soundings were 

performed in PVD and surface spraying sections of the moderately cemented dune, respectively. 

Non-degraded areas in the dune berm and swash zone were used to perform soundings in surface 

spraying and PVD-treated soil, respectively. Figure 5.8(a) presents sounding locations on the 

surface spraying section. Figure 5.8(b-c) demonstrates qc results with depth for tests completed on 

untreated and surface spraying treated sand. After completion of the wave trials and two days 

before the soundings, water in the flume was drained. Therefore, in all tests, the corrected tip 

resistance (1 )t cq q u a   , where a is the projected area of the CPT probe and u is the pore water 

pressure, was assumed to be equal to the measured qc. Figure 5.8(b) demonstrates that in untreated 

sand, qc values start from zero on the surface and increase with depth to a maximum of about 1.3 

MPa at around 8 cm depth. qc slightly decreased with further depth increase and reached about 0.5 

MPa at the depth of 25 cm.  

The qc results of the soundings performed in the surface spraying section demonstrated a 

trend different from that of the untreated sand (as shown in Figure 5.8(c)). In all measurements, qc 

started from a zero value on the surface and increased with a depth increase. At depths between 3 
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to 7 cm, qc measurements reached the maximum values that ranged between 2.4 to 3.9 MPa. With 

further depth increase, the measured tip resistances gradually decreased and reached values similar 

to those of untreated soil at depth of about 15 cm. The observed qc peak in shallow depths followed 

by a sudden drop in deeper depths is a result of precipitation of higher concentrations of calcium 

carbonate and crust formation on the surficial depths. Such observations are in line with the in-situ 

test results previously performed on MICP-stabilized sand treated with surface spraying method 

(Ghasemi and Motoya 2022) 

 
Figure 5.8. (a) Map of performed tests in surface treated section and CPT results performed on (b) 

untreated sand and (c) surface spraying section of the moderately cemented dune. 
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Soundings in PVD section were performed in cross- and long-shore directions as shown in 

Figure 5.9(a-c). Five measurements were made in the cross-shore direction and at varying 

distances from the center line of the two PVD rows (shown by the red dashed line in Figure 5.9(a)). 

These tests were completed to determine the extent of the soil improvement achieved in front of a 

PVD element. Five additional tests were performed along the center line where overlap between 

PVDs expected. CPT soundings were performed after the wave actions where the loose sand on 

the surficial depths washed away the waves. Consequently, cone tip measurements in PVD section 

are not present at 0 cm depth. Similar to the tests performed in the surface-treated section, qc started 

from 0 MPa and increased with a depth increase (shown in Figure 5.9(b and c). However, unlike 

the surface-treated case, results indicated no drop in qc values in deeper depths. Among tests 

performed in the cross-shore direction, point TP2 located on the center line demonstrated the 

highest tip resistance (a maximum qc of about 6.4 MPa around 39 cm depth). The measured qc 

values decreased as the sounding location moved away from the centerline. Results of the tests 

performed in points TP3 and TP12 located at about 24 cm distance from the center line (i.e. 14 cm 

from the closest PVD element) exhibited maximum qc values of about 4.5 and 2.6 MPa in depths 

of around 30 and 34 cm, respectively. In points TP4 and TP13 located at about 34 cm distance 

from the center line (i.e. 24 cm from the PVD element), the measured maximum tip resistances 

reduced to about 1.4 and 1.7 MPa at a depth of around 25 cm. However, at such locations, the 

measured tip resistances are still about 3 times higher than those of the untreated soil recorded at 

the same depth. This observation demonstrates that MICP treatments influenced the mechanical 

properties of soil within at least 24 cm distance in front of a PVD element.  

The qc results obtained from the soundings performed along the center line demonstrated a 

somewhat similar trend to those recorded in the cross-shore direction (shown in Figure 5.9(b and 
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c)). In both cases, the measured qc values increased as the depth increased. However, in tests 

performed along the center line, the level of achieved improvement was significantly higher. The 

measurements demonstrated peaks with an average qc value of about 7.6 MPa at about 14 cm 

depth. At slightly deeper depths, measurements decreased to minimum qc values with an average 

of about 5.5 MPa at depth of around 17 cm. At depth of about 24 cm, qc values increased again 

and reached an average of about 8.1 MPa and then gradually decreased. Gomez et al. (2018a) 

stated that qc with depth trend is mainly affected by the relative stiffness of the layers that the 

penetrometer passes through. Therefore, qc oscillation along the depth observed in Figure 5.9(c), 

is likely a result of the varying degrees of overlap between cemented zones, as well as potential 

variations in treatment (e.g., microbial distribution) and initial conditions (e.g., initial degree of 

compaction). 
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Figure 5.9. Cone penetration (a) locations in PVD-treated section, (b) results in cross-shore and 

(c) results in long-shore directions. 

The considerably higher qc magnitudes are attributed to the overlapping influence zones of 

PVDs that lead to the formation of higher carbonate precipitation concentrations. Figure 5.10 better 

demonstrates the role of cementation content and influence depth on tip resistance improvement 

and trend. The average cementation contents resulted from 5 and 3 cores recovered from the 

surface spraying section and PVDs’ overlapped area are presented in Figure 5.10. Results exhibit 

a shallower cementation depth and lower precipitation concentrations in surface-treated section 
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compared to the PVDs’ overlapped area. The higher cementation levels manifest themselves as 

higher qc values.  

The different qc trends observed in measurements obtained from surface spraying- and 

PVD-treated sections are the results of different cementation precipitation patterns. This implies 

that surface spraying and PVD methods can be used for different soil stabilization purposes where 

surficial or deep soil improvements are needed (Ghasemi and Montoya, 2022). 

 
Figure 5.10. Average cementation contents with depth measured in surface spray-treated and 

PVD’s overlapped area 

Correlations between qc and Vs 

Standard in-situ tests such as SPT and CPT may easily break cementitious bonds that exist 

among the particles in lightly cemented soils. Therefore, a higher penetration resistance observed 

in lightly cemented soil may be regarded as uncemented soil with a higher relative density (Puppala 

et al., 1995). Gomez et al. (2018a) demonstrated that in weakly cemented cases, misinterpretation 

of the effect of cemented bonds as a higher relative density may lead to an underestimation of the 

mechanical properties of soil. However, geophysical measurements can be used as practical 

subsurface exploration tools to prevent disturbance to pore structure and interparticle bonds. These 

methods can be used to detect naturally cemented soils and also assess improvement levels 

achieved in soil stabilization projects. Schneider and Moss (2011) developed a framework 
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correlating small- and large-strain in situ measurements to determine soil’s threshold liquefaction 

resistance. Soil microstructure and particle-level mechanisms manifest themselves in small strain 

properties such as modulus (G0) (Fernandez and Santamarina, 2001). G0 is expressed by Eq. (1):  

2

0 sG V                                                                                                                                 (1) 

where  is soil density; Vs is shear wave velocity that is obtained from seismic cone soundings or 

bender element measurements. The large-strain property qc is mainly dominated by soil fabric, 

initial relative density, and in-situ vertical and lateral stresses (Salgado et al., 1997). Schneider and 

Moss (2011) proposed a KG parameter correlating G0 and qc to detect cemented and aged soils. KG 

parameter is expressed as Eqs. (2) and (3): 
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where qcIN is normalized tip resistance; Pa is atmospheric pressure (101.325 kPa) and 
0v   is 

vertical effective stress. Schneider and Moss (2011) analyzed the results of eight studies and 

concluded that in uncemented soil KG values range from 110 to 330. For the case of cemented and 

aged soils, KG values ranged between 330 to 1100. More recently, researchers studied KG values 

of MICP-stabilized soils treated to varying cementation levels (Michael G Gomez et al., 2018; 

Brina M. Montoya et al., 2021). Gomez et al. (2018a) demonstrated that KG values exceeded the 

upper limit of 1100 for soils with carbonate contents of higher than about 3%. Montoya et al. 

(2021a) further studied the effect of varying cementation levels and proposed three additional KG 

lines of 2500, 4900, and 7300 when cementation levels increased to 2, 4, and 6%. 

In Figure 5.11, the G0/qc with qc1N values for soundings performed on untreated and 

moderately cemented dunes are presented on the chart proposed by (Schneider and Moss, 2011). 

As Figure 5.11 presents all untreated test results fall between KG lines of 110 to 330 proposed by 
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(Schneider and Moss, 2011). In soundings performed on cemented soil, bender element 

measurements were only available in five locations and at a depth of 10 cm from the soil surface. 

Black dots in Figure 5.11 denote the measurements where shear wave velocities were measured 

directly. The rest of the data points that are illustrated by the dashed line correspond to the results 

where Vs values were calculated using carbonate content measurements performed at the sounding 

locations. Vs values were calculated using an in-house Vs –mc relationship developed for varying 

cementation levels of the tested soil. The measured Vs and mc values for black data points ranged 

between 603 to 714 m/sec and 1.2 to 2.4%, respectively. For the rest of the results, mc ranged from 

0.5 to 5.4%. Despite a lower cementation level, the obtained results demonstrate higher KG values 

compared to those obtained from previous studies (as shown in Figure 5.11). Such observation 

may be attributed to the unsaturated soil MICP treatments. When treatments are applied in 

unsaturated conditions, resulted cementation tends to be precipitated in particle-particle contacts 

and soil menisci. This micro-scale precipitation pattern provides further support for particles that 

participate in the force chain (Cheng et al., 2013). 

 

Figure 5.11. Comparison of obtained G0/qc-qc1N with results of previous studies on MICP-treated 

soils. 
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Cone Bearing Factor (Nkt) Estimation 

In cemented soils, bond breakage and microstructure disturbance during sampling and 

unloading may lead to unrealistic strength predictions. Therefore, the use of a relationship to 

determine strength parameters from the field test results resolves challenges associated with soil 

sampling. Eq. 4, is a common expression that links CPT measurements to varying laboratory 

strength modes as follows:  

0c v net
u

kt kt

q q
S

N N


                                                                                                                    (4) 

where 
0v  = total vertical stress; qnet= net cone resistance; Su = undrained shear strength obtained 

from laboratory tests and Nkt = empirical cone bearing factor. Undrained shear strength may be 

relevant for sand and transitional soils in cases where a combination of soil fabric and loading rate 

leads to undrained loading conditions (Mayne and Peuchen, 2022)(Mayne and Peuchen, 

2022)(Mayne and Peuchen, 2022)(Mayne and Peuchen, 2022)(Mayne and Peuchen, 2022)(Mayne 

and Peuchen, 2022)(Mayne and Peuchen, 2022)(Mayne and Peuchen, 2022)(Mayne and Peuchen, 

2022). Nkt depends on varying factors such as soil type, plasticity index, OCR, and type of 

laboratory tests (e.g. simple shear, triaxial compression, and triaxial extension) (Karlsrud et al., 

2005). Mayne and Peuchen (2022) performed a series of anisotropically-consolidated undrained 

triaxial compression tests and reported an Nkt value as high as 30+ for stiff fissured 

overconsolidated clays that decreased to a lower limit of about 6 for soft sensitive and quick clay 

deposits. Figure 5.12(a) presents net tip measurements performed on the moderately cemented 

dune. Figure 5.12(b) demonstrates the laboratory UCS results obtained from samples hand-carved 

from cemented blocks collected from both moderately and heavily cemented dunes. Heavily 

cemented samples demonstrated an average UCS of about 4 times higher than those achieved from 

the moderately cemented case. In both Figure 5.12(a and b) soil strength increased with an increase 
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in carbonate content. In Figure 5.12(c), Su=qu/2 was used to calculate Su values from UCS results. 

Linear relationships between strength parameters and the mass of carbonate were assumed to 

calculate Nkt using Eq. 4. An Nkt of about 27 was obtained for the MICP-treated soil. A general 

agreement was observed between Su values obtained from UCS results with those calculated from 

CPT soundings using an Nkt = 27 (Figure 5.12(c)). Note that the linear relationship between the 

strength parameters and cementation content may not be the most representative correlation. 

Further studies are required to characterize the effect of cementation content on Nkt values. 

 

 
Figure 5.12. Results of (a) CPT measurements, (b) laboratory UCS tests, and (c) estimated Su 

values from the best-fitted Nkt. 

5.3.3 Performance of MICP-treated Dunes under the Wave Action  

The effect of wave actions on dune morphologies and the onset of erosion in the moisture 

sensors during the wave trials are presented in Figure 5.13(a-g). From trials 1 to 6 no significant 
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changes were observed in any of the dune morphologies. In the 6th trial, the untreated dune profile 

started to be steeper (Figure 5.13(a)). A scarp started to form at trial 12 and retreated landward in 

subsequent trials. The scarp reached the meter mark of about 80.25 m at trial 19. Figure 5.13(b) 

presents a map and erosion timeline of moisture sensors located in the untreated dune. For instance, 

a moisture sensor located in the meter mark of about 75 m and a depth of about 0.22 m from the 

surface eroded between trials 10 to 15 (i.e. 11th trial).  At the meter mark of about 77 m, the sensors 

located 0.23 and 0.35 m below the surface eroded between trials 10 to 15 (i.e. trial 15) and 15 to 

20 (i.e. trial 16), respectively. Figure 5.13(b) demonstrates that in the untreated dune the sensor 

instability occurred in locations within or near the boundaries of the eroded area. 

Effect of Cementation Distribution Pattern 

Both PVD and surface spraying sections were treated to heavy cementation levels. 

However, the precipitation distribution patterns were entirely different in those sections. The beach 

profile in PVD-treated test plot was relatively consistent throughout the first 9 trials (Figure 

5.13(c)). An increase in wave height and water level exposed the first row of the cemented column 

and gradually extended soil erosion landward. As Figure 5.13(d) and Table 5.2 demonstrate, a 

sensor located at the meter mark of 75 m got eroded between trials 10 to 15 (i.e. trial 11). At the 

meter mark of 77 m, sensors located 0.21 and 0.39 m below the surface became eroded between 

trials 10 to 15 (i.e. trial 11) and 10 to 15 (i.e. trial 14), The three moisture sensors in the meter 

mark of 80 m became eroded in trials 18 and 19. At the end of the experiment, the formed scarp 

was at the meter mark of 80.6 m. The morphology changes suggest that PVD-treated dune 

performed better than the untreated case in trials with lower-intensity waves (i.e. up to trial 9). 

However, beyond the 9th trial, the erosion rate became the same or higher than the untreated soil 

(Table 5.2). This is also shown in Figure 5.14 which presents the changes in the areas of the dunes’ 

cross-sections after the wave trials. Although the mass loss beginning trials were different (i.e. trial 
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6 for untreated and trial 9 for untreated section), the final mass loss after the 19th trial was relatively 

the same for both cases. 

No visual changes were observed in the surface spraying section of the heavily cemented 

dune in the first 6 trials (Figure 5.13(e)). Wave actions in trial 9 eroded the untreated soil in the 

bottom of the tests plot and cemented slab got exposed. In subsequent trials, tension cracks were 

formed perpendicular to the direction of the waves. However, no significant changes in the dune 

morphology and landward retreat were observed. In addition, during the 19 trials, none of the 

sensors located within the cemented crust became eroded (Figure 5.13(f)). At the meter mark of 

80 m, the sensors located at 0.31 and 0.61 m depth below the dune surface and outside the 

cemented crust became eroded at the final trial. In addition to no sensor erosion observed in the 

crust region (shown in Table 5.2 and Figure 5.13(f)), erosion rate and mass loss were significantly 

lower in the surface spraying section Figure 5.14. 

A comparison of the heavily cemented dune sections that were treated with varying 

solution application systems indicated a higher erosion resistance in the surface-spraying section 

compared to its PVD-treated counterpart. Surface-spraying treatment reduced the mass loss to less 

than 30% of the untreated case and slowed down the erosion rate 6 times (Figure 5.14). However, 

the use of PVD method also has several benefits associated with it. For instance, PVD method was 

effective to prevent soil erosion in low-intensity wave trials. In addition, this method has the 

flexibility to create overlapping cemented columns or be used as a single element to leave enough 

uncemented space for wildlife.  
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Figure 5.13. Changes in morphologies of and sensor erosion timeline (a-b) untreated dune, (c-d)heavily cemented treated with PVD 

method, (e-f) heavily cemented dune treated with surface spraying, and (g-h) moderately cemented dunes 
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Table 5.2. Summary of the sensor instability trials for the tested sections. 

Section x=75 m x=77 m x=80 m 

Untreated 11 
15 

16 

 

No sensor 

 

    

PVD 11 
11 

14 

18 

18 

Not eroded 

    

Spray Not eroded 
Not eroded 

Not eroded 

Not eroded 

19 

19 

    

Moderately 15 No sensor 

19 

19 

Not eroded 

 

 
Figure 5.14. The eroded soil areas in mid-plot cross-sections of untreated and MICP-stabilized 

dunes 

Effect of varying levels of cementation 

From trials 1 to 11 no significant morphology changes were observed in the moderately 

cemented dune (Figure 5.13(a-h)). With further progress of wave intensity dune profile started to 

retreat. The moderately cemented dune exhibited morphology changes and failure mode similar to 

that of the untreated case. However, the observed wavy profile is associated with the remains of 

cemented crust. Although eroded sensors were all located inside or near the final untreated dune 
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profile, the extent of retreat, erosion rate, and mass loss was lower in the moderately cemented 

dune (Table 5.2 and Figure 5.14). For instance, at the end of the experiments, erosion extended to 

a meter mark of 80 m of the moderately cemented dune while in the untreated case the scarp was 

located at meter mark of 80.25 m (Figure 5.13(g)). The sensor erosion in the meter mark of 75 m 

occurred four trials later than the untreated case and in trial 15 (Table 5.2 and Figure 5.13(h)). In 

addition, Figure 5.14 demonstrates that mass loss was instigated in three trials after the untreated 

case, and the final eroded mass was reduced to about 75% of the untreated dune. 

Although a moderate cementation level reduced erosion rate and mass loss, the failure 

mode still resembled that of the untreated case. A comparison of sections treated to moderate and 

heavy cementation levels demonstrated that the performance of surface spraying dune is mainly 

controlled by calcium carbonate content and crust thickness. With a further increase in cementation 

level and increase of average Su from 100 kPa to about 400 kPa failure mode transitioned to tension 

cracks similar to the cemented coastal bluffs (Collins and Sitar, 2009). Such observations suggest 

that the extent of beach erosion can be controlled by using an appropriate level of cementation and 

crust depth.  

5.4 Conclusions 

In this study, the performance of near-prototype untreated and MICP-stabilized dunes 

subjected to Hurricane Sandy wave conditions was investigated. Under the wave actions, dunes 

demonstrated distinct erosion mechanisms and morphologies. Cemented columns were formed in 

PVD-treated section. In moderately and heavily cemented sections cemented crusts with different 

thicknesses were generated. Results of CPT measurements in moderately cemented dunes 

demonstrated different cone tip resistance trends with depth for tests performed in surface spraying 

and PVD-treated sections and untreated dune. The empirical KG parameter that can be used to 
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detect cementation in-situ was determined for the performed soundings. Higher KG values 

observed in the presented study may be attributed to the unsaturated soil MICP treatment. An Nkt 

parameter was proposed to link the in-situ CPT soundings to Su values obtained from laboratory 

UCS measurements to compare the achieved improvement level.  

Scanning dune profiles after the wave actions and monitoring the onset of moisture sensor 

instability suggested that the extent of erosion and equilibrium morphology of cemented dunes is 

controlled by precipitation pattern and level of soil improvement. The minimum mass loss and 

erosion rate occurred in surface spraying section of the heavily cemented dune. On the other hand, 

the highest erosion rate and eroded soil mass were attributed to the untreated dune. PVD method 

initially resisted erosion. However, by the end of the 19th trial, the eroded mass was the same or 

slightly lower than the result of the untreated case. This implies that the PVD method is better 

suited for regions with low-intensity waves or in areas where the presence of wildlife habitat limits 

the area of the cemented zone. Soil samples recovered from the moderately cemented dune 

demonstrated 4 times lower Su compared to its heavily cemented counterpart. As a result, the 

erosion initiation time was delayed and the extent of erosion was lower the final dune profile more 

resembled that of the untreated case. Such observation suggests that the extent of erosion and 

erosion rate can be controlled by changing the cementation level. The results of this study provide 

directions for future field implementation of MICP in shoreline protection and coastal deposit 

stabilization projects. 
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6 Contributions and Future works 

6.1 Contributions 

Several contributions are highlighted for the presented study as follows: 

 Agricultural-grade chemicals were used to develop a treatment recipe that results 

in a moderate cementation level within a reasonable number of treatments. The use 

of agricultural-grade chemicals is important because it significantly reduces the 

cost, compared to laboratory-grade chemicals, reducing barriers for in situ 

implementation.  

 Three solution delivery systems known as surface spraying, PVD, and trenches 

methods were developed. Each system demonstrated a distinct precipitation pattern 

that can be used in different soil-stabilization projects. 

 The extended monitoring time (i.e. about a year) exhibited no significant 

degradation in MICP-treated soil with time and when subjected to extreme wind, 

heavy rain, hurricane conditions, freeze/thaw, and temperature fluctuations. The 

durability of MICP to inclement weather over the study period demonstrates the 

potential for future surficial field applications. 

 One of the first studies on the effect of MICP-treatment constituents and by-

products on the health of an erosion control plant species was presented. The effect 

of varying cementation levels on seed germination and growth was also studied. 

The results and recommendations of this study can be used for more 

environmentally friendly field designs 

 Consolidation test results on unsaturated MICP-treated soil demonstrated a collapse 

in shear wave velocity in stresses near the yield point. This behavior that was only 



   

145 

 

observed in the unsaturated MICP-treated soil can have implications for large-scale 

designs. 

 Results of the flume experiments on near-prototype untreated and MICP-treated 

dunes demonstrated that the performance of the dune (i.e. failure mode, the extent 

of erosion, and erosion initiation stress) is controlled by the strength properties and 

calcium carbonate distribution. These findings can be incorporated into shoreline 

protection designs. 

 Results demonstrated a higher KG parameter and strength properties (e.g. 

unconfined compression stress, shear wave velocity, and critical shear stress) for 

the soils treated with unsaturated conditions compared to the soils MICP-treated 

under saturated conditions. This observation can be used to revise KG framework 

to assess the level of improvement achieved in unsaturated MICP-treated projects. 

6.2 Future Work 

The results and conclusions of the presented study can be the groundwork for future 

research. 

 Investigation of the most efficient configurations or combinations of the proposed 

treatment systems for different soil stabilization projects such as foundation design, 

slope stability, dune protection, and liquefaction resistance, among others. 

 Investigation of permanence of MICP-treated soil subjected to chemical agents 

such as acid rain, and subsurface contamination. 

 Studying the resilience of other erosion control vegetation species to MICP 

treatment solution. In addition, investigating the effect post-treatment improvement 
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of mechanical properties of soil on different plant species can provide directions 

for erosion control projects where vegetation coverage is required.  

 Numerical modeling of the observed collapse behavior resulted from unsaturated 

MICP treatment and investigating whether changing the properties of the soil can 

change the observed behavior.  

 Investigating whether cone factor (Nkt) for cemented soil depends on factors such 

as cementation level and grain size distribution. 
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A Appendix A 

 

 

Figure A.1. XRD results for columns treated with varying chemicals and concentrations. Detected 

SiO2 and CaCO3 are shown with Si and Ca, respectively.   
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Figure A.2. SEM results for samples from columns treated with different treatment recipes. 



   

150 

 

 

Figure A.3. SEM/EDS results for columns treated with [urea]=150 mM, [CaCl2]=50 mM, and 

[Na2HPO4]=0.295 mM. 
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Figure A.4. SEM/EDS results for columns treated with [urea]=300 mM, [CaCl2]=100 mM, and 

[Na2HPO4]=0.59 mM. 
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Table A.1. Effluent pH measured from specimens treated by urea solutions with varying urea 

concentrations (i.e. batch 1).  

Treatment 

Effluent pH 

[0] mM 

(water) 
[5] mM [10] mM [15] mM [20] mM [50] mM 

[100] 

mM 

1 2 1 2 1 2 1 2 1 2 1 2 1 2 

0 5 5 5 5 5 5 5 5 5 5 5 5 5 5 

1 5 5 5 5 5 5 5 5 5 5 5 5 5 5 

2 5 5 5 5 5 5 5 5 5 5 7 7 7 7 

3 5 5 5 5 5 5 5 5 5 5 8 8 8 8 

4 5 5 5 5 5 5 5 5 5 5 8 8 8 8 

5 5 5 5 5 5 5 5 5 5 5 8 8 8 8 

6 5 5 5 5 5.5 5.5 6 6 6 6 8.5 8.5 8.5 8.5 

7 5 5 5 5 6 6 6 6 6.5 6.5 8.5 8.5 8.5 8.5 

8 5 5 6 6 6.5 6.5 6.5 6.5 6.5 6.5 9 9 9 9 

9 5 5 5 5 6.5 6.5 6.5 6.5 7 7 9 9 9 9 

10 5 5 5 5 6 6 6.5 6.5 7 7 9 9 9 9 

11 5 5 5 5 6 6 6.5 6.5 7 7 9 9 9 9 

12 5 5 5 5 6 6 6.5 6.5 7 7 9 9 9 9 

13 5 5 5 5 6 6 6.5 6.5 7 7 9 9 9 9 

14 5 5 5 5 6 6 6.5 6.5 7 7 9 9 9 9 

 

 

Table A.2. Effluent pH measured from specimens treated by ammonium solutions with varying 

ammonium concentrations (i.e. batch 2).  

Treatment 

Effluent pH 

[5] mM [10] mM [15] mM [20] mM [50] mM 
[100] 

mM 

1 2 1 2 1 2 1 2 1 2 1 2 

0 5 5 5 5 5 5 5 5 5 5 5 5 

1 5 5 5 5 5 5 5 5 5 5 5 5 

2 5 5 5 5 5 5 5 5 5 5 5 5 

3 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 

4 6 6 6 6 6 6 6 6 6 6 6 6 

5 6 6 6 6 6 6 6 6 6 6 6 6 

6 6 6 6 6 6 6 6 6 6.5 6.5 6.5 6.5 

7 6 6 6 6 6 6 6 6 6.5 6.5 6.5 6.5 

8 6 6 6 6 6 6 6 6 6.5 6.5 6.5 6.5 

9 6 6 6 6 6 6 6 6 6.5 6.5 6.5 6.5 

10 6 6 6 6 6 6 6 6 6.5 6.5 6.5 6.5 

11 6 6 6 6 6 6 6 6 6.5 6.5 6.5 6.5 

12 6 6 6 6 6 6 6 6 6.5 6.5 6.5 6.5 

13 5 5 5 5 5 5 5 5 5 5 5 5 

14 5 5 5 5 5 5 5 5 5 5 5 5 
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Table A.3. Effluent pH measured from specimens treated by CaCl2 solutions with varying 

concentrations (i.e. batch 3).  

Treatment 

Effluent pH 

[50] mM 
[100] 

mM 

1 2 1 2 

0 5 5 5 5 

1 5 5 5 5 

2 5 5 5 5 

3 5 5 5 5 

4 5 5 5 5 

5 5 5 5 5 

6 5 5 5 5 

7 5 5 5 5 

8 5 5 5 5 

9 5 5 5 5 

10 5 5 5 5 

11 5 5 5 5 

12 5 5 5 5 

13 5 5 5 5 

14 5 5 5 5 

 

 

Table A.4. Effluent pH measured from specimens treated by Na2HPO4 solutions with varying 

concentrations (i.e. batch 4).  

Treatment 

Effluent pH 

[0.259] mM 
[0.59] 

mM 

1 2 1 2 

0 5 5 5 5 

1 5 5 5 5 

2 5 5 5 5 

3 5 5 5 5 

4 5 5 5 5 

5 5 5 5 5 

6 5 5 5 5 

7 5 5 5 5 

8 5 5 5 5 

9 5 5 5 5 

10 5 5 5 5 

11 5 5 5 5 

12 5 5 5 5 

13 5 5 5 5 

14 5 5 5 5 

 


